Electron Spin Resonance Scanning Tunneling Microscope of Non-Magnetic Molecules
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Abstract: Electron Spin Resonance-Scanning Tunneling Microscopy (ESR-STM) of C60 radical
ion on graphene is a first demonstration on radical ions. ESR-STM signal at 𝑔 = 2.0 ± 0.1 was
measured in accordance with macroscopic ESR of C60 radical ion. The ESR-STM signal was bias
voltage dependent, as it reflects the charge state of the molecule. The signal appears in the bias
voltage which enables the ionization of the lowest unoccupied molecular orbital (LUMO) –
creation of radical anion - and the highest occupied molecular orbital (HOMO) – creation of a
radical cation - of the C60 molecule when it deposited on graphene.
The linewidth provides information on the lifetime of the free radical. In several experiments, a
13C

hyperfine splitting was observed, and a change in the phase of the ESR-STM peak as a function

of the speed of the magnetic field sweep was changed. This might be used to provide information
on the relaxation times of the molecules. In parallel, ESR-STM signal at 𝑔 = 1.6 ± 0.1 was
ascribed to Tungsten oxide (W5+) at the tip apex, which is not bias voltage dependent.
The ability of ESR-STM to explore non paramagnetic molecules, significantly broadens the
scope of this technique.

The attempt to detect and manipulate a single spin in a single molecule is a fundamental
Challenge [1-5]. ESR-STM [6-12] is based on monitoring the tunneling current-current
correlations. It is done in a static voltage V and a static magnetic field B, without an oscillating
electromagnetic field. The experiments resulted in a signal at the expected Larmor frequency,
which is sharp even at room temperature.
ESR-STM has been used to detect the hyperfine spectrum of a single spin [13,14] in SiC.
Similarity to macroscopic ESR was demonstrated in the spectrum of silicon vacancy [14], showing
hyperfine contributions from 29Si nuclei.
Recently, other related experiments were published. At low temperatures, a different type
of ESR-STM was found using a spin polarized tip and RF irradiation [15-18]. Furthermore, single
spin ENDOR (Electron nuclear double resonance) was performed [19] by applying a RF field at
frequencies of the nuclear transitions and detecting changes in the intensity of the hyperfine line
observed by ESR-STM; this facilitated measurements of the hyperfine coupling, the
quadruple coupling and the nuclear Zeeman frequencies.
Several theoretical models for the ESR-STM phenomenon were published [20,21]. Both claim
that the presence of two spins is necessary for observing ESR-STM. The model in [21] predicts
that there must be at least two tunneling channels whose interference generates ESR-STM. There
are experimental evidences that support this model.
Many atoms, defects or molecules are paramagnetic when they have an unpaired electron. There
are many such free radicals but most molecules are not paramagnetic. Nevertheless, it is possible
to put an extra electron in a nonparamagnetic species (to create a radical anion) or to take away an
electron (to create a radical cation). Nonparamagnetic molecules can be ionized and these
(sometimes unstable) radicals can be detected with ESR. In macroscopic ESR the ionized radicals
are created by irradiation. Examples are irradiation of γ rays at 77 OK (radiolysis) or photolysis
(radiation with UV) [22]; Electron bombardment and trapping for example with noble gas matrix
at cryogenic temperatures [23,24]. In the liquid phase, they are formed by oxidation reduction
reaction. Many neutral molecules were shown to be converted into a paramagnetic ion in the
appropriate conditions. The Benzene ion radical is a famous example [25]. Even biologically
important molecule can form paramagnetic ions. Examples are many types of amino acids [26]
and nucleotides [27]. The creation of radical anions can be also done with electrochemistry [28]
by reduction. Applying cyclic polarimetry in which the voltage on the active electrode is ramped

continuously in such a way that oxidation and reduction occurs consequently. The reduction
reaction is performed inside the ESR cavity (when the ramped voltage is in the right range), and
the concentration of the formed radical ion is high enough to be detected by ESR.
Radical ions can be produced with an STM by applying a bias voltage to remove or to put an
electron in the species that is examined. STM is able to provide evidences of charging that results
in the creation of paramagnetic spin centers: Examples are the F color centers formed by electron
bombardment of MgO films. The defects (protrusions) are seen and the tunneling spectrum shows
band gap states above the centers [29]. These defects were shown to be paramagnetic by
macroscopic ESR. Sometimes, the magnetism can be revealed in the spectrum using the Kondo
effect [30].
The creation of paramagnetic radical ions and the ability to observe their ESR spectra, will
generalize the ESR-STM technique to nonparamagnetic species. Thus, it has the potential to
become a comprehensive, nanometer scale, chemical analysis tool.
In this work we demonstrate ESR-STM on diamagnetic molecules. C60 was the chosen molecule,
and graphene as a substrate. The C60 adsorbs in a well-defined configuration which result in a highresolution image at room temperature. Graphene has structural, and electronic decoupling of
absorbed molecules which ensures a better molecular ion's stability.
The experiments were carried out with a home-made STM operated in room temperature in
ultrahigh vacuum (UHV) (base pressure ≤ 1.5 × 10−10 𝑇𝑜𝑟𝑟). We used chemically etched
tungsten tip (𝑊) in all the experiments. To remove any hydrocarbons contamination from the
surface, the graphene sample is annealed by gradually heating to ~250 ℃, while keeping the
background pressure ≤ 5 × 10−10 𝑇𝑜𝑟𝑟. Atomic resolution images (Fig. 1) were observed. A
clear honeycomb monolayer structure was observed with interatomic distance of 1.4 Å,
consistent with the expected values [31]. Commercially available C60 powder (Sigma-Aldrich,
99.9% purity) was deposited on the Graphene substrate, from a Knudsen-cell type evaporator.
The Knudsen-cell was gradually heated to 300 °𝐶, the C60 sublimation temperature. At a
background pressure of < 1.5 × 10−9 𝑇𝑜𝑟𝑟, the C60 evaporated for ~2 minutes to form submonolayer of molecules on the graphene. The C60/graphene sample was annealed in ~150 ℃.
Single C60 molecules were observed with dimensions consistent with the literature value and
previous STM experiments on C60 (Fig. 1) [32].

Figure 1: (a) Graphene atomic resolution image. (b) a single C60 molecule.

Figure 2 displays the schematics of the ESR-STM setup. The STM tip was located above the
identified molecule and the amplified 𝐼𝐴𝐶 (The RF component) was recorded as a function of the
magnetic field. The STM is equipped with solenoid that produce magnetic field sweep between
0 < 𝐵 < 300 𝐺. The magnetic field is applied parallel to the STM tip. The 𝐼𝐴𝐶 was recorded by
an HP spectrum analyzer operated at single frequency mode (zero sweep). The ESR-STM
spectrum was observed as a function of the magnetic field and at different bias voltages..
We kept the measured frequency constant. That way, we eliminate any spurious noise, which
might result from poor transmittance, due to mismatched impedances. The magnetic field was
measured with Hall-probe chip placed near the STM tip.
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Fig. 2: Schematics of ESR-STM setup, including bias-tee (BT), impedance matching circuit (IMC), RF amplifier
(Amp), HP spectrum analyzer (SA), solenoid for magnetic field sweep and Hall-probe (HP) to measure the magnetic
field.

Fig. 3 (a) ESR – STM spectrum of C60 on Graphene. Central frequency 300 MHz; Bias voltage (positive sample
bias); 0.4 V; Tunneling current 0.4 nA. The vertical axis is with arbitrary units – also in (b) and (c). (b) Center
frequency 300 MHz; Bias voltage 4.2 V; Tunneling current 0.4 nA. (c) Central frequency 400 MHZ; Bias voltage:
-9V; Tunneling current: 0.5 nA. (d) and (e) are macroscopic ESR spectra of Tungsten and C60, respectively.

Our initial results are shown in Fig. 3 demonstrating the appearance of ESR-STM at different
frequencies and different bias voltages. Fig 3 a-c shows that the results do not depend on the
central frequency. It is noticeable, that the C60 ESR signal disappears at lower bias voltages,
suggesting ionization (both anions and cations) of the C60 underneath the tip at higher bias
voltage. The elevated intensity is observed at g values of: 𝑔1 ~1.6 ± 0.1 𝑎𝑛𝑑 𝑔2 ~2.0 ± 0.1.
Those values are compatible with macroscopic ESR of tungsten oxide (W5+) [33-35] and C60
molecular ions [36-40] respectively. The similarity to the macroscopic spectra is clear as shown

in Fig. 3 d, e. (taken from [41, 36] respectively).

Fig. 4: ESR-STM of ion radicals at different bias voltages. In each spectrum it is compared with the signal of clean
graphene and of the spectrum observed at lower bias voltage. Tunneling current in (a), (b) and (c) is 0.6 nA, while
the central frequency is 385 MHz.

The appearance of ESR can be used to observe a lot of information on the measured molecule. The
charging of the molecule (creating either a radical anion or cation) is found to happen when the tip
- sample bias voltage is the same as the bias that is applied in tunneling spectroscopy when the
HOMO (highest occupied molecular orbitals) and the LUMO (lowest unoccupied molecular
orbital) appear in STS (scanning tunneling spectroscopy). As shown in [32], the HOMO orbital of
C60 on graphene is observed at a bias voltage of - 2.7 V and the LUMO orbital is at 0.8 V. In
another publication [42] the LUMO orbital is shown to be also at 0.4 V, depends on the site on
which the C60 adsorbed on the graphene.
Figure 4 displays the measured ESR-STM spectra at a bias voltage when the spectrum appears.
Each spectrum is compared with the null spectrum at the same bias voltage of a clean graphene
surface and with the null spectrum observed at a slightly lower voltage on a C60 molecule. All the

spectra in Fig. 4 were done with central frequency of 380 MHz and tunneling current of 0.6 nA.
The data (Fig. 4a) show that a broad ESR-STM signal appears at the correct energy of the HOMO
orbital (due to the formation of a radical cation) at a bias voltage of -2.7 V, and in Fig. 4b, c it
shows a signal close to the correct energy of the two LUMO orbitals - at 0.5 and 1 V. As was
reported in [42] the two energies of the LUMO orbitals are due to different absorption sites.
It is quite easy to see that the relative (compared to the central frequency) linewidth of the ESRSTM peaks are larger than the macroscopic ESR data. As an example: the linewidth in Fig. 4b, c
is 57 MHz, while in Fig. a is 30 MHz. It is reasonable, that the linewidth is an indication of the
average time in which the free radical exists as a result of the flow of the tunneling electrons in
and out of the molecule. This means that this time is 1.75 ∙ 10−8 and 3.3 ∙ 10−8 seconds
respectively with-in the average time between two tunneling electrons is 3.6 ∙ 10−7 seconds, Of
course, the relative linewidth can be improved by working with a much higher magnetic field.
The broad linewidth can hide a hyperfine coupling of 13C. However, in some other cases it can
appear (Fig. 5a). It is recalled that the natural abundance of 13C is 1.25% but the number of atoms
in C60 molecules is the reason why a hyperfine coupling can be observed. The splitting between
the 2 neighbor peaks is about 12 G – quite close to the observed macroscopic hyperfine spectrum
of the anion radical of C60, which is 10 G [43]. There are several differences. The spectrum
presented in Fig. 5a is a single molecule spectrum, and therefore the unequal intensity of the 2
peaks is not

Fig. 5: (a) ESR-STM of C60, hyperfine coupling of 13C is observed. Bias voltage is 1 v, tunneling current is 0.6 nA
and central frequency is 385 MHz. (b) A derivative spectrum at faster field sweep. Bias voltage is -2.7 v, tunneling
current 0.6 nA and central frequency is 385 Mhz.

surprising and it is likely that the single molecule has a different hyperfine peaks intensity due to
the fact that the measured molecule is under severe electric and stress fields which is not applied
in a symmetric way by the STM tip.
Finally, it is recalled [44-46] that when there is a rapid field sweep in macroscopic ESR, it results
in a change of the phase of the signal as measured using magnetic field modulation. This was used
to measure the spin lattice relaxation time (T1). Surprisingly, a similar phenomenon was observed
when an experiment similar to the one shown in Fig. 4a was found to change to a derivative signal
(Fig. 5b) when the magnetic field sweep was faster by a factor of 2 (0.05 G/s and 0.1 G/s,
respectively). It is obvious that the mechanism of the macroscopic spectrum is different. However,
it might be that in this case also, this change is related to the spin lattice relaxation (which is in C60
at room temperature it 5 ∙ 10−7 seconds [40]). This issue is currently in study.
The ionization of a molecule to create a radical ion and to measure its ESR-STM spectrum, has
a significant potential due to the possibility to identify and to analyze unknown and non - magnetic
molecules.
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