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Materials and methods

Sample preparation. The SCO [FeIII(qsal-I)2]NTf2 (qsal-I = 4-iodo-2-[(8-

quinolylimino)methyl]phenolate molecule was obtained according to the procedure reported 

in ref 1. The single-layer graphene on Cu foil was prepared using chemical vapor deposition as 

reported previously.2 The Cu foil (99.8%, Alfa Aesar, No. 13382) was loaded in a quartz tube 

(semiconductor grade, UFO Labglass), and the Cu foil was first annealed in H2 with a flow rate 

of 8 standard cubic centimeter per minute (sccm) at 1030 °C for 30 minutes. After annealing, 

CH4 was introduced into the quartz tube at a flow rate of 8 sccm for 30 minutes at 1030 °C 

with a continuous flow of H2 at a flow rate 16 sccm, after which the Cu//SLG surface was 

cooled to room temperature at a rate of 30 °C/min with continuous flow of H2 at a flow rate 

of 8 sccm. The monolayer of [FeIII(qsal-I)2]NTf2 was deposited on the Cu//SLG surface by 

immersion of the Cu//SLG substrate into a 1.0 mM solution of [FeIII(qsal-I)2]NTf2 in CH2Cl2 

molecule for 12 h after which the samples were rinsed with CH2Cl2 to remove excess 

materials.

Atomic force microscopy (AFM). The AFM images of Cu//SLG with and without [FeIII(qsal-

I)2]NTf2 monolayers were obtained with a Bruker Dimension FastScan AFM in tapping mode 

with FASTSCAN-A tips. AFM software NanoScope Analysis (version 1.4) was used to analyze 

the AFM images.

Surface characterization of Cu//SLG//[FeIII(qsal-I)2]NTf2. We performed angle-resolved high-

resolution X-ray photoelectron spectroscopy (ARXPS) of the Cu//SLG//[FeIII(qsal-I)2]NTf2 

samples at SINS (Surface, interface and Nanostructure Science beamline of Singapore 

Synchrotron Light Source; SSLS). The measurements and analyses procedures have been 

reported before.3 All the samples were kept at room temperature under an ultra-high vacuum 

(~10-9 mbar) throughout the measurements.

X-ray absorption spectroscopy (XAS). The temperature-dependent Fe L2,3-edge XAS 

measurements were performed at the soft X-ray beamline of the Australian Synchrotron in 

TEY (total electron yield) mode following previously reported procedures.4 A step size of 0.1 

eV was used over the energy range of 700 – 730 eV. We used the Quick AS NEXAFS Tool 
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(QANT) provided by the beamline5 to normalize the spectra to the incident photon flux. We 

used a linear combination of simulated Fe3+ spectra using the CTM4XAS software by Stavitski 

and de Groot6 and followed previously reported procedures.7 

Electrical measurements. We followed previously reported procedures for the data collection 

(using cone-shape EGaIn tips8 or EGaIn stabilized in through-holes9) and analysis of the J(V) 

curves.10 We recorded the J(V) curves using a home-written code in LabView (Version 2010) 

and a Keithley 6430 sub-femtoamp remote source meter. We followed the procedure for 

statistical analysis of the junction data as reported before.11 We used Matlab code for data 

analysis and plotted the heat map of current density as a function of applied bias. The Matlab 

code provided the Gaussian log-standard deviation and the Gaussian log-mean of the value 

of J, <log10|J|>G, for each applied voltage. These data were used to construct <log10|J|>G vs. 

V curves shown in the main text.

Temperature-dependent measurements. The J(V) measurements as a function of 

temperature T were carried out in a probe station (Lakeshore CRX-VF) at a pressure of 1 × 

10−5 mbar as described elsewhere.9 A code written in LabView (version 2010) was used to 

operate the source meter (Keithley, model 6430) which was used to record the J(V) curves. 

The change of pressure from ambient to vacuum and solidification of the bulk EGaIn at T = 

220–240 K did not result in shorts, open circuits, or change the electrical characteristics of the 

devices, in any other notable way.

Computational details. The DFT calculations to optimize the periodic structures were 

performed with the fhi-aims code12 using the PBE exchange-correlation functional13 with a 

numerical basis set using the option “light” due to a large number of atoms. The complex 

structure of the eutectic GaIn electrode was modeled by starting with the X-ray structure of 

-Gallium that has a melting point of 303 K.14 The optimizations were performed using only 

the  point. During the optimization, the O2 molecules dissociated resulting in the formation 

of Ga2O3. A similar distribution of the oxygen atoms was included in the first four layers to 

match the experimental thickness of the GaOx layer (0.7 nm).15 The dispersion effects were 

included using the method proposed by Tkachenko and Scheffler using the Hirschfeld 

partitioning of the electron density.16 For the system, a conventional all-electron method was 
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employed only for the two last structural optimizations (high- and low-spin), while for the 

whole system a frozen core approach was included for the orbitals below -500 eV. The meta-

GGA SCAN functional was employed to calculate the high- and low-spin difference because it 

is more accurate than GGA functionals such as PBE. Furthermore, the hybrid meta-GGA TPSSh 

functional was employed as implemented in Gaussian 09 code{Tao, 2003 #13} to calculate the 

transition metal complex using a TZVP basis set.17 We have combined the SIESTA code18 to 

obtain the electronic structure and the GOLLUM code19 for the transport properties, 

respectively. A DZP basis set was employed for all atoms except Cu, Ag, Ga and In in which an 

SZ basis set was used in order to reduce the computational time (see the details in Section 

S2). We used the Hubbard correction on the FeIII atom U = 4 eV to improve the position of the 

metal orbitals with respect to the Fermi level. -point was used to compute the transport 

properties.

Section S1

Figure S1 shows the angle-resolved high-resolution O 1s, F 1s, I 3d, and S 2p  spectra of 

[FeIII(qsal-I)2]NTf2 on graphene. In the O 1s spectra (Fig. S1A), the peak at 532.4 eV is assigned 

to S=O peak (which comes only from the counterion) and the peak 531.2 eV is assigned to Fe-

O-C peak (contribution coming from the complex). Figure S1B shows the F 1s spectra which 

are dominated by a single peak at 688.6 eV and the peak intensity increases at θ = 90˚ 

confirming that the counterion is close to the graphene surface. Figure S1C shows the peak 

at 621.0 eV which corresponds to the C-I bond and a smaller peak at 619.5 eV caused by 

radiation damage usually observed in iodinated compounds.20 The spin-orbit splitting (SOS) 

for I 3d is 11.3 eV which is close to the expected 11.5 eV. These two peaks originate only from 

the counter ion NTf2. The S 2p peak (Fig. S1D) at 168.8 eV originates from the S=O species and 

the SOS of 1.18 eV is maintained here. The peak intensity increases at θ = 90˚ once again 

pointing to the counter ion being sandwiched between the complex and the SLG layer. Thus, 

the counter ion is sandwiched between the graphene and [FeIII(qsal-I)2]NTf2 which is 

consistent with the observed peak shifts in the Raman spectra as discussed in the main text. 
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Figure S1. Angle dependent X-ray photoelectron spectra of A) O 1s, B) F 1s, C) I 3d, and D) S 

2p. All spectra were recorded at room temperature. 

Figure S2. X-ray absorption spectra (XAS) of Fe L2,3 edges recorded from a monolayer of 

[FeIII(qsal-I)2]NTf2 on SLG at 340 K (black), and the corresponding simulated Fe L2,3 edges for 

octahedral FeII (red) and FeIII (blue) ions using CTM4XAS software, the spin-orbit splitting (SOS) 

and crystal field splitting (ΔSOC) are indicated in the figure panels.
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Figure S3. A) X-ray absorption spectra of Fe L2,3 edges recorded from [FeIII(qsal-I)2]NTf2 

powder at different temperatures. B) MT vs. T plot of [FeIII(qsal-I)2]NTf2. 
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Comparison with previously reported SCO junctions

An exhaustive search of the literature was undertaken with the results shown in Table S1. We find that among the devices reported, our junction is the 

smallest currently known. It is also the only molecular junction to be fabricated by simple immersion of the electrode into a solution of the complex. This is a 

significant advantage over the previous molecular junctions where the SCO molecule is sublimed and is likely to be applicable to other SCO systems.

Table S1. Device characteristics of various SCO junctions.

Device structure Oxidation state Deposition 
method

Nature of 
electrode-molecule 
contact

Film 
thickness 
(nm) 

Switching 
Temperature 
(K)

Mechanism On/off 
ratio 

Ref.

AuTS//[Fe(HB(trz)3)2]//EGaIn FeII (88% HSa) Thermal 

evaporation

van der Waals 

interface

5.6 100-300 Hopping 10b 21

AuTS//[Fe(HB(trz)3)2]//Ga2O3/EGaIn FeII (95% HS) Thermal 

evaporation

van der Waals 

interface

6.7 297-300 Not reported 100 22

AuTS/[Fe(HB(trz)3)2]/Al FeII (80% HS) Thermal 

evaporation

Unknown 100 336 Hopping 8 23

Glass/ITO/[Fe(H2B(pz)2)2(phen)]/Al FeII (NAc) Thermal 

evaporation

Unknown 10 100-250 Coherent 

Tunneling 

2 24

Cu/CuN/[Fe(phen)2(NCS)2]/STM-tip FeII (46% HS) Sublimation Covalent bond 2 4.5 Inelastic 
scattering

0.06 25

ITO/[Fe(HB(tz)3)2]/Al FeII (NA) Thermal 

evaporation

Unknown 100 336 Hopping 400 26

Au/[Fe(III)(EtOSalPet)(NCS)]/Au FeIII (47% HS) Drop-casting Electrostatic 

interaction

~2 83 Not reported 2 27

Cu/Cu2N/[Fe(pap)2]/STM-tip FeIII (NA) Sublimation Electrostatic 

interaction

1.9 4.6 Not reported ~1.5 28

Cu//SLG//[Fe(qsal-I)2]NTf2//GaOx/EGaIn FeIII (98% HS) Self-assembly van der Waals 

interface

1.4 310 Coherent 

Tunneling

10 This 
work

aHS means “high spin-state”, % refers to the existence of HS after switching event



bIt is difficult to separate the contribution to the on/off ratio from the gradual SCO and the ordinary thermal activation processes.
cNA means “not applicable” 

S8



Table S2. The elemental composition of [FeIII(qsal-I)2]NTf2 molecule.

Atoms Expected elemental composition from the empirical 
formula
(C34H20F6FeI2N5O6S2)

Elemental composition from the XPS 
spectraa

S 1 1.00
O 3 3.56b

N 2.5 2.59

I 1 0.97
F 3 3.18
C 17 20.54b

aThe error of the ratios is about 5% due to fitting errors.
bThe excess C and O likely orginate from adventitious materials since our samples were prepared ex situ.

Figure S4. A) J(V) curves recorded from a Cu/SLG//[FeIII(qsal-I)2]NTf2//GaOx/EGaIn junction 

as a function of T during cooling and heating cycles at intervals of 10 K. B) J as a function of T 

at -0.5 V applied bias.



Figure S5. A) J(V) curves recorded from a Cu/SLG//[FeIII(qsal-I)2]NTf2//GaOx/EGaIn junction 

as a function of T during cooling the cycle at intervals of 10 K. B) J as a function of T at -0.5 V 

applied bias.

Section S2.

Here, we used the Green functions combined with the DFT methods which are the state-of-

art approach to calculate transport properties in junction systems. This approach provides a 

correct description of coherent tunneling transport, but it has some limitations, for instance 

Stark effects as a result from large applied electric fields or spin-orbit coupling can induce a 

state mixing which is ignored by our approach. Nevertheless, Michaeli et al.29 showed recently 
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that such Stark effects likely result in additional conduction channels for coherent charge 

transport reinforcing our conclusions. The results of the DFT calculations using the PBE 

functional include dispersion contributions using the many body approach30 proposed by 

Tkachenko and Scheffler approach (see Computational details section) to analyse the relative 

stability of the interaction between the surface and the molecule Cu/SLG//[FeIII(qsal-I)2]NTf2 

in the low spin state and are summarized in Table S3. The many-body approach provides more 

accurate energies than the two body approach.16 Similar results are expected for the high-

spin state because the coordination sphere of the metal does not affect the molecule-surface 

contact.

Table S3. Relative DFT energies for the optimized Cu/SLG//[FeIII(qsal-I)2]NTf2 with different 
orientations of the molecule and the low-spin state configuration.

Number of iodines towards the surface Energy (kcal/mol)

Two 0
One +9.0
Zero +7.7

The EGaIn electrode has not been modelled before, and thus we substituted the EGaIn 

electrode for Ag(111) to check for inconsistencies. We selected silver as it has a similar work 

function to the EGaIn electrode. The zero-voltage approximation mentioned in the main text 

yields larger conductance value for the HS state (G = 1.65·10-3 G0) than for the LS state (G = 

6.00·10-4G0), in agreement with the experimental observations. However, a closer 

examination of the PDOS of the HS state (see Figure S7B) reveals that the beta dxy orbital is 

now below the Fermi Level. This suggests charge transfer from the Ag electrode to the 

[Fe(qsal-I)2]+ moiety leading to a reduction of the FeIII to FeII. This is not observed in either of 

the PDOS obtained with the EGaIn electrode (Figure 7D), but it is worth noting that the empty 

beta levels are also very close to the Fermi level and that the EGaIn top electrode is important 

to ensure that the SCO complex remains in the FeIII oxidation state. The orbitals of the Fe(III) 

complex are protected by the ligands, thus, the influence of the position of the anion should 

be negligible. To corroborate such assumption, we have repeated the calculation but with the 

anion in a vertical position perpendicular to the graphene (Fig. S8). The comparison of the 

two DOS clearly indicates the lack of influence of the anion position.
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Figure S6. Representation of the optimized unit cell for A) the high-spin and B) the low-spin 

systems.

Figure S7. A) A [Fe(qsal-I)2]NTf2 representation within Cu/graphene and Ag electrodes. 

Projected density of states (DOS) of [Fe(qsal-I)2]NTf2 for B) the high spin and D) the low spin 

states. The transmission spectra of [Fe(qsal-I)2]NTf2 for C) the high spin and E) the low spin 
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states. Red and blue colours stand for alpha and beta spin-orbitals. The filled curves are the 

PDOS of the FeIII ion.

Figure S8. Projected density of states (DOS) of [Fe(qsal-I)2]NTf2, in which the anion in a A) 

perpendicular and B) vertical to the graphene surface.
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