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Magnetic molecules on surfaces have been widely investigated to reveal delicate interfacial couplings
and for potential technological applications. In these endeavors, one prevailing challenge is how to preserve
or recover the molecular spins, especially on highly metallic substrates that can readily quench the
magnetic moments of the admolecules. Here, we use scanning tunneling microscopy and spectroscopy to
exploit the semimetallic nature of antimony and observe, surprisingly yet pleasantly, that the spin of Co-
phthalocyanine is well preserved on Sb(111), as unambiguously evidenced by the emergent strong Kondo
resonance across the molecule. Our first-principles calculations further confirm that the optimal density of
states near the Fermi level of the semimetal is a decisive factor, weakening the overall interfacial coupling,
while still ensuring sufficiently effective electron-spin scattering in the many-body system. Beyond isolated
admolecules, we discover that each of the magnetic moments in a molecular dimer or a densely packed
island is distinctly preserved as well, rendering such molecular magnets immense potentials for ultrahigh

density memory devices.
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Molecular magnets are appealing elemental building
blocks for realizing nanoscale information storage and
spintronic devices [1-6]. When adsorbed, their electronic
and magnetic properties can be substantially modified by
the hosting substrates, with the underlying nature of
interfacial couplings sensitively dependent on the specific
molecule-substrate combinations [7-21]. For a given sys-
tem, a comprehensive understanding of the fundamental
interfacial processes is a prerequisite in gaining precise
control of the magnetic properties of the admolecule for
desirable functionalities.

In the endeavor of exploiting admolecule based spintronic
devices, a widely studied species is Co-phthalocyanine
(CoPc), with spin 1/2. However, the intrinsic magnetic
moment of CoPc is quenched when adsorbed on highly
metallic substrates such as Cu(111), Ag(111), Au(111), and
even on ferromagnetic Fe(110), and the underlying reason is
mainly attributed to pronounced net charge transfer or strong
interfacial bonding [7,17,18,22-24]. To date, various ingen-
ious approaches, including bond-selective dehydrogenation
and insertion of a buffer layer, have been devised to recover
the magnetic moment of the adsorbed CoPc [7,18,25].
Theoretical studies have also revealed that the interfacial
hybridization strengths can strongly affect the magnetic
properties of CoPc, and can be substantially tuned by
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changing the molecule-substrate separation for a given
system [17,26]. Beyond such prevailing interface modifica-
tion schemes, it is even more attractive to identify substrates
that can naturally preserve the intrinsic moment of CoPc
while also embodying rich many-body physics of electron-
spin interfacial coupling to be elucidated.

In this Letter, we combine experimental and theoretical
approaches to establish the vital role of an optimal density
of states around the Fermi level of the substrate in
preserving the intrinsic spin of the adsorbed CoPc mol-
ecule. Using scanning tunneling microscopy and spectros-
copy (STM and STS), we find, surprisingly and yet
pleasantly, a CoPc molecule on the semimetallic Sb(111)
substrate exhibits spatially extended Kondo resonance even
at the relatively high temperature of ~200 K, an unam-
biguous indication that its molecular spin is well preserved
upon adsorption. Our first-principles calculations within
density functional theory (DFT) further show that the
interfacial hybridization is optimized, allowing the
unpaired d, orbital of CoPc to endure the adsorption
and interfacial charge transfer while also ensuring suffi-
ciently effective spin-flip scattering of the many-body
electrons of the semimetallic Sb(111). Moreover, the
DFT calculations reveal that the interfacial charge transfer
induces intramolecular reorganization of the spin density.

© 2022 American Physical Society
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Beyond isolated molecules, our STS measurements further
resolve that each of the CoPc molecules in a closely
coupled molecular dimer or a densely packed molecular
island distinctly exhibits its own Kondo resonance even in
the likely presence of antiferromagnetic intermolecular
RKKY coupling. Therefore, the CoPc assembly may serve
as a platform for ultrahigh-density spin devices.

The experiments were carried out by using two com-
mercial STM (Unisoku and Omicron) with a base pressure
better than 1.0 x 107! Torr [see Sec. I in Supplemental
Material (SM) [27] ]. Figure 1(a) shows a high resolution
STM image of three isolated CoPc molecules adsorbed at
the bridge sites of Sb(111), exhibiting nearly flat-lying
adsorption configurations. At a refined level, there exist
two orientations of the admolecules, S;, where the molecu-
lar lobes point to the [211] and [011] directions, and S,,
rotated by ~30° from S;. These configurations are con-
sistent with previous identifications [35]. To understand
their electronic properties, differential conductance spectra
(dI/dV) were taken at the Co ions of both configurations at
5 K. As shown in Fig. 1(b), the narrow peaks in the dI/dV
spectra are located at ~10 and 3 meV below Ep for S;
and S,, respectively. Here, we note that, since the peaks
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associated with the CoPc-d > orbital-mediated tunneling are
typically located about 0.1-0.4 eV below Er with a width
of ~100 meV, the sharp peaks very close to Er observed
here must be due to different physical origin(s) [7,36].

As a natural interpretation, we attribute the above peaks
near E, to the Kondo resonances, originating from the
multiple spin-flip scatterings of the conduction electrons at
the intrinsic spins of the molecules. Such an interacting
many-body system can be well described by the Fano
model, and the line shape of the dI/dV spectra in Fig. 1(b)
can be fitted by the Fano formula as [28,38-40],

dl (e+q)
s “ - 5 b E - = b
dV 1 + 82 Fﬁt

where ¢ is the asymmetric Fano factor, g is the energy shift
of the Kondo resonance center from Ef, and I'y; is half of
the fitted width of the resonance. For the §; and S,
configurations, after subtracting the contributions of the
lock-in modulation [see Eq. (S5) in Supplemental Material
[27]], we acquire the average values of the half-width of
the resonance depending on experimental temperature to be
I' =26.8 £2 and 24.1 =2 meV, respectively. The Kondo
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(a) High resolution STM image (9.1 x 9.1 nm?; U = 0.4 V; I = 300 pA) with the isolated CoPc molecules and substrate

lattice resolved simultaneously. The orange grid represents the substrate lattice, showing two configurations (S; and S,), where the
molecules are adsorbed at the bridge site of the substrate. The crystallographic directions of the Sb(111) substrate are denoted by the
orange arrows. (b) dI /dV spectra for bare Sb(111) and the two configurations, acquired on the Co center of the isolated molecules on Sb
(111) at 5 K. In the spectra (gray) from bare Sb(111), the three peaks at about —220 mV, —120 mV, and 240 mV correspond to the Dirac
point and bending positions in the surface state bands, respectively [37]. (¢) and (d) dI/dV mapping for both configurations, taken at
—10 and —3 mV, respectively (4.0 x 4.0 nm?; I = 100 pA). (e)—(h) Spatially dependent dI/dV spectra of the isolated CoPc molecules
acquired along the lines marked by the red arrows in the insets. The black dashed lines roughly indicate the ranges of the Kondo

resonance extending over the CoPc molecules.
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temperatures are determined to be Ty = 219.7 £ 17 K (S)
and Ty = 197.3 £ 17 K (S,) according to the relationship
I' = \/2(kgTx)? + (nkgT)?, where T is the substrate
temperature, and kp is the Boltzmann constant [28]. The
observed T'g is very close to that of Co atoms on Sb(111)
and dehydrogenated CoPc (d-CoPc) on Au(111) [7,37,41].
Here, it is worthwhile to note that Co atoms on Sb(111) can
still exhibit Kondo resonance because such atoms possess
spins of 3/2, more robust against quenching due to charge
transfer [42,43].

To reveal the spatial distribution of the Kondo resonance,
dI/dV maps were acquired at sample voltages correspond-
ing to the peak energy of the resonance, as shown in
Figs. 1(c) and 1(d). Compared with the STM topographies
[see Figs. S2(b) and S2(c) in SM [27] ], we find that the
Kondo resonance of CoPc is not only located at the Co ion,
but also extends to the molecular pyrrole groups. This
spatial distribution of the Kondo resonance is often driven
by the 7-d interaction or the reorganization of the molecular
charge density, which is further verified by a series of
dI/dV spectra acquired along different axes over the CoPc
molecule [8,20]. As shown in Figs. 1(e)-1(h), the Kondo
resonance decays slowly as the STM tip moves away from
the center of the molecule along two different directions.
For a given configuration, the half-widths of the Kondo
resonance are almost identical at Co and pyrrole ring [see
Figs. S3(a) and S3(b) in SM [27]], indicating nearly
uniform Kondo temperatures as well.

To gain deeper insight into the origin of the resonance
peak near Er, we have performed first-principles studies of
the CoPc/Sb(111) system [see Sec. III in SM [27]]. In
doing so, we construct the initial modes of CoPc molecules
at the bridge sites of Sb(111) based on the STM results.
Two stable adsorption configurations are identified, in
which the CoPc molecules lie largely flat, but slightly
concaved. Figures 2(a)-2(c) demonstrate the calculated
spin-polarized partial densities of states (PDOS) on the Co
ion and phthalocyanine (Pc) ligand in the free CoPc, S,
and, S, configurations, respectively, where the majority and
minority spins of the d orbitals are clearly unevenly
occupied. Especially, all the d orbitals are singly occu-
pied, contributing significantly to the magnetic moment of
the CoPc/Sb(111) composite. It is also noted that the d
orbital near E in either configuration becomes broader
when the molecule is adsorbed on Sb(111), indicating
strong coupling between the discrete d. spin state and
surrounding conduction electron continuums of the Fano
system.

In order to further unravel the nature of the interfacial
coupling, we calculate the PDOS of bare Sb(111) and
CoPc/Sb(111) complexes [Figs. 2(d)-2(f)]. We first note
that the DOS of the complex near E. is significantly lower
than that of Cu(111), explaining why in the latter case the
magnetic moment of CoPc is readily quenched [26], see
Fig. S4 in SM [27]). For our present system, we propose
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FIG.2. (a)-(c) Spin-polarized partial density of states of Co and

Pc in the free CoPc, Sy, and S, configurations, respectively. The
gray, blue, green, red, and cyan curves represent the DOSs of Pc,
dy, dp2, dyy, and d>_, respectively. (d)—(f) Partial density of
states of bare Sb(111) and CoPc/Sb(111) composites. The blue
and red curves represent the DOSs of Sb and CoPc, respectively.

that the conduction electrons of the Sb(111) around Ejp
behave like a perfect “glue” in fine tuning the hybridization
strength, such that the molecular spin is preserved due to
insignificant charge transfer and yet still effectively coupled
to the itinerant electrons to ensure multiple spin-flip
scatterings. Our calculations indeed show that the magnetic
moments are 0.962 (S;) and 0.943 up (S,), only slightly
less than that of the free CoPc (0.998 up). The calculated
average distances between the Co ion and the Sb surface are
about 3.37 (Sy) and 3.31 A (S,). In contrast, previous
calculations have shown that the distances of CoPc on
various metal substrates in stable configurations are in the
range of (2.5-3.0) A [22,23,26,44,45]. Obviously, the Co-
Sb distances are larger than that of CoPc on other metal
substrates, especially those highly metallic ones. Moreover,
our selective test calculations show that the magnetic
moment of CoPc is quenched rapidly as the Co-Sb distance
decreases (see Fig. S5 in SM [27]). On the basis of these
calculations, we conclude that the distance between Co and
substrate as well as the interfacial hybridization strengths
are mainly controlled by the DOS of the host substrate
around E, which is crucial to preserve the molecular spin
and drive the CoPc-substrate composites into the Kondo
regime.

At a finer level, our calculated spin density maps
[Figs. 3(a)-3(d)] of the two configurations show clear spin
spreading from the central Co to the pyrrole rings, as also
observed in the STM measurements of the Kondo
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(a)  Configuration S, (c) Configuration S;

(b) Configuration S, (d)  Configuration S,
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FIG. 3. (a)-(d) Top and side views of the spin distributions for
configurations S; and S,. The spin-up and spin-down contribu-
tions are denoted in yellow and cyan, respectively. The isovalue
for the spin density is 0.0006 e/ A3. (e)-(h) Top and side views of
differential electronic density maps for configurations S; and S,.
The yellow and cyan colors represent increase and decrease in the
electron density, respectively. The isovalue of the electron density

is 0.0004 e/A3.

resonance. In addition, the spin of the ligand is antiparallel
to the Co spin, resulting in a minor decrease in the
molecular magnetic moment. Nevertheless, the Kondo

55

resonance in the CoPc-Sb(111) system is not suppressed
by the presence of the apparent intramolecular antiferro-
magnetic coupling.

Our calculated differential electronic density maps of the
CoPc-Sb(111) complexes are shown in Figs. 3(e)-3(h). For
a given configuration, there exists obvious charge transfer
from the surface to the molecule, resulting in the spin-active
pyrrole ring due to charge redistribution of the Co ion and
ligand. Through Barder charge analysis, we find that ~0.19
(S;) and 0.22¢ (S,) are transferred from the Sb(111)
substrate to the CoPc molecules [46]. Moreover, the results
also show that the 3d orbital occupations (S7: 7.31 and S,:
7.34) are similar to that of the free CoPc (7.26), indicating
that the molecule has a 3d” Co(Il) center with spin 1/2.
Again, we attribute the robust spin of CoPc to the weak
interfacial hybridization on the semimetallic Sb(111).

Going beyond isolated admolecules, Fig. 4(a) contrasts
the measured Kondo temperature taken from an isolated
molecule, a molecular dimer (§;—S,), a trimer
(S5 — 81 — 85), and a much larger island, showing a clear
increase in Tk with the assembly size for the smaller
assemblies [see Figs. S6(a) and S6(b) in SM [27] ]. We have
fitted the dI/dV spectra (see Fig. S1in SM [27]) of CoPc in
the molecular islands (5 K), yielding Iy =31.2+
1.9 meV. After subtracting the contribution of the modu-
lation signal, we acquire the average values of the physical
parameters I' = 30.9 £ 1.9 meV and Ty = 253.6 £ 16 K.
Figure 4(b) plots the half-width I' as a function of
the temperature from 7 =5K up to 7 =130K,
displaying a good fit to the expected formula I' =
V/ (zkgT)> +2(kgTg)> [[32], see Figs. S6(c) in
SM [27]]. We also note that the width of the resonance
peak of CoPc in the molecular island is slightly broader
than that of an isolated admolecule. According to previous
reports, the contributions from magnetic dipolar and direct
exchange couplings can be negligible due to the large
intermolecular distance (1.56 nm) in the island [35,47].
The observed broadening in the Kondo resonance width may
originate from the possible presence of the antiferromagnetic
RKKY interaction in the many-body Kondo system [47-49].
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FIG. 4.

(a) Kondo temperature as a function of the number of the CoPc assembly size. (b) The half resonance width (I') against

measured temperature: the black squares with error bars show the experimental data. (c) Site-dependent dI/dV spectra of the molecular
island acquired along the line with an alternating molecular arrangement of S| and S, configurations, marked by the red arrow in the

upper-right inset.
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Figure 4(c) displays the site-dependent dI/dV spectra
along the red arrow shown in the inset, in which the Kondo
resonance exhibits good consistency and spatial recogni-
tion in a well-ordered molecular island. Given these
observations, each CoPc in the molecular island can be
exploited as an information storage bit, which may find far-
reaching technological applications. More specifically, for
the CoPc/Sb(111) system considered here, above the
Kondo temperature, the two spin states are well defined,
and can be exploited as the information bits “0”” and “1”. In
the Kondo regime, the two molecular spin states are no
longer well defined because of their entanglement with the
spins of the itinerant electrons; nevertheless, proper chemi-
cal stimulus approaches can still be devised to reversibly
switch on or off the Kondo state, thereby restoring their
ability to serve as the information bits [50,51]. It is worth
noting that here the S = 1/2 states of CoPc/Sb(111) can
be exploited as natural binary storage units. In contrast,
when MnPc is adsorbed on some good metals such as Ag
(001) and Pb(111), its S = 3/2 spin usually preserves or
decreases to S = 1 upon accepting one electron from the
substrate [20,52,53], and the corresponding quadruplet or
triplet states are inherently disadvantageous in defining
the bits.

In summary, we discovered pronounced Kondo reso-
nance of CoPc adsorbed on the semimetallic Sb(111)
substrate. Our STM/STS results showed that the spin of
a CoPc molecule can endure the adsorption on the sub-
strate, inducing complex spin polarization inside the
molecule where the pyrrole ring becomes spin active as
well. Our DFT calculations further revealed that the
optimal density of states of Sb(111) around Ej plays a
crucial role in the preservation of the intrinsic magnetic
moment of CoPc while still ensuring sufficiently effective
multiple spin-flip scatterings of the conduction electrons of
the semimetallic substrate. Moreover, our STS measure-
ments revealed that each of the CoPc molecules in a
molecular island exhibits good consistency and spatial
recognition of the Kondo resonance, rendering the systems
immense potential for applications in ultrahigh-density
memory devices. The delicate interfacial physics elucidated
in the present study is expected to be also broadly
applicable to other related systems combining different
magnetic molecules and substrates, including semimetallic
substrates with strong spin-orbital coupling, magnetic Weyl
semimetallic substrates, and half metals. Such systems may
serve as ideal platforms for exploring exotic quantum
many-body correlations, spintronic phenomena, and novel
topological states of matter, potentially further enriching
into unconventional Kondo physics and non-Fermi liquid
behavior [54-57].
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