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Engineering electronically decoupled spin states is essential for
achieving robust spin by suppressing inelastic spin-flip scattering
induced by conduction electrons. Accordingly, the fabrication of
spins on insulating ultrathin films such as MgO or NaCl deposited
on metallic substrates has been intensively investigated over the
past decades to mitigate electronic hybridization. However, these
studies have predominantly focused on non-magnetic noble metal
substrates. In this work, we experimentally demonstrate that ultra-
thin MgO films grown on a ferromagnetic Fe(001) substrate, commonly
employed in tunnel magnetoresistance sensors, can serve as an
advanced platform for realizing electronically isolated spin states. As a
prototypical system, we utilize a copper (Cu) ion (S = 1/2) embedded
within a copper-phthalocyanine (CuPc) molecule. An atomically flat and
clean insulating surface is obtained by optimizing the epitaxial growth
conditions of ~1 nm-thick MgO films on an Fe(001) whisker substrate
precoated with a p(1 x 1) oxygen layer. Scanning tunneling microscopy
(STM) conducted at 4.6 K under ultrahigh vacuum conditions shows
individual CuPc molecules adsorbed on the MgO surface. Simultaneous
scanning tunneling spectroscopy (STS) reveals a well-defined molecular
energy gap. Remarkably, a pronounced zero-bias peak (ZBP) emerges
within this gap, signifying the presence of an electronically isolated spin
on the MgO/Fe(001) heterostructure. Moreover, STS measurements
reveal the lateral extension of the ZBP across the insulating film. These
findings pave the way for engineering isolated molecular spin states on
ferromagnetic substrates, offering new possibilities for manipulating
spin states through substrate-mediated magnetic interactions.

1. Introduction

Creating a robust isolated spin (S # 0) utilizing condensed
matter materials is crucial for realizing quantum bits, sensors,

“ Department of Materials Science, Chiba University, 1-33 Yayoi-cho, Inage-ku,
Chiba 263-8522, Japan. E-mail: toyoyamada@faculty.chiba-u.jp

b Molecular Chirality Research Centre, Chiba University, 1-33 Yayoi-cho, Inage-ku,
Chiba 263-8522, Japan

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5nh00192g

2454 | Nanoscale Horiz., 2025, 10, 2454-2464

Kyosei Ishii,® Nana K. M. Nazrig,® Peter Krtger

ROYAL SOCIETY

W
PP OF CHEMISTRY

Emergence of a zero-bias peak on the
MgO/Fe(001) surface induced by the
adsorption of a spin-1/2 moleculef

3 and Toyo Kazu Yamada (2 *3°

New concepts

Establishing robust isolated spins on solid surfaces through the epitaxial
growth of two-dimensional films is crucial for the development of
quantum spin-based technologies, such as qubits, quantum sensors,
and single-atom catalysts. Traditionally, the zero-bias peak (ZBP), a hall-
mark of isolated spin states, has been extensively studied on noble metal
surfaces. However, these surfaces are rich in conduction electrons, which
can screen the spins and alter their intrinsic properties. In this study, we
demonstrate that a Fe(001) ferromagnetic substrate can serve as an
advanced platform for engineering isolated spins on solid surfaces. This
was achieved by introducing an atomically flat insulating MgO layer
between the spin and the substrate. By adsorbing a spin-1/2 molecule
onto the MgO/Fe(001) surface, we observed the emergence of a ZBP within
the energy gap. This discovery opens new avenues for tailoring quantum
spin states using ferromagnetic substrates and highlights the MgO/
Fe(001) system, already widely used in tunnel magnetoresistance sensors,
as a promising platform for hosting isolated spins.

and single-atom catalysts."”® Therefore, over the past few
decades, significant efforts have been dedicated to identifying
materials capable of producing a stable quantum spin. Promising
candidates include single transition-metal atoms,” molecular
magnets,® nitrogen-vacancy centers in diamonds,” " and two-
dimensional (2D) layered materials.">"®> One approach to acces-
sing and confirming the presence of localized spins is by
observing a zero-bias peak (ZBP). The ZBP may result from
antiferromagnetic exchange coupling (J < 0) between the
localized spin (a magnetic impurity) and conduction electrons
on a noble metal surface,” recognized as the Kondo reso-
nance.”” ™ In this study, a Cu(u) ion possessing an unpaired
electron (S = 1/2) in the Cu-phthalocyanine molecule (CuPc): a
planar conjugated molecule with a center Cu-ion, where nitrogen
atoms connect four isoindole units (Fig. 1a, and Fig. S2 and $4,
ESI%) is used as a standard test sample.”**>*

To date, the engineering of these ZBPs has been primarily
limited to noble metal surfaces, while the molecule-metal
interactions in these systems could change the intrinsic nature
of the molecular spins. Although the appearance of a ZBP can

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0002-1247-9886
https://orcid.org/0000-0001-5185-6472
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nh00192g&domain=pdf&date_stamp=2025-07-29
https://doi.org/10.1039/d5nh00192g
https://doi.org/10.1039/d5nh00192g
https://rsc.li/nanoscale-horizons
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00192g
https://pubs.rsc.org/en/journals/journal/NH
https://pubs.rsc.org/en/journals/journal/NH?issueid=NH010010

Open Access Article. Published on 30 July 2025. Downloaded on 3/1/2026 6:23:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

Topographicimage

2o |

d//dV map at0 eV

MgO Electronic
~1nm Decoupling
Fe(001)

Magnetic tunneling junction

View Article Online

Nanoscale Horizons

d/i/dV map at-1.3 eV

MgO HOMO Gap LUMO,

di/dV [nA/V]

-2.5 -2.0 -15 -1.0 -05 0.0 05 1.0 15 20 25

-~ E-EpleV]
.
0.74
S
£
206 ZBP
>
2
3
0.5
: T
-200 -100 0 100 200
E - E; [meV]

Fig. 1 (a) STM topographic image of the MgO/O/Fe(001) surface after CuPc deposition in a 3D view mode: (5 x 5 nm? Vg = +0.3 V, I, = 500 pA). Lower
panel: Schematic diagram of STM zero-bias peak (ZBP) measurement using a single molecular spin in an MTJ system. (b) STM topographic image (10 x
10 nm?, Vs = —2.0 V, Iy = 50 pA) and simultaneously obtained d//dV maps at —1.3V, 0 V, and +2.0 V. (c) d//dV spectra measured on a CuPc molecule.

indicate the localization of the spin, the inexhaustible conduction
electrons on metal surfaces screen the spin and further alter it via
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, leading
to a short spin lifetime.

In order to cut the screening or spin scattering by the
conduction electrons, the potential of insulating film surfaces,
such as Al,0;,** MgO,**> NaCl,***” or CuN*® on non-magnetic
noble metal substrates has been examined. On the other hand,
the absence of delocalized conduction electrons on these
surfaces might lead to no ZBP appearance as J would be zero.

Here, we demonstrate the use of the MgO/Fe(001) system,
commonly employed in tunnel magnetoresistance (TMR)
devices,” ™" to realize isolated spin states on an insulating
solid surface. A distinctive feature of this system is the use of a
ferromagnetic substrate. Crucially, however, the molecule is not in
direct contact with the metal substrate but separated by the
insulating MgO layers. Thereby, the strong interaction between
metal-3d and molecular n-states, which may quench the molecular
spin, is prevented. Indeed, direct adsorption of phthalocyanines on
a transition metal substrate leads to the formation of chemical
bonds involving the 3d surface states.”>>* This behavior contrasts
sharply with that observed on non-magnetic noble metal substrates.

However, if it can be experimentally demonstrated that
isolated spins are preserved on the Fe(001) substrate by sup-
pressing electronic hybridization through the insertion of
insulating films, research on isolated spins on insulating solid
surfaces could be significantly expanded beyond the current
limitation to non-magnetic noble metal substrates, paving the
way for the use of magnetic substrates that are widely employed
in spintronic applications.

As a ferromagnetic substrate, we used an Fe(001) whisker
single crystal grown via chemical vapor deposition, which has
atomically flat terraces with terrace widths larger than 100 nm
(impurity less than 1%).>* The first difficult part of realizing
this CuPc on MgO/Fe(001) was how to grow an atomically flat

This journal is © The Royal Society of Chemistry 2025

MgO surface on Fe(001) via epitaxial growth in an ultrahigh
vacuum (UHV). Direct deposition of Mg in an oxygen atmo-
sphere on Fe(001) provided a few-nanometer-sized MgO
nanoclusters.>® This was found to be due to the active Fe(001)
during the growth, creating nucleation and restricting the
thermal diffusion. Thus, we have developed the oxygen coating
on the Fe(001), and the p(1 x 1)-oxygen monolayer film coating
provides an atomically-flat surface following the substrate
Fe(001) atomic terraces (terrace width larger than 100 nm).>®
We found that MgO growth on this oxygen-precoating Fe(001)
substrate generates an atomically flat MgO film (terrace width
larger than 20 nm) with atomic defects less than 1%>> (Fig. S1,
ESI¥).

Scanning tunneling microscopy (STM), conducted at 4.6 K in
UHV, visualized individual CuPc molecules on the MgO/Fe(001)
surface. Simultaneously obtained scanning tunneling spectro-
scopy (STS) measures the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals
(LUMO). Due to the absence of conduction electrons on
the insulating MgO surface, the emergence of a ZBP is not
expected. However, upon close examination near the Fermi
energy (Eg) within the HOMO-LUMO gap, a ZBP was clearly
observed. This finding suggests that electron-depleting insulat-
ing films can support the formation of isolated spins even on
ferromagnetic substrates, not just on non-magnetic noble
metals. Interestingly, the observed ZBP was found to spatially
extend across the insulating MgO surface, a behavior not seen
on noble metal substrates.

2. Experimental section
2.1 Home-built low-temperature UHV STM setup

STM measurements were performed using home-built UHV
equipment consisting of STM, preparation, and deposition

Nanoscale Horiz., 2025, 10, 2454-2464 | 2455


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00192g

Open Access Article. Published on 30 July 2025. Downloaded on 3/1/2026 6:23:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Horizons

chambers. The base pressures of each chamber were below
5.0 x 1078 Pa, 2.0 x 10" ® Pa, and 1.0 x 10~ Pa, respectively.”®**
Samples and STM tips were transferred between chambers
using transfer rods without breaking the UHV. Gate valves
separated each chamber. A UHV cryostat (CryoVAC) in the
STM chamber was used to cool down the STM stage. We used
tungsten tips as STM probes, created using conventional
chemical etching and flame etching, producing a sharp tip
within 3 seconds.®* %

2.2 STM/STS measurements and ZBP fitting analysis

With the nanonis SPM controller BP4, STM measurements
obtained topographic images of sample surfaces in constant
current mode. The STM data were analyzed using WSxM
5.0 Develop 10.2 software®® and Gwyddion 2.56. 3D differential
conductance (dI/dV) maps (x-axis: distance [nm], y-axis:
energy: E — Ep [meV], and z-axis: dI/dV [pA mV ']) along a
one-dimensional line on the sample were obtained using
OriginPro2024.

We fitted the dI/dV data for quantitative analysis using the
Fano equation and the Lorentzian function. The dI/dV signal is
proportional to the Fano function:*®%7%® (g + £)*/(1 + &%), where
&= (eV — E.)/I'. Here, E. represents the peak center position, q is
the Fano parameter, and I' represents the half-width-half-
maximum (HWHM). In the limit of temperature T — 0 K,
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I' = kgTg,>>®° where kg is the Boltzmann constant, and Tk is
the so-called Kondo temperature. This approximation allows
for the extrapolation of T. For large values of g, the Fano peak
approaches a Lorentzian peak. To further analyze the intra-
molecular interaction, we performed cumulative fitting in
Fig. 2b and 3g, including the ZBP and the side peaks. Due to
the significant g value obtained from the Fano fitting of the
ZBP, the Lorentzian function was employed: y = y, + (24w)/
{an(x — x)* + w?}. Here, ), represents the offset, A is the peak
area, w is the full-width-half-maximum (FWHM), and x, is the peak
center position. The side peak was fitted with a Gaussian function:
Y =Yo + Aexp{—41n(2) (x — x> W} w(r/4In2)"%}, where yo, A, w,
and x. have the same definitions as above. The background was
fitted with a double exponential decay function due to its proportion-
ality to the dr/dv signal:">7* y = y, + A, exp(—x/t;) + A, exp(—x/t,).
Here, y, is the offset, A; and A, are the amplitude for the two
exponential terms, and ¢, and ¢, are the time constant. We have
attempted the fitting with two Fano functions (see Fig. S5, ESIT). All
fitting processes have been carried out using OriginPro 2024.

2.3 Cleaning process of Fe(001) substrate

A Fe(001) single-crystal whisker, grown by chemical vapor
deposition,”*”® was cleaned through repeated cycles of Ar*
sputtering (+0.8 kV, +0.80 pA) at 820 K. The surface cleanliness
and morphology were confirmed by STM/STS measurements,
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Fig. 2

(a) Cross-sectional view model of CuPc on MgO/O/Fe(001). Direct coupling: Js_q. Blue and red arrows represent spin-exchange coupling.

(b) Averaged dI/dV spectrum of CuPc (dots), with the cumulative fitted curve (orange line). The ZBP was fitted using a Lorentzian function (magenta line),
while other peaks were fitted with Gaussian functions (green line). The fitting baseline is shown in blue. A reference line for J,_q4 is marked at 37 meV.
(c) DFT charge maps at HOMO, LUMO, and SOMO levels. Top and side views are shown for the HOMO level. (d) Cross-section view model showing the
indirect coupling through molecular ligands and MgO. (e) DFT partial DOS within CuPc. (f) Energy diagram depicting the double-barrier system between
the W tip and Fe substrate, mediated by the CuPc molecule, with vacuum and MgO film as barriers. VBM and CBM denote the valence band maximum
and conduction band minimum.
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Fig. 3 (a) STM topographic image (5 x 5 nm?, +0.5 V, 500 pA) and (b) d//dV map (+1 mV) of CuPc on the MgO/O/Fe(001) surface, captured
simultaneously. The boxes indicate the same CuPc molecule. (c) d//dV spectra acquired along the green arrow in (b) from bottom to top. All ZBPs were

fitted with Lorentzian functions, using the same number of data points for

each fit. (d) The FWHM of the fitted curves from (c), with an average value of

20.4 meV, shown as a dotted line. (e) Cross-section view model showing the possible indirect super-exchange coupling through the CuPc ligands to the
metal substrate and coherent ZBP propagation through the MgO film. (f) d//dV spectra (sky-blue, labeled A—F) obtained on the MgO surface at different
times, with the ZBP fitted using Lorentzian functions (green). (g) Upper panel: d//dV spectrum from spectrum D in (f), where the experimental data
(sky-blue) was fitted (red line) using a Lorentzian (magenta line) combined with Gaussians (green lines) and a baseline (blue line). Lower panel: d2//dV?

spectrum. Two lines mark energy positions of —26 meV and +43 meV.

which revealed atomically flat terraces with widths of 50-
100 nm and a characteristic Fe(001) 3d surface state peak at
+0.2 eV in the dI/dV spectra.>®”*””” Low-energy electron diffrac-
tion (LEED) patterns exhibited the four-fold symmetry charac-
teristic of the bee(001) surface.

2.4 Oxygen-precoating process on Fe(001)

The Fe(001)-p(1 x 1)O surface was prepared in the preparation
chamber by exposing the clean Fe(001) surface to oxygen gas at
a pressure of approximately 4 x 10 ® Pa for 60 seconds
(equivalent to 2 Langmuir), while maintaining the substrate
temperature at 300 K. The sample was then annealed at 850 K
for 15 minutes. STM topographic imaging revealed a well-
defined p(1 x 1) structure, in which the dark spots correspond
to the positions of oxygen atoms.®”®”° This monolayer oxygen
coating serves to prevent further oxidation and interfacial
roughening.

2.5 Ultrathin MgO film growth on Fe(001)-p(1 x 1)O

The Fe(001)-p(1 x 1)O surface was further exposed to oxygen
gas (60 5,1 x 10~ ° Pa) in the preparation chamber, followed by
deposition of Mg atoms from an evaporator (AEV-3, AVC Co.,
Ltd) at a substrate temperature of 750 K. STM images revealed
the formation of atomically flat, ultrathin, square-shaped
nanoislands with terrace widths of approximately 40 nm and

This journal is © The Royal Society of Chemistry 2025

a uniform height of about 1 nm (see Fig. S1, ESI{). Terraces
of the underlying Fe(001)-p(1 x 1)O surface remained
visible between the islands.® The areal density of MgO
islands on the O/Fe(001) substrate remains approximately
0.0005 nm ™2, corresponding to roughly five islands within a
100 x 100 nm” area.

2.6 CuPc adsorption

CuPc molecules were deposited onto this MgO surface in the
deposition chamber with single-molecule-level control using a
quartz crystal microbalance (QCM)®' (Fig. S3, ESIf). The CuPc
source was loaded into the evaporator’s crucible and degassed
for 3 hours. Before CuPc deposition, the MgO/Fe(001)-p(1 x 1)O
sample was cooled to cryogenic temperature by placing it on
the 5 K STM stage. The sample was gently transferred to the
preparation chamber within a few minutes, and CuPc was
deposited within 3 to 5 seconds. During the deposition, the
crucible temperature was set to 553 K (filament current: 3.6 A),
and the chamber pressure remained at 3 x 10~ Pa. It should
be noted that CuPc deposition was performed within a few
minutes after removing the sample from a 4.5 K cryostat.
Therefore, the actual sample temperature during deposition
was likely much lower than 300 K. Following deposition, the
sample was immediately returned to the cryostat. This tem-
perature condition may have limited the thermal diffusion of

Nanoscale Horiz., 2025, 10, 2454-2464 | 2457
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CuPc molecules on the surface, resulting in the observation of
isolated single CuPc molecules rather than a self-assembled
monolayer (SAM) film. These results suggest that CuPc deposi-
tion at 300 K on MgO/O/Fe(001) would likely yield a SAM
structure, due to the relatively weak CuPc-MgO interaction.
CuPc single molecules were deposited on the surface with a
density of approximately five molecules per 10 x 10 nm? area,
in order to ensure isolation of individual CuPc molecules.

2.7 DFT calculation

Density functional theory (DFT) calculations of CuPc molecules
on MgO were performed using the projector-augmented wave
method as implemented in the VASP package.®*** The CuPc/
MgO system was modelled with a MgO substrate of two atomic
layers. The geometric structure was optimized using the PBE
exchange-correlation functional together with Grimme’s DFT-
D3 van der Waals corrections. The electronic structure was then
recalculated with the hybrid HSE06 functional,®"® which per-
forms better than PBE for insulators and molecules.®® The
computational method is exactly the same as in ref. 55, where
further details can be found.

3. Results and discussion

Since the MgO/Fe(001) system has been extensively used as a
tunnel magnetoresistance (TMR) sensor due to its high spin-
valve effect, significantly increasing the TMR ratio at 300 K.**>!
However, achieving epitaxial growth of MgO films directly on
Fe(001) is challenging, often resulting in the formation of MgO
nanoislands instead of an atomically flat MgO surface.
Recently, it was discovered that oxygen precoating on Fe(001),
which forms a p(1 x 1) oxygen-ordered monolayer, enables the
growth of a high-quality, atomically flat MgO surface with an
atomic terrace width of ~40 nm on Fe(001) (Fig. S1, ESI{).>
This MgO surface has a band gap of approximately 3 eV,
ranging from —2.0 (= valence band maximum: VBM) to
+0.9 eV (= conduction band minimum: CBM) around Eg, mak-
ing it suitable as an electronically decoupling layer from the
metallic Fe substrate. Also, this decoupling could prolong the
spin lifetime within the adsorbed magnetic atoms or ions, as
the MgO(001) surface has been reported to create a single-atom
permanent magnet.*’ This suggests that electronic decoupling
from the substrate conduction electrons is essential for realiz-
ing a robust spin on a surface.

Fig. 1a-c show the experimental STM/STS results. We used
metallic W tips, which were cleaned in UHV by electron
bombardment, to prevent the formation of an oxygen layer on
the W tip apex.®*® The tip was carefully approached to the
surface with a setpoint sample bias exceeding the band gap
energy, specifically with Vg > 1 Vand Vg, < -2 V.

Fig. 1a provides an STM topographic image obtained from
the MgO surface with some clover-shaped CuPc single molecule
adsorption, where a tip model illustrates how the STM tip could
scan the surface. The MgO film has an approximately 3 eV wide
insulating band gap, thus enabling the visualization of the

2458 | Nanoscale Horiz., 2025, 10, 2454-2464
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adsorbed materials’ intrinsic electronic characteristics by miti-
gating the substrate electronic interaction from Fe(001) (lower
panel cross sectional model in Fig. 1a). Fig. 1b shows an STM
topographic image and simultaneously obtained STS differen-
tial conductance (df/dV) maps at —1.3, 0.0, and +2.0 V, where
d7/dV is proportional to the sample LDOS, which correspond to
HOMO, Eg, and LUMO of CuPc, showing different symmetry
and spatial distribution, with shapes and features comparable
to those observed on other insulating surfaces, such as CuPc/
NaCl/Ag(111).*4*7%7

Fig. 1c presents an example of measuring dI/dV curves on
CuPc molecules on MgO/Fe(001). HOMO and LUMO peaks are
visible, while no LDOS features are observable in the HOMO-
LUMO gap, where the dI/dV values approach zero nA V', while
this seems to be normal as no conduction electrons on the
insulating MgO surface. These STS data in Fig. 1b and c
indicate that the MgO/Fe(001) surface can serve as an advanced
platform for visualizing the intrinsic molecular orbitals of the
CuPc HOMO and LUMO, as it provides electronic decoupling
functionality.

Initially, we did not expect the presence of ZBP on the MgO
surface since no conduction electrons near Ep. However, we
found in the d//dV map at 0.0 V in Fig. 1b, where the positions
of CuPc appear in a different color from the surrounding MgO
surface, indicating a variation in LDOS even within the gap.
Then, we magnified the d7/dV curve around Ey, as depicted in
the lower panel of Fig. 1c, and subsequently identified the ZBP
around Ey.

The emerging ZBP of CuPc on MgO/Fe(001) could serve as
direct evidence of the presence of an isolated spin even on the
ferromagnetic Fe(001) substrate by inserting MgO films. More
importantly, the meaning of the ZBP emergence on the MgO/
Fe(001) surface indicates that there is still an access route to the
CuPc spin via the ZBP in spite of the absence of conduction
electrons on the insulating MgO surface.

However, a question remains as to why this ZBP appeared on
the insulating surface, given the lack of direct s-d coupling
between the Cu 3d orbital and the substrate’s s-conduction
band (Js-g in Fig. 2a). There are two possible explanations.

First, the insulating system might resemble the ZBP observed
in CuPc/Ag(001), namely, the physisorbed molecular spin on a
noble metal surface,” where Kondo resonance was observed,”
since both cases can be categorized as a double barrier system
made of a tip/vacuum/molecule/separation/metal-substrate. There-
fore, the main ZBP accompanied by phonon-assisted satellite
peaks appearance could be similar to the case of a radical
molecular spin on a noble metal.”* The clear difference
between these systems is the ‘“separation”. For the molecular
spin physisorbed on a noble metal surface, the separation is of
the order of 200 pm, while for the CuPc on 4 MLs MgO/Fe(001),
the separation increases to approximately 1000 pm. This
increased distance could drastically reduce the number of
tunneling electrons, following the exponential decay exp
(—2kz), k ~ 1 A™': decay constant, z: separation (A). The
significantly larger separation, approximately five times
greater, between the CuPc and the substrate’s s-conduction

This journal is © The Royal Society of Chemistry 2025
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bands should markedly reduce the direct s-d interaction
(Fig. 2a).

Despite this, we observed the ZBP, as shown in Fig. 1c.
Therefore, there must be another route. The hint could be given
by the emergence of the side peak at +37 meV, marked by J,_4 in
Fig. 2b. If the Cu-ion spin interacts with the m-orbital at the
benzene ring, this could produce intramolecular exchange n-d
coupling (J_q),**> manifesting in the dI/dV spectra as a small
peak or shoulder since the J,_4 is a relatively weak interaction
(Fig. S6, ESIT). An interesting point is that this energy position
agrees with the J,_q peak at +36 meV found in the CuPc/Ag(001)
system.*® Therefore, J,_q may serve as a potential pathway for
linking the Cu-ion spin to the molecular ligand.

To gain deeper insight into the system, we performed DFT
calculations. Fig. 2c illustrates the calculated charge maps of
CuPc at HOMO, LUMO, and singly occupied molecular orbital
(SOMO) energies, placed on a bilayer MgO film with a bandgap
of ~3 eV, including no Fe(001) substrate. This DFT result does
not show any surprising features, and the DOS of CuPc on MgO
looks similar to that of gas-phase CuPc. However, this finding
suggests a possible coupling mechanism between the Cu-ion
spin and the substrate’s s-electrons. As shown experimentally
in Fig. 1c, the tail of the broad CuPc HOMO peak extends
toward the VBM of MgO. This is supported by the non-zero
d7/dVv values observed in the energy range between —1 and
—2 eV, indicating the presence of electronic hybridization. Such
hybridization may act as an indirect pathway between molecule
and substrate. In this content, we note that the side-view DFT
charge map at the HOMO level in Fig. 2¢ shows the appearance
of oxygen 2p, orbitals on the MgO surface, which could weakly
hybridize with the molecular ligand orbitals that are far from
the molecular center but below the sides of the benzene rings.
The cross-sectional model depicted in Fig. 2d illustrates
a plausible coupling route between the Cu spin and the
s-conduction electrons of the substrate via exchange coupling
through the ligands. The partial density of states for the Cu ion,
imino nitrogen (N) atoms, and benzene ring positions within
the CuPc molecule are presented in Fig. 2e, showing that the
HOMO is a strongly hybridized state containing contributions
from Cu 3d, benzene, and imino-N. As seen in Fig. 2¢, imino-N
and benzene groups interact with O-p, states of the MgO
surface and thus may build a bridge for the super-exchange
interaction between the molecular spin active Cu-3d states and
the substrate via the valence band of the MgO layer. We also
conducted a detailed analysis of the ZBP characteristics in three
distinct regions of the CuPc molecule, the central Cu ion, the
imino N atoms, and the benzene rings (see Supplementary
Note, ESIT), and confirmed that the ZBP features within CuPc
are comparable to those observed for CuPc adsorbed on noble
metal substrates.*' Fig. 2f illustrates the energy diagram for a
possible indirect pathway through which the Cu-ion spin may
couple with the substrate electrons, leading to the appearance
of the ZBP within the gap.

Another interesting point of the ZBP on this MgO/Fe(001)
surface is that the ZBP originating from the Cu-ion spin was
observed not only within the CuPc but also on the insulating

This journal is © The Royal Society of Chemistry 2025
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MgO surface. This observation, extending beyond the CuPc,
stands in clear contrast to its behavior of CuPc on noble metal
surfaces, where the high density of conduction electrons on the
noble metals screens the ZBP within the CuPc. Fig. 3a and b
present an STM topographic image and an STS dI/dV map at +1
mV, respectively, both obtained simultaneously from the same
region. In Fig. 3a, four CuPc molecules are visible, with one
highlighted by a box. The corresponding CuPc molecule is
similarly marked in the di/dvVv map (Fig. 3b), allowing for
identification of the CuPc positions. Due to variations in the
ZBP within the CuPc (see Supplementary Note, ESIT), the
imino-N atom positions appear brighter, with higher ZBP
amplitude, while the benzene rings appear darker, with lower
ZBP amplitude. Surprisingly, when examining the ZBP on the
MgO surface, a distinct feature was observed. Following the
green arrow in the dI/dV map in Fig. 3b, we compared the ZBP
in the dI/dV curves at each position (shown in Fig. 3¢ and their
fitting parameters in Table S2, ESIf), and the FWHM was
determined through fitting and summarized in Fig. 3d. The
data in Fig. 3c and d are particularly intriguing, as the ZBP
appears uniformly along the arrowed direction across the MgO
surface in Fig. 3b. Initially, we expected the ZBP to decay with
increasing distance from the Cu-ion spin; however, this expec-
tation was incorrect. The experimental data in Fig. 3c and d
indicate that the ZBP could remain consistent across the MgO
surface. On the other hand, the ZBP appearance outside the
CuPc on the insulating MgO surface is plausible, given that the
screening length of the ZBP has been reported to extend over
the micrometer scale in nano-scale junction measurements.®®
Thus, the emerging ZBP from the Cu-ion spin could propagate
through the insulating MgO surface, as there are no conduction
electrons near Ey to screen it.

For further insights into the ZBP on the MgO surface, we
have also examined the specifics of the ZBP observed on the
MgO surface to determine how the characteristics of the ZBP
might differ from those within CuPc. Fig. 3f depicts dI/dV
spectra acquired from six distinct positions on the MgO surface
(Fig. S6 and Table S3, ESI{), revealing several satellite peaks
adjacent to the ZBP within the MgO band gap. Fig. 3g illustrates
the cumulative fitting results of the spectrum “E” in Fig. 3f,
where we identified an extra sub-peak at +43 meV, closely
aligned with the J, 4 peak observed in CuPc at +37 meV in
Fig. 2b, but also another sub-peak at —26 meV, where the dI/dV
spectra with fitting curves (upper panel) and the second deri-
vative d*I/dV* spectra (lower panel) suggest inelastic scattering.
This peak may correspond to magnon excitation in the Fe/MgO
system around +23 meV, as previously documented for the
Fe/MgO/Fe system.®

Thus, as shown in Fig. 1-3, we observed the emergence of a
ZBP on the MgO/Fe(001) surface, indicating the presence of an
isolated spin that is electronically decoupled from direct hybri-
dization with the metallic substrate. However, we were unable
to determine whether the quantum axis of the spin-1/2 mole-
cular state is pinned at 4.6 K, since the present measurements
were conducted using non-magnetic tungsten tips. This sug-
gests that the Cu ion spin may remain in a paramagnetic state.
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Potential contributions to spin pinning could arise from local
crystal fields induced by the MgO lattice,”>*° or from magnetic
exchange interactions transmitted through the MgO layers®"°
from the Fe(001) whisker substrate, which possesses an in-
plane magnetic easy axis.”*

These considerations suggest a compelling direction for future
research: exploring spin-switching dynamics and spin-state life-
times using spin-polarized STM>*®*” and STM-based electron spin
resonance (ESR) techniques.”>* Moreover, it would be valuable
to investigate macroscopic spin characteristics, as CuPc single
molecules may undergo thermal diffusion on the MgO surface,
potentially resulting in the formation of a 2D SAM film. This, in
turn, could facilitate the application of surface-averaged spectro-
scopic techniques, such as X-ray magnetic circular dichroism
(XMCD),’* 8 to further elucidate the spin properties of the Cu ions.

4. Conclusions

Developing engineering methods to stabilize robust isolated
spins on solid surfaces through the epitaxial growth of 2D films
is crucial for advancing molecular spin-based devices, includ-
ing qubits, quantum sensors, and single-atom catalysts. To
achieve this goal, engineering the electronic isolation of spins
on solid surfaces is essential for prolonging spin lifetime and
enhancing thermal stability.

In this study, we demonstrate the formation of isolated spins on
an atomically flat MgO surface, prepared on an oxygen-precoated
Fe(001) whisker ferromagnetic substrate. CuPc was chosen as a
standard test sample, as the Cu-ion has a spin of S = 1/2. The
~1 nm thick MgO film, which is electronically decoupled from
Fe(001), provides a well-defined HOMO-LUMO gap.

Notably, a ZBP was observed within this gap, despite the
electron-depleting nature of the surface near Er. This observa-
tion suggests that the ZBP emerges via an indirect coupling
between the Cu-ion spin and the conduction electrons in the Fe
substrate, mediated by the MgO valence band and the CuPc
ligand. Furthermore, due to the absence of conduction elec-
trons on the MgO surface, the ZBP was also detected on the
MgO surface outside the CuPc. Given that the MgO/Fe(001)
system is widely used in TMR sensors, our findings provide
important insights into the potential of leveraging spintronic
materials to extend the formation of isolated spins for applica-
tions in quantum devices.
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