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Identifying Charge States of Molecules with Spin-Flip Spectroscopy
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The charge states of single molecular magnetic chains were manipulated with a scanning tunneling
microscope and identified by spin-flip inelastic tunneling spectroscopy. We show that the charged and
neutral states have different spin structures and therefore exhibit different features associated with the
spin-flip processes in tunneling spectra. The experiment demonstrates a general approach for detecting the
charge states at the nanometer scale in a more straightforward manner than using indirect information.
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Single-electron charging is one of the most fundamental
physics phenomena in molecular electronic systems that
involves charge transfer [1-7]. The capability to manipu-
late and control the charge states is essential for molecule-
based electronic applications and has been extensively
investigated. Recent progress in scanning tunneling mi-
croscopy (STM) and spectroscopy (STS) experiments has
made it possible to charge individual atoms or molecules
on surfaces with an STM tip [8—10]. To date, the occur-
rence of charging in these studies is, however, only de-
duced from less direct information, such as the sombrero
shape around an adsorbate in the STM images [8,10,11],
the formation of ordered arrays [11,12] or the pattern of
molecular orbitals that can be discriminated by the STM
images [9]. Thus, it is indispensable to develop a reliable
approach to detecting the charge state of single atoms or
molecules in a more straightforward manner.

In this work, we demonstrate the ability to identify the
charge states at the single molecular level by spin-flip
inelastic electron tunneling spectroscopy (IETS) with
STM, where the tunneling electrons transfer energy to
the spin degree of freedom of an adsorbate via the spin-
flip process [13—17]. The inelastic tunneling channels are
opened after the bias voltage between the STM sample and
tip reaches thresholds at =A/e (where A is the spin
excitation energy and —e is the charge on an electron).
The threshold can be visualized by a steplike increase in
dl/dV at bias voltages of =A/e. Spin-flip IETS provides
direct information of the spin states and spin coupling at
the nanometer scale [13—17]. In addition, it is also sensitive
to the charge states, which are closely related to the mag-
netic moment of an adsorbate. Therefore, we are able to
characterize single-electron charging by spin-flip IETS.
The work expands the application scope of STS to charge
detection.

The experiments were conducted with a Unisoku
3He-STM that reaches a base temperature of 0.4 K by
means of a single shot *He cryostat [16,18,19]. Magnetic
field up to 11 Tesla can be applied perpendicular to the
sample surface. We prepared the multilayer structures of
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cobalt phthalocyanine (CoPc) molecules [Figs. 1(a)-1(c)]
on the Pb island in ultrahigh vacuum. The procedure of the
sample preparation has been reported in previous studies in
detail [16,18].

The Co?* ion in a free CoPc molecule has a spin of § =
1/2, resulting from the singly occupied d orbital. If a
CoPc is charged with an electron, the extra charge will
preferentially occupy the lowest unoccupied molecular
orbital (LUMO) of CoPc, which is still the d orbital
according to the first principles calculation. The additional
electron will experience the Coulomb repulsion from the
other electron on the same d > orbital. Upon adsorption on
the Pb island, the spin of a molecule remains to be 1/2,
except those in the first layer whose magnetic moment is
completely quenched by the substrate [16]. The molecules
from the second layer and above form chainlike stacks
[Fig. 1(b)]. In a chain the molecules are antiferromagneti-
cally coupled through the superexchange interaction, as
shown recently [16]. In the current experiment, we focus
on the charging phenomena and their influence on the spin
excitation spectrum of CoPc molecules. The experiment
demonstrates the capability to charge a single spin chain
and detect the charging by the spin excitation spectrum.

Figure 1(d) shows the typical tunneling spectra mea-
sured on molecules in the third monolayer [Fig. 1(c)]. A
magnetic field of 1.5 T was applied to completely quench
the superconductive state of Pb. A CoPc in the third layer
and the one right below it in the second layer form a spin
chain of length N = 2. The chain has a spin singlet ground
state. The spectra of different molecules share some com-
mon features but vary periodically due to the lattice mis-
match between the molecular superstructure and
Pb(111) — (1 X 1). The opening of inelastic tunneling
channel is clearly noted on molecules 2, 3, and 4. The
steps at both positive and negative bias in Fig. 1(d) corre-
spond to the transition from the singlet ground state to the
triplet excited state [Fig. 1(e)] [16]. On molecules 1 and 5,
a step is still clearly seen at the negative bias. However,
more electronic features are superimposed on the inelastic
signal at the positive bias. These equidistant peaks (mole-
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FIG. 1 (color). CoPc multilayers and spin-flip IETS. (a) STM
image (V =1 V, I = 0.1 nA) of the self-assembled multilayers
of CoPc molecules on the Pb(111) island. (b) The superexchange
interaction between a molecule in the second layer and the
molecule right above it in the third layer. The superexchange
pathway is indicated. (c¢) Topographic image (V = 50 mV, I =
0.05 nA) of CoPc molecules on the third layer. (d) Spectra
acquired with the STM tip positioned on the center of the five
molecules indicated in (c). The spectra indicate a transition from
the singlet to the triplet states of a pair of antiferromagnetically
coupled spins with an exchange parameter of J ~ 18 meV [16].
The spectra are offset for clarity. The tunneling gap was set at
V =50 mV, I = 0.2 nA. The bias modulation was 1 mV (rms)
at 799 Hz. The steps in the spectra indicate the threshold of
inelastic tunneling. Vibronic peaks are clearly noted on mole-
cules 1 and 5. (e) Schematic showing the singlet to triplet
transition.

cule 5, in particular) are attributed to the vibronic states of
LUMO [20]. The first peak represents the vibrational
ground state. Different from IETS, the excitation of mo-
lecular vibrations in molecule 5 is due to the resonant
tunneling and becomes possible when energy of tunneling
electrons are higher than that of the negatively charged
molecule in its ground vibrational state. The vibrational
energy, which is 45 =2 cm™!, can be ascribed to the
skeletal doming mode of CoPc [21].

The chain can be considered as embedded in a double-
barrier tunnel junction (DBTJ), formed by the vacuum
barrier between the tip and the molecules and the first

molecular layer above substrate. In a DBTJ, the energy
of LUMO varies for different gap separation (z offset)
between tip and sample [22]. This variation is simply due
to the electrostatic effect, in particular, the image potential
[6] in the present study. Because the first vibronic peak of
molecule 5 in Fig. 1(d) is very close to zero bias, it is
relatively easy to move it below the Fermi level by tuning
the tunneling gap, and therefore charge the molecule right
below the tip. The charge states are stabilized by the pres-
ence of the tip at a given tip-sample distance. Figure 2(a)
shows the hysteresis loops for charging and discharging
molecules when changing the bias voltage (so the tunnel-
ing gap) with feedback on. The detailed mechanism of
charging will be discussed elsewhere. From A to B, the
pair of molecules is kept neutral with decreased bias. At
point B, the molecules are charged and the tip suddenly
moves closer to the sample. When increasing the bias, the
molecules become neutral again at point F. Similar loops
can also be observed at negative bias. At certain bias
voltage and tunneling current [0.4 nA in Fig. 2(a)], the
molecules below the tip can be either neutral or negatively
charged, depending on the history of voltage ramping.
Thus, the STS of both neutral (spin 0) and singly charged
(spin 1/2) states of an N = 2 spin chain can be recorded by
setting the tunneling condition with the appropriate se-
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FIG. 2 (color). Charge states of an N =2 spin chain.
(a) Z — V curves performed on a CoPc molecule in the third
layer at a constant current of 0.4 nA. The forward (A — B —
C — D) and backward (D — C — E — F) scans are indicated
by arrows. (b) Differential conductance spectra of the spin chain
before and after charging. With 11 T magnetic field, the Zeeman
splittings for negative ion and neutral molecule are 1.23 meV and
1.32 meV, respectively. The dI/dV signal was measured with a
modulation of 0.2 mV (rms) at a tunneling gap of V. = 8 mV and
I = 0.1 nA. The vibronic peaks are indicated by red arrows.
(c) Spin-flip IETS of the negatively charged state at different
magnetic field. The data were recorded with a modulation of
0.05 mV on bias. (d) Magnetic field dependence of the Zeeman
energy in (c). The line intercepts the y-axis at —0.03 *
0.02 meV.
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quence of bias voltage ramping. Subsequently, the charge
states are determined by their characteristic features in
STS, respectively.

After the LUMO is moved below the Fermi level by
tuning the z offset, the vibronic states are visible at the
negative bias [upper curve in Fig. 2(b)] and the pair of
molecules becomes singly charged. In magnetic field, the
conductance over the charged molecules is reduced near
zero bias [see also Fig. 2(c)] due to spin-flip inelastic
tunneling through Zeeman splitting [Fig. 3(a)]. The IETS
steps shift consecutively to higher energy with magnetic
field [Fig. 2(c)]. A linear fitting of the threshold energy for
inelastic process as a function of the magnetic field yields a
g-factor of 1.97 [Fig. 2(d)]. In contrast, the dI/dV spec-
trum [lower curve in Fig. 2(b)] for neutral molecules does
not show similar features near zero bias. Therefore, one
can use spin-flip IETS, which is sensitive to the charge
states, to conveniently distinguish between charged and
neutral spin chains by their different response to external
magnetic field.

As a matter of fact, the dI/dV spectrum of neutral
molecules can still exhibit the Zeeman effect, but in a
different way, i.e., through the elastic tunneling channels
[Fig. 3(b)]. As shown in the lower curve in Fig. 2(b), the
first vibronic peak of the LUMO splits under strong mag-
netic field. Usually, it is difficult to see the Zeeman split-
ting of a molecular orbital in STS because the width of
peak corresponding to the resonant tunneling to an orbital
is often much broader than the Zeeman energy. But in our
case, the LUMO state is well isolated from the metallic
substrate by the first CoPc layer, which greatly reduces the
width of resonance. In strong magnetic field, the Zeeman

FIG. 3 (color). Zeeman effect in the resonant and nonresonant
tunnelings. (a) Nonresonant inelastic tunneling through Zeeman
splitting. (b) Resonant elastic tunneling through Zeeman split-
ting. (c) Eigenstates of the two-site Hubbard Hamiltonian with
three electrons. The levels are split under magnetic field. A is the
Zeeman energy.

splitting becomes comparable to the peak width and can be
resolved in STS.

In an inelastic tunneling process, the coupling between
tunneling electrons and local spins is nonresonant and the
process can be viewed as an impact scattering [23]. More
specifically to the charged state, the tunneling electrons
interact with the three electrons on a pair of coupled
molecules through the exchange interaction, leading to
local spin excitation. On the other hand, the elastic tunnel-
ing into the LUMO state of neutral molecules is a reso-
nant process. The dI/dV spectrum of this process depends
on the tunneling matrix element between the initial
state, where the adsorbate stays neutral, and the final state,
where a temporary negative ion is formed. In both of the
nonresonant inelastic [Fig. 3(a)] and resonant elastic
[Fig. 3(b)] tunneling processes, a charged state with three
electrons on two d . orbitals is involved.

To understand the observed STS in more detail, we
model the spin chain by one-dimensional Hubbard
Hamiltonian,

N N N
H = ez Zc;rgci(, + UZ”iTnil + tz ZZCL_CZ-_,_ao.,
i=l o i=1 =18 o
ey
t

where the operator c; creates an electron with spin o at
the d 2 orbital of ion i with energy € and Coulomb repul-
sion U. t is the tight-binding hopping term. The summation
over 0 is limited to the nearest neighbors of i. Usually, U ~
l1eV, t~0.1eV and t << U. The two-site Hubbard
Hamiltonian describes the spin chain with N = 2. If only
two electrons occupy the pair of ions, Eq. (1) reduces to the
Heisenberg Hamiltonian H = JS,S,, where J = 4¢>/U
[24]. The ground state is antiferromagnetic [Figs. 1(d)
and 1(e)] since J is positive.

The charged state is described by the two-site Hubbard
Hamiltonian with three electrons. Exact diagonalization
of the Hamiltonian shows that both the ground and the
excited states of a singly charged chain of two spins are
doublets with 2¢ as the excitation energy [Fig. 3(c)] [25]. In
magnetic field, the eigenstates split into two levels. The
splitting is given by the Zeeman energy A = guzB. Both
elastic and inelastic tunnelings require the participation of
the ground state of Eq. (1), and therefore show the signa-
ture of Zeeman splitting in their dI/dV spectra [Fig. 2(b)]
[26], however, in different ways.

The charging of a spin chain is also observed on some
molecules on the fourth layer, where three spins are anti-
ferromagnetically coupled. As shown in Fig. 4(a), the two
steps at £19 mV [16] indicate the spin-flip process for a
neutral spin chain with N = 3. The spin-flip excitation is
well described by the Heisenberg model, which gives an
excitation energy of J [see the insert of Fig. 4(a)]. The peak
right above the Fermi level is the LUMO of the molecules.
The vibronic structure is not clearly resolved possibly
because of the superimposing of other electronic struc-
tures, such as the Kondo resonance. The ground state of
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FIG. 4 (color). Charge states of an N = 3 spin chain. (a) STS
of the neutral state. The tunneling gap is set by V = 50 mV and
I = 0.08 nA. The insert shows the first two energy levels of a
neutral chain with N = 3. The threshold voltages for inelastic
tunneling are indicated by red arrows. (b) STS of the charged
state. The tunneling gap is set by V = 25 mV and I = 0.3 nA.

The insert shows the first two energy levels calculated by the
three-site Hubbard model with four electrons.

three coupled molecules carries spin-1/2, which may in-
duce a weak Kondo peak at Fermi level. Similar to the
situation in the third layer, the N = 3 spin chains can be
charged by moving the LUMO below Fermi level with the
help of electrostatic effect. Figure 4(b) shows the STS of a
charged chain of three molecules. The threshold voltages
(indicated by arrows) for spin-flip tunneling shift from
*£19 mV for neutral state to =14 mV for charged state.
The Hubbard model [Eq. (1)] has to be employed again to
calculate the spin-flip spectra of a charged spin chain with
N = 3. The exact diagonalization yields the first excitation
energy of 3/4J [insert of Fig. 4(b)], which is in close
agreement with the observed STS.

In summary, we have demonstrated the capability of
STM to manipulate and probe the charge states of single
spin chains. Spin-flip IETS not only characterizes single
spins but also emerges as a technique to detect single-
electron charging in the nanometer scale. In this approach,
the identification of charge states no longer relies on the
indirect information induced by additional charges resid-
ing on adsorbates. To observe the spin-flip IETS, an insu-
lating buffer is needed to increase the lifetime of spin
excitations [13-16]. This requirement is usually satisfied
in those experiments of charging single atoms or molecules
[8—12], where a polar insulating film stabilizes the nega-
tively charged state of adsorbates by its large ionic polar-
izability. Thus, we expect that the spin-flip IETS is
generally applicable for directly detecting the charge states
of single atoms in the experiments.

Furthermore, we have shown that magnetic structure
could be manipulated at the atomic level by altering the
charge states of molecules. This may lead to molecular
spintronics devices with fully electrical control [27].
Applications, such as spin shift register [28] and channels
for quantum communications [29], are envisioned.
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