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Abstract: We examine the isomerization and the variation of the spin state of molecules 

adsorbed on Au (111) surface by injecting tunneling electrons. We employed molecules 

of spiropyran (SP) and SP-based Dy complex with hexa-fluoro-acetylacetonate (hfac) 

ligand and DyN3O5 coordination (SP-DyL(hfac)2). SP molecules, transferred by vacuum 

sublimation, form an ordered lattice. Injection of tunneling electrons changes the 

conformation of the SP molecule, which can be accounted for by an isomerization into a 

merocyanine (MC) molecule. The change of the magnetic property is confirmed by 

detecting the Kondo resonance, which is a high-density of states at the Fermi level by 

forming the spin-singlet in the neighbor of the spin impurity. The appearance of the 

Kondo resonance is detected only in the converted MC molecule, which originated from 

the MC molecule's  radical. Tunneling electrons injection can cause a similar 

isomerization for the SP-DyL(hfac)2 molecule. The appearance of the magnetic moment 

is detected after the conversion by the Kondo resonance, which suggests the formation of 

MC-DyL(hfac)2. Density functional theory calculations support experimental 

observations. Since the MC-DyL(hfac)2 molecule's single-molecule magnet nature was 

confirmed previously, this report's observation might pave the way for designing and 

developing single-molecule magnets based on photoisomerization.

Keywords: spiropyran; merocyanine; Kondo resonance; scanning tunneling microscopy 

and spectroscopy, density functional theory
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Introduction

With the ever-increasing demand for ultra-capacity storage media, researchers are 

attempting to shrink data storage to achieve as large a storage capacity in as small a space 

as possible1. Research on utilizing molecules to encode information and improve 

efficiency has recently attracted attention2-4. Photochromic molecules have been 

identified as a novel type of molecular spin qubit5 since they can be reversibly 

interconverted between two conformational isomers with external stimuli such as light, 

temperature, pressure, and so forth6. The two distinct conformations represent two states 

corresponding to “0” and “1” in binary7. Therefore, such molecules can be used as qubits 

to store and process quantum information.

Up to now, significant efforts have been made regarding how to tune and realize the 

reversible isomerization for photochromic complexes6. In contrast to the conventional 

approaches, scanning tunneling microscopy and spectroscopy (STM/STS) is an intriguing 

tool for precisely controlling such conformation isomerization since it can inject 

tunneling electrons with high spatial and energy resolution8, 9. The development of the 

''atomic manipulation'' technique continues to reveal nanoscale phenomena10-12. At the 

same time, the tunneling electrons could interact with the local magnetic moment and 

reveal abundant phenomena associated with spin-flip dynamics, such as Kondo 

resonance9. The sign of the Kondo state is a sharp renormalized quasi-particle peak near 

the Fermi level. Therefore, researchers could indirectly investigate the spin state of 

adsorbate magnetic atoms or molecules by detecting such resonance13-15.

Fig. 1 Schematic of isomerization between SP and MC.

Among photochromic molecules, spiropyran (SP) is a promising candidate as it can 

be readily converted to isomeric merocyanine (MC) form accompanying significant 

changes both in structure and electronic properties16, as sketched in Fig. 16. Meanwhile, 
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combining photochromic SP and magnetic anisotropy of 4f metal ions can produce 

functionalized single-molecule magnets (SMMs) with intriguing photo responsive 

features17-19. Recently, Paquette and coworkers observed the photoinduced change of the 

coordination environment of lanthanide ions by a photo-isomerization of spiropyran and 

spirooxazine ligands18, 19. Such isomerization reveals that lanthanide compounds based 

on SP are candidates for the modulation of photoelectric and photomagnetic properties 

since the isomerization of SP to MC is expected to result in significant changes in the 

lanthanide ion environment. Toward this end, we previously employed bis(2-

pyridinemethyl)amine and 8-(iodomethyl) spirobenzopyran as sources to synthesize the 

chelating SP ligand (LSP), which has strong coordination with LnIII ions17. In the presence 

of sodium iodide, LSP can react with one equivalent of M(hfac)3•2H2O (M = Dy, hfac = 

hexa-fluoro-acetylacetonate) and form a molecule containing hfac ligand whose 

coordination is similar to (MC-DyN3O5)17. The structure is sketched in our previous 

publication17. Hereafter, in this work, we express this molecule as MC-DyL(hfac)2 and 

prepare SP-DyL(hfac)2. Such isomerization provides highly charged phenolic oxygen. 

Combining the oxygen from phenolate and the less-charged nitrogen atoms from bis(2-

pyridinemethyl)amine moiety creates a solid axial magnetic anisotropy in DyL(hfac)2. As 

a result of the high magnetic anisotropy of DyL(hfac)2, the magnetic hysteresis loop 

shows a significant opening below 2 K, demonstrating a suitable SMM property17.

In the present work, we focus on the conformation transformation of SP to MC and 

SP-DyL(hfac)2 to MC-DyL(hfac)2 by injecting tunneling electrons with an STM tip. The 

two converting processes are confirmed by detecting the Kondo resonance of the radical 

form of MC and MC-DyL(hfac)2. The appearance of the Kondo peak reveals that the MC 

and MC-DyL(hfac)2 are formed successfully by injecting tunneling electrons with the 

STM tip. Since the MC-DyL(hfac)2 molecule's single-molecule magnet nature was 

confirmed previously, this report's observation might pave the way for designing and 

developing single-molecule magnets based on photoisomerization.

Methodology

A. Experiment

The experiment was performed under an ultra-high vacuum (UHV) system with a 

base pressure of less than 2×10-10 mbar, except for the drop-cast process. The clean Au 

(111) surface with a typical herringbone reconstruction pattern was prepared by 

Page 4 of 22Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
0 

N
ov

em
be

r 
20

23
. D

ow
nl

oa
de

d 
by

 C
hr

is
tia

n 
A

lb
re

ch
ts

 U
ni

ve
rs

ita
t z

u 
K

ie
l o

n 
11

/2
6/

20
23

 1
1:

56
:0

6 
A

M
. 

View Article Online
DOI: 10.1039/D3TC02513F

https://doi.org/10.1039/d3tc02513f


5

successive Ar+ sputtering and annealing. SP is the commercial one (Aldrich), and MC-

DyL(hfac)2 molecules were synthesized following a previous recipe6, 17.

To transfer the SP molecules onto Au (111), we use the vacuum sublimation technique 

from a homemade Ta boat heated at 280-300 °C after prolonged degassing. At the same 

time, the substrate is held at room temperature. The thickness and evaporation rate of the 

molecule were recorded with a quartz crystal microbalance (QCM) mounted on top of the 

preparation chamber. However, the MC-DyL(hfac)2 molecule was transferred onto Au 

(111) with the drop-cast method in N2 ambient, a part of which spontaneously isomerized 

to SP-DyL(hfac)2 on the gold surface. The measurement was performed using a dilution 

refrigerator-based STM/STS at a base temperature of 4 K, as determined by a temperature 

sensor close to the STM head. STM topographies were obtained in constant current mode, 

and the dI/dV spectra of Kondo resonance were taken using a lock-in amplifier with a 

sinusoidal modulation voltage of Vrms = 1 mV (room-mean square value), and frequency 

of fmod = 475 Hz were superimposed onto the bias voltage.

B. Calculations

For structure optimization and molecular orbital estimation, we employ the VASP 

code, a plane wave basis set and PAW potentials to describe the behavior of the valence 

electrons20-22. A generalized gradient Perdew-Burke-Ernzerhof (PBE) exchange-

correlation potential23 was used. The structures were relaxed until the forces were smaller 

than 0.05 eV/Å.

The detail of the molecules' magnetic properties is calculated using spin-polarized ab 

initio calculations in which the plane wave electronic structure package Quantum 

ESPRESSO24 in the density functional theory (DFT) framework. The B3LYP25 hybrid 

function was used for the exchange-correlation function within the ultra-soft 

pseudopotential formalism. Energy cut-offs of 30 Ry and 300 Ry were employed for the 

wave function and the charge density, respectively.
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Results and Discussion

We transfer the samples onto the Au (111) substrate. Since the Au (111) surface is 

more chemically inert and provides a weak interaction with adsorbed molecules 

compared with Ag (111) and Cu (111) surfaces, it can preserve the original configuration 

of organic radicals8, 26. Fig. 2 shows the STM images of the Au (111) surface after 

transferring the SP molecules by a vacuum sublimation method. In Fig. 2(a), a well-

ordered film of SP on Au (111) substrate is illustrated, where a lattice of the molecular 

film with a characteristic herringbone structure of the underlying Au (111) is visible. The 

high-resolution STM topographic image with a sample bias (Vs) of −0.6 eV is shown in 

Fig. 2(b). An intra-molecule contrast variation (high and low parts) is visible in a single 

molecule, which is illustrated as a combination of the circle (high) and bar (low) in the 

upper-left corner of the image (mark I). A magnified STM image for a single molecule is 

shown in Fig. 2(c).  Interestingly, the neighbor molecule marked by II has a similar 

contrast variation, but the direction is reversed from molecule I. The molecule axis is 

aligned in the  direction, along which direction molecules make a chain with an [𝟏𝟏𝟎]

identical intra-molecular direction. The molecules are directed to opposite directions on 

the neighboring chain (next chain in the  direction). A similar phenomenon was [𝟏𝟏𝟐]

reported in previous observations27, 28. The periodicity of the lattice of the SP film is 1.44 

and 1.25 nm in  and  directions, respectively. We expect that a hydrogen bond [𝟏𝟏𝟎] [𝟏𝟏𝟐]

is formed between the molecules in the row, forming tail-and-head bonding. Hydrogen 

bonding should be the dominant intermolecular interaction for forming the self-assembled 

pattern29. 

The unit cell is expressed as a white rectangle with two vectors s and t, which are 

orthogonal to each other and with a length of 5 a and 4.3a, respectively (a ~ 0.288 nm, 

nearest neighbor distance of Au (111) surface). The lattice and the intra-molecule 

topographic STM image are sketched in Fig. 2(d) with Au (111) substrate shown by 

yellow circles. The longer vector s is along the close-packed direction of  of Au [𝟏𝟏𝟎]

(111) surface. Even though the unit cell of such size means that the self-assembled SP 

network is slightly incommensurate with the Au (111) surface, the experimentally 

observed lattice of SP film  is comparable to the previous report29.
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Fig. 2  (a) STM topographic image of SP molecule film on Au (111) formed by a thermal 

sublimation. (b), (c) Magnified STM image of the SP film, (b), and the molecule, (c). A 

circle-and-bar in the upper left illustrates the schematic distribution of height variation in 

a single molecule, where I and II direct opposite directions. Rectangle with s and t vectors 

represent the unit cell of the film, containing two molecules. Length scales of (b) and (c) 

are 1 nm. (Vs = −0.6 V, It = 92 pA). (d) Schematics of the molecule lattice and the height 

distribution (corresponding to I and II of (b)). Au substrate is shown by yellow balls, and 

the  direction is aligned with the horizontal direction.[𝟏𝟏𝟎]
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Fig. 3 (a), (b) Before (a) and after (b) the electron injection at the SP molecule film. The 

tip was positioned at the molecule's center, containing A1 (brighter) and A2 (darker) 

spots. The target molecule was changed into a molecule containing B1 and B2 with a 

similar height. A similar change occurs in the neighbor molecule (C →D), but there 

occurs no change for further separated molecules (no change in E→F)  (Length scale = 

1 nm, Vs = − 0.6 V). (c) Line profile along A1-A2 and B1-B2 of (a) and (b), respectively.

It was demonstrated that the photochromic isomerization shown in Fig. 1 can be 

realized with electron injection. We examined an electron injection effect on our SP film. 

The change of the STM image is shown in Fig. 3(a) and (b) for before and after electron 

injection, respectively. We inject tunneling electrons at the center of the single molecule 

containing A1 and A2, which change to B1 and B2. The height profile along the molecular 

axis is shown in Fig. 3(c). There is a clear difference between A1 and A2; A1 is higher 

in height, and A2 is lower. After the electron injection (the sample bias of 2.0 eV and the 

current of 0.1 nA for 30-60 sec), the two parts of B1 and B2 have a similar height, evident 

in the height profile of Fig. 3(c). The change is due to the difference in the heights of the 

two parts in the SP and MC molecules. They should be the result of the conversion of the 

molecule from the SP to MC states.
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Fig. 4 (a), (b) Before, (a), and after, (b), the electron injection at the SP molecule film. A 

single molecule contains the two spots. (c)-(f) Optimized structure of the molecule 

structure and bonding on Au (111) using VASP code. (c), (d) ((e), (f)) correspond to top- 

and side-view of the SP (MC) molecule, respectively.  (g), (h) STM simulation of the SP, 

(g), and MC, (h). Marks Chr and Ind mean chromene and indoline parts, respectively. 

The color code of the atoms in the molecule is the same as in Fig. 1.

We consider the SP and MC molecules' bonding configuration and simulate the 

electronic structures' for the STM images. As shown in Fig. 1(a), SP and MC molecules 

are composed of the chromene part with the NO2 moiety and the indoline part.

Due to the ring closing/opening, the planes of the two parts are perpendicular to each 

other in the SP state and parallel in the MC state. The target STM topographic images are 

shown in Fig. 4(a) and (b); the former is SP, and the right part is higher than the left, 

while the latter is MC converted from Fig. 4(a) and has a similar height in the left and 

right parts.

For the SP molecule, we made an initial configuration in which the indoline plane is 

upright and the chromene plane is relatively flat-lying. This configuration can make the 

NO2 moiety bond with the substrate. We expect higher bonding energy with this 
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configuration, and a similar configuration is proposed in the previous report. On the other 

hand, the MC molecule is relatively flat, and we made a starting configuration close to a 

flat-lying one.

We execute the structural optimization with VASP starting from these configurations 

for both molecules. The most stable configurations are illustrated in Fig. 4, obtained after 

the optimization. For the SP molecule, the indoline part is upright to the surface. For the 

MC, the chromene and the indoline are close to the flat-lying condition. After calculating 

the electronic structure, we formed STM simulation images by slicing the charge 

distribution volume data with a plane parallel to Au (111) surface. The results are 

illustrated in Fig. 4(g) and (h) for SP and MC, respectively. The SP molecule has an 

enhanced charge density at the upright indoline part compared to the flat chromene part. 

The distribution changes when the SP changes to the MC molecule, in which the two 

parts have a similar charge density. We consider that the change from Fig. 4(g) to (h) 

corresponds to the image change from (a) to (b), reproducing the SP to MC conversion 

well.
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Fig. 5 STS spectra obtained for the molecules of SP and MC. Before opening the feedback 

loop, the tip was positioned at the set point Vs = −50 mV, It = 50 pA. A modulation of 

Vrms = 1 mV was superimposed on the sample bias for the lock-in amp detection. The 

solid lines show the fitting results (see main text).

The conversion from the SP molecule to the MC molecule appears more clearly in the 

magnetic property. The appearance of a magnetic moment when the SP molecule is 

converted into the MC molecule was investigated by electron spin resonance (ESR) 

experiment30. Detecting the Kondo resonance, the spin singlet state formed by screening 

an isolated spin by the itinerant electrons31, 32, is a relatively straightforward method to 

detect an isolated spin. We see many examples of magnetic adsorbates detected by the 

Kondo resonance9, 33-38.

The spectrum in the energy region near the Fermi level before and after the electron 

injection is shown in Fig. 5. The spectrum obtained for the SP molecule offers no feature. 

However, the one after the electron injection contains a sharp feature at the Fermi level. 

By measuring the temperature dependence of this peak, we conclude that it is a Kondo 

resonance (see Figure S2 of Supporting Information).

The dI/dV spectra can be well fitted by the Fano function34, 39

;        
𝑑𝐼
𝑑𝑉 =  𝑎 

(ε + q)2

1 + 𝜀2  + 𝑏 ε =  
𝑒𝑉 ― 𝜀0

Γ

where q is the Fano asymmetry parameter,  is the energy shift of the resonance from 𝜺𝟎

the Fermi level;  is the half-width at half maximum; a is the amplitude coefficient; b is 𝜞

the background conductance signal40, 41. The fitting parameters are q=−100.42 ± 0.86 and 

= 6.2 mV. The large q corresponds to where most tunneling electrons pass through the 
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molecule rather than the substrate, suggesting a weak interaction between the MC and Au 

(111).

The red curve in the deconvoluted fitting of Fig. 5 shows the principal component 

discussed above, while a broader side peak appears on the negative energy side, plotted 

by a green line. A similar side peak was observed by our group and is assigned to the 

phonon excitation in the inelastic tunneling process38. Since the conversion occurs with a 

slow bias ramping, we exclude the possibility of the electric field for the isomerization 

mechanism. The conversion mechanism is discussed for the solution case42. In solution, 

it has been demonstrated that SP and MC are two stable states and can be switched: SP 

to MC by UV irradiation and MC to SP by visible light or by thermal heating. 

Energetically, SP is more stable than MC, the latter in the trans-MC state, and the cis-MC 

is in the transition state42. The energy diagram is shown in Figure S1 of Supporting 

Information. We consider that the tunneling electrons we injected for the molecule’s 

conversion provide this energy, which makes the conversion from SP to MC.
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Fig. 6 (a) (b) STM images of Au (111) surface after SP-DyL(hfac)2 molecules transferred 

by a drop cast method (Vs = − 1.0 V, It = 60 pA, length scale =1 nm). Four molecules are 

aligned in a line inside the white square (a), magnified in (b). Elongated circles represent 

two distinct bright regions in a molecule separated by a node. (c) (d) Before, (c), and after, 

(d), the electron injection onto a center molecule. The circles and the arrows in (c) and 

(d) indicate the target molecule and the position of the electron injection, respectively. 

Observation conditions and length scales are identical with (a) and (b).

Next, we discuss the observation and electron injection for the SP-DyL(hfac)2 

molecule. As we stated in the introduction, a molecule Dy complex containing two hfac 

and SP (MC) ligands is called SP-DyL(hfac)2 (MC-DyL(hfac)2).

We transfer the MC-DyL(hfac)2 molecule onto the Au (111) by a drop-cast method. 

The vacuum sublimation method can provide a molecule transfer with a better purity of 

the molecule. However, since there is a possibility of a thermal dissociation of the 

molecule due to the size of the SP-DyL(hfac)2 molecule, we avoid the vacuum 

sublimation method. We drop a dew of solution of MC-DyL(hfac)2 molecule in 

dichloromethane (16 µmol/l) on Au (111), which is cleaned in a UHV chamber before 

the drop-cast process in an N2 environment. After drying with nitrogen gas, the sample is 

returned to the UHV and cooled for the STM/STS measurement.

The topographic image of the surface is shown in Fig. 6(a). We can notice circular 

protrusions, showing a local periodic alignment with a separation of 1.5 nm. A white 

square in Fig. 6(a) marks an example. The area is magnified in Fig. 6(b). We judge that 
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each molecule is composed of two circular protrusions with a node in the middle; two 

protrusions are marked by oval circles in Fig. 6(b). We should examine the possibility 

that the ball-like features assigned to the target molecule are impurities originating from 

the solvent or dissociated species. The robustness of the molecule transferred by the drop 

cast method was examined by a time-of-flight secondary ion mass spectroscopy (ToF 

SIMS), which is described in SI. The target molecule dominates the species found on the 

surface, and we judge that the SP-DyL(hfac)2 molecule is properly transferred onto Au 

(111) surface. Combined with the repetitive appearance of the identical features 

illustrated in Fig. 6(a) and (b), we conclude that the ball-like features are the target 

molecule of SP-DyL(hfac)2.

We then examined the tunneling electrons injection onto an SP-DyL(hfac)2 molecule. 

The topographic image of the initial molecule is illustrated in Fig. 6(c). A single molecule 

is marked by a circle in the figure, composed of two bright protrusions, and the lower one 

is slightly dimmer than the upper one. After the tunneling electron injection with a 

condition of Vs = 2.5 V, It = 0.1 nA, and 60 sec, the molecule changes to that observed in 

Fig. 6(d). The tunneling voltage is changed from the observation condition (Vs = − 1.0 

V) to Vs = 2.5 V slowly (ramping time of ∼10 sec) to avoid an unnecessary high electric 

field. The tip was positioned at the same place, keeping the feedback loop activated. After 

the electron injection, the lower protrusion becomes more enhanced than the upper one. 

This change is induced by the conversion of the SP part of the SP-DyL(hfac)2 to MC-

DyL(hfac)2.
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Fig. 7 (a) A schematic model of MC-DyL(hfac)2. (b), (c) Side view of SP-DyL(hfac)2, 

(b), and MC-DyL(hfac)2, (c), and substrate Au (111) after a structural optimization by 

VASP. (d) Top view of (c). (e), (f) Simulated STM images for the structural optimized 

SP-DyL(hfac)2 and MC-DyL(hfac)2 adsorbed on Au (111).

We examine the structural models and bonding configurations of the SP- and MC-

DyL(hfac)2 molecules. The two molecules have a structure analog to DyN3O5, where the 

center Dy atom is coordinated by N and O atoms. The SP and MC molecules make a bond 

with the Dy atom by one O atom of the SP/MC species. The structure of the MC-

DyL(hfac)2 is illustrated in Fig. 7(a), in which the MC part is marked by an oval circle, 

and the oxygen atom attached to the Dy atom is marked by a red arrow. For the bonding 

configuration, we consider that the three CH3 species denoted by the three black arrows 

attach to the Au (111) surface. This hypothesis is based on the following. First, the 

conversion from SP to MC is caused by the tunneling current. If the SP/MC part is 

attached to Au (111) surface, it is difficult to make the electrons injected into this part 

since other bulky ligands cover it. Second, the perimeters of the molecule other than the 

SP or MC part are terminated by CH and CH3. The bonding by many legs of CH3 can 

stabilize the bonding by gaining van der Waals energy, which makes the three-leg 
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bonding favorable. We then made a variety of initial bonding configurations and 

compared the bonding energies after structural optimization by VASP code.

The optimized structure for SP-DyL(hfac)2 and MC-DyL(hfac)2 are shown as side 

views in Fig. 7(b) and (c), respectively. As we expected, the optimized structure of the 

two molecules is making a bond with Au (111) through the three CH3 legs shown in Fig. 

7(a). The top view for the MC-DyL(hfac)2 bonding configuration is illustrated in Fig. 

7(d). With the conversion from SP to MC, the indoline part is extended horizontally for 

the MC molecule compared to the SP-DyL(hfac)2 due to the ring opening. At the same 

time, the density of the state at the top side of the molecule increases in the MC part. This 

is obvious in the simulated STM images of Fig. 7(e) and (f) for SP- and MC-DyL(hfac)2, 

respectively. We found an enlarged DOS distribution for the latter case in the lower part 

of the image. We consider this can explain the contrast variation of the STM image of 

SP-DyL(hfac)2 with the tunneling electron injection and conversion to MC, 

corresponding to the enhanced lower area of Fig 6(d).

Fig. 8.  STS spectra obtained for the molecules of SP-DyL(hfac)2 (below) and the one 

after the electron injection, which is assumed MC-DyL(hfac)2. Before opening the 

feedback loop, the set point was Vs = −50 mV, It = 50 pA, and the modulation of Vrms = 

1 mV superimposed on the sample bias. The solid lines show the fitting results.

The isomerization from SP-DyL(hfac)2 to MC-DyL(hfac)2 appears more clearly in 

the Kondo resonance. The STS variation near the Fermi level before and after the electron 

injection on the drop-casted SP-DyL(hfac)2 molecule is shown in Fig. 8. The appearance 

of the Kondo resonance after the electron injection supports the isomerization into the 
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MC-DyL(hfac)2 molecule. We execute the Fano fitting as we did for the MC molecule. 

The fitting parameters are q=−35.03 ± 1.88, and =10.0 mV. Red and green curves are 

the results of the deconvolution executed in a similar manner as we did in Fig. 5. The 

peak width, and hence the Kondo temperature, is ~ 1.5 times larger than that observed for 

the MC molecule. This might be related to the bonding of MC with the Dy atom in the 

MC-DyL(hfac)2, but more detailed analysis is needed.

Fig. 9 DFT energy level diagram for SP (a), MC molecule (b), and MC radical (c) in the 

gas phase. Spin-up and spin-down (spin-dw) components are plotted in black and red 

lines.

To interpret the observed feature of Kondo resonance near the Fermi level, we 

compare the results of experimental observation with the calculated LDOS. Fig. 9 shows 

the estimated energy level of SP, MC, and MC radical for spin-up and spin-down channels 

with B3LYP hybrid function25. SP in Fig. 9 (a) and MC in Fig. 9 (b) exhibit spin 

degeneracy with S=0, consistent with previous theoretical calculations43. Accordingly, no 

Kondo signal is expected from them.

While the MC radical is spin-polarized as shown in Fig. 9 (c), the unpaired spin is 

mainly from the spin polarization between single occupied molecular orbital (SOMO) 

level of spin up and LUMO level of spin-down, which leads to S=1/2. The formation of 

the MC radical has been proposed in several references16, 44. Therefore, here we attribute 

the enhanced feature of the Kondo resonance to the SOMO orbital of the radical form of 
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MC and MC-DyL(hfac)2. Meanwhile, the large gap (>1.5 eV) is also consistent with the 

stability of the Kondo effect after manipulation. In addition, it’s known that the 4f spin 

can hardly mix with free electrons due to the confined nature of the 4f orbital45. For the 

adsorbate of 4f atoms, STM studies showed no Kondo resonance. Thus, we consider that 

the Kondo feature we found is not derived from Dy 4f spin, including cases where the 

molecule is dissociated and a Dy atom is exposed.

It is worth mentioning that the reverse process is more complicated than the forward 

process. In our case, the electron-injection process for the backward transformation of 

MC→SP and MC-DyL(hfac)2→SP-DyL(hfac)2 failed. As discussed above and shown in 

SI, the conversion from MC to SP states is through the cis-MC state. Thus, the rate of the 

backward process from MC to SP molecule is determined by the energy barrier between 

the trans-MC (stable MC state) to cis-MC states, whose energy varies depending on the 

neighboring conditions like solution, vacuum, and on-surface42. On a semi-metallic Bi 

surface with a low density of states near the Fermi level, it was reported that a 

bidirectional ring-opening and ring-closing reaction between SP and MC29. The 

difference from our case can be due to the relaxation time of the excited state of MC, as 

claimed in the report. At the same time, the difference in the bonding/electronic 

configurations on Bi(110) and Au (111) should contribute to the observed differences6, 27, 

29. For the MC-DyL(hfac)2 case, the strong affinity between dysprosium cation and the 

phenolate oxygen in the MC-DyL(hfac)2 complex inhibits the returning process46. Since 

a reversible transformation is critical for applications, the mechanism should be examined 

in more detail in the future.

Conclusions

In the present work, we show that the tunneling electrons triggered conformational 

changes of SP to MC and SP-DyL(hfac)2 to MC-DyL(hfac)2 were successfully 

implemented with tunneling electrons injection. The isomerization process was 

confirmed by detecting the Kondo resonance. The experimentally observed remarkable 

zero-bias conductance peak near the Fermi level was ascribed to the intrinsic unpaired 

spin of conjugated π-radical orbital of MC and MC-DyL(hfac)2 radical, which were 

theoretically corroborated by DFT calculations. In contrast, the non-electron excited SP 

and SP-DyL(hfac)2 should not show such enhanced features at the Fermi level, which can 

be attributed to the fact that the π-electron system at both ends of the spiroC-O bond are 
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independent of each other and have no interaction between them. This work will promote 

the development of single-molecule magnets by enveloping new types of single-molecule 

magnets with novel designs and performance. On the other hand, it might facilitate the 

realization of quantum information coding by using the different spin states of 

photochromic functionalized single-molecule magnets.
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1.  Energy diagram of the isomerization between SP and MC

We consider these activation energies in the energy diagram for the conversion 

between the SP and MC molecules. It was reported in the previous reports for the SP-MC 

conversion in the solution that the MC molecule is in the trans-MC state which is 

converted into the SP molecule through the transition cis-MC state as illustrated in Figure 

S11, in which the existence of the transition state was confirmed by the ultra-fast optical 

measurement. Thus, the activation energy from the MC to SP molecule should be the 

energy difference between the trans- and cis-MC. It is reported that the isomerization 

takes place with a dihedral angle rearrangement and conquering a steric hindrance for the 

configuration change1. In this process, the dihedral angles should be rotated: α 180 → 90, 

β 180 → 0, and γ 180 → 0. The rotation is schematically illustrated in Figure S1 by 

arrows. Two types of thermal decay rate from MC to SP were confirmed; activation 

energies are 71.5 kJ/mol and 90.0 kJ/mol for the rapid-decay and slow-decay components, 

respectively2.

 

Figure S1 Potential energy diagram for the conversion of MC to SP.

2.  Temperature-dependent zero-bias-peak variation to verify the Kondo resonance
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The relation between the width of the peak (2Γ) and the sample temperature (T) 

should be connected with eq (1).

                                 (1),2Γ= (𝜋𝑘𝐵𝑇)2 + 2(𝑘𝐵𝑇𝐾)2

where TK is the Kondo temperature, and kB is the Boltzmann constant3. We have 

measured the MC molecule sample for the sample temperature of 4.7 (plot I) to 64 K 

(plot IV) as shown in Figure S2 (a). The fit results of the peak width are plotted in Figure 

S2 (b) with corresponding error bars. The points can be fit well with using eq (1) with the 

corresponding TK of ~ 110 K.

Figure S2 (a) Temperature dependence of the zero bias peak measured in the temperature 

region of 4.7–64 K for the MC molecule. The solid curves are the results of fitting using 

the Fano function depicted in eq. (1). (b) Peak width (2) vs temperature plot with error 

bars. The solid curve indicates the fitted curve using the eq. (1).

3. SIMS analysis of SP-DyL(hfac)2 molecule transferred onto Au (111) by drop-cast

The sample molecule transferred on Au/mica substrate was examined using the mass 

spectrometer. The solution was drop-casted onto Au/mica substrate, dried with nitrogen 

gas, and finally transferred to the UHV chamber for mass examination. We employed 

time-of-flight secondary ion mass spectrometry (ToF-SIMS) using the machine of ION-
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TOF SIMS 5 (ION-TOF GmbH). A 25 keV Bi3
+ ion was used as a primary ion, which 

hits the target at an angle of 45°. The lateral resolution was approximately 1 µm, and the 

mass resolution (m/Δm) was 4000. The pulsed target current was 0.1 pA. Analysis areas 

were within 50×50 µm2.

Figure S3 shows the result of the area for the intact molecule. The main peak at m/z= 

1111.7 should correspond to C42H33DyF12N5O7 for the 164Dy among natural abundance. 

The total mass should be calculated as 1111.7. The rest of the peaks are natural abundance 

of Dy (161Dy, 162Dy, 163Dy and 164Dy are known to have higher proportion, in addition to 

the attachment and detachment of H atoms.

Figure S3 ToF-SIMS spectrum obtained for the drop-casted sample (substrate is Au on 

mica). The main peak appears at m/z=1111.7.

Reference

1. J. T. C. Wojtyk, A. Wasey, P. M. Kazmaier, S. Hoz and E. Buncel, J. Phys. Chem. 
A, 2000, 104, 9046-9055.



5

2. M. S. A. Mamun, Y. Sainoo, T. Takaoka, H. Waizumi, Z. Wang, M. I. Alam, A. 
Ando, R. Arafune and T. Komeda, Phys. Chem. Chem. Phys., 2021, 23, 27273-
27281.

3. K. Nagaoka, T. Jamneala, M. Grobis and M. F. Crommie, Phys. Rev. Lett., 2002, 
88, 077205.


