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We propose a mechanism to use scanning tunneling microscopy for direct measurements of the two-electron
singlet-triplet exchange splitting J in diatomic molecular systems, using the coupling between the molecule and
the substrate electrons. The different pathways for electrons lead to interference effects and generate kinks in
the differential conductance at the energies for the singlet and triplet states. These features are related to the
Fano resonance due to the branched electron wave functions. The ratio between the tunneling amplitudes
through the two atoms can be modulated by spatial movements of the tip along the surface.
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There are various techniques that allow one to detect and
manipulate spin states in the solid state, which have attracted
a lot of interest. A partial list includes the optical detection of
electron spin resonance �ESR� in a single molecule,1 tunnel-
ing through a quantum dot,2 and, more recently, ESR scan-
ning tunneling microscopy �ESR-STM� technique.3,4 The in-
terest in ESR-STM is due to the possibility of manipulating
single spins,5–7 something which is crucial in spintronics and
quantum information. Experimentally, modulation in the tun-
neling current has been observed by STM using spin-
unpolarized electron beam.2,3 Lately, there has also been a
growing interest in using spin-polarized electron beams for
direct detection of spin structures,8 as well as utilizing inelas-
tic electron scanning tunneling spectroscopy �IETS� for de-
tection of local spatial variations in electron-boson coupling
in molecular systems.9,10

Typically in STM measurements with an object located on
a substrate surface, the tunneling current can either go di-
rectly between the STM tip and the substrate or go via the
object. The tunneling electrons are thus branched between
different pathways, which gives rise to interference effects
when the partial waves merge into one in the tip or the
substrate.9 This interference leads to a suppressed transmis-
sion probability for the tunneling electrons at certain ener-
gies. The suppressed transmission is a fingerprint of Fano
resonances11 and generally appear in systems where tunnel-
ing electrons are branched between different pathways. Re-
cently, Fano resonances have been studied in double- and
triple-quantum-dot systems,12 where the different pathways
are constituted of the different quantum dots.

In this paper we propose a method to measure the two-
electron singlet-triplet �S-T� exchange splitting J in a di-
atomic molecule by means of STM. The presence of two
pathways for the tunneling current between the tip and the
substrate, through the diatomic molecule, gives rise to inter-
ference effects �Fano resonance� between the electron waves
traveling through the singlet and triplet states. In the direct
tunneling between the tip and substrate via the molecule, the
probability for the tunneling is proportional to �0. In addi-
tion, because of the phase-space branching of tunneling pos-
sibilities, the tunneling probability is multiplied by the inter-
ference probabilitiy �2; hence, the characteristic energy
width of the antiresonance is �2�0. Clearly, the antireso-
nances will be measurable in the second derivative of the

current whenever ��1. Such measurements will be ex-
tremely useful in situations where the level broadening is
larger than the singlet-triplet splitting, since a large broaden-
ing smears all features and therefore prevents identification
of those states in the differential conductance.

Fano resonances can be realized in a variety of systems,
ranging from systems with interactions between continuum
states and a localized state to systems where the branching of
the wave function through diatomic molecules. In the case
we consider here, we also have to include the fact that the
one-electron states in a two-level system, with the levels be-
ing resonant, consist of an antibonding and a bonding state
�both being spin degenerate�. This modifies the expected
transport properties such that transitions between the triplet
and the antibonding one-electron states generate a dip in the
transmission at the energy for this transition; see Fig. 1�b�
�dashed line�. On the other hand, transitions between the sin-
glet and the bonding one-electron states give rise to a dip in
the transmission at the energy for this transition; see Fig.
1�b� �solid line�. In turn, the features that appear at voltages
corresponding to both the singlet and triplet states provide a

FIG. 1. �Color online� �a� Diagram of the diatomic A+B mol-
ecule coupled to the tip and substrate. The particles interact via
exchange interaction J. �b� Transmission for transitions between the
singlet and triplet and the antibonding �dashed line� and bonding
�solid line� one-electron states. �c� Phase-space branching of the
tunneling wave functions between the singlet �S� and triplet �T�
states. The respective amplitudes of the tunneling through these
states have to be added, resulting in the Fano-like features.

PHYSICAL REVIEW B 75, 153309 �2007�

1098-0121/2007/75�15�/153309�4� ©2007 The American Physical Society153309-1

http://dx.doi.org/10.1103/PhysRevB.75.153309


unique fingerprint which allows a readout of the S-T ex-
change splitting J.

In a regular Fano resonance, interference occurs between
the different tunneling paths in real space, one path going
through the molecule to the substrate whereas the other go-
ing directly into the substrate. Here, on the other hand, the
interference occurs between different pathways in phase
space where the tunneling can occur through a singlet �S� or
triplet �T�. The respective amplitudes of the tunneling
through theses states have to be added, resulting in the Fano-
like features; see Fig. 1�c�.

In general, the Fano resonance appearing at voltages that
correspond to both the singlet and the triplet states is ex-
pected to be found in any model which includes one-electron
states and two-electron singlet and triplet configurations and
which accounts for the S-T exchange splitting J. For simplic-
ity, we assume large intralevel charging energies UA and UB
so that double occupancy on each atom can be excluded, and
we assume that the interlevel hopping is negligible. The last
assumption is not crucial for the effect; it is merely a matter
of convenience. We thus describe the system by the Hamil-
tonian

HAB = �
�

�0�dA�
† dA� + dB�

† dB��

− J/2�nA↑ + nA↓��nB↑ + nB↓� − 2JSA · SB. �1�

Here, dA�/B�
† �dA�/B�� creates �annihilates� an electron in

atom A /B at the energy �0, nA� and nB� are the number
operators, and J denotes the spin-spin interaction �exchange
splitting� parameter for the interactions between the spins SA
and SB. In this model, the one-electron states are the �spin-
degenerate� antibonding and bonding states �1��= �dA�

†

−dB�
† ��0� /�2 and �2��= �dA�

† +dB�
† ��0� /�2, respectively,

whereas the two-electron states consist of the singlet state
�S�= �dB↓

† dA↑
† −dB↑

† dA↓
† ��0� /�2 and triplet states �T1�

=dB↑
† dA↑

† �0�, �T2�=dB↑
† dA↑

† �0�, and �T3�= �dB↓
† dA↑

†

+dB↑
† dA↓

† ��0� /�2.
For simplicity, however, we will perform our calculations

for the interference between the singlet �S� and triplet �T�
= �T3� �=�S=1,Sz=0��. The interference arising from the
other triplet state �T1,2�= �S=1,Sz= ±1� leads to results which
only renormalize the coefficients in the final expressions for
the transmission and can thus be omitted in our description
of the effect.

In order to keep the number of parameters to a minimum,
we ignore the splitting between the bonding and antibonding
one-electron states. This assumption is not crucial for our
subsequent analysis, since the Fano resonance we discuss
arises due to interference between the singlet and triplet
states, and not between the one-electron states. In order to
make contact with experiments, we assume that J corre-
sponds to the exchange splitting which is renormalized by
the coupling to the substrate—that is, the J that will be de-
tected by any measurement in a given setup.

To illustrate the electron interference along different paths
consider an electron tunneling from the tip to the substrate
via the molecule. Because of the different paths, the electron
acquires a different phase depending on whether it travels

through A or B and, in addition, whether it makes a transition
between the triplet or singlet state and the bonding or anti-
bonding one-electron states. To be specific, suppose a spin ↑
electron leaves the molecule from the singlet state to a me-
dium that hybridizes equally strong to A and B—e.g.,

�dA↑ + dB↑��S� = �− dB↓
† − dA↓

† ��0�/�2 = − �2↓� . �2�

The final state is orthogonal to the antibonding state �1↓ �
Hence, the singlet state couples to the bonding one-electron
state. Likewise, supposing that a spin-↑ electron tunnels out
from the triplet state—e.g.,

�dA↑ + dB↑��T� = �− dB↓
† + dA↓

† ��0�/�2 = �1↓� �3�

shows that the triplet only couples to the antibonding one-
electron state.

The tunneling between the tip and substrate and the mol-
ecule is modeled by HT=�k��vAk�ck�

† dA�+vBk�ck�
† dB�

+H.c.�, where ck�
† creates an electron in the tip and substrate,

whereas vAk� and vBk� are the tunneling rates between the tip
and substrate and A and B, respectively. Reformulating the
molecule in terms of its eigenstates—e.g., HAB
=��,n=1,2En�n��	n��+ES�S�	S�+ET�T�	T� with the eigenener-
gies En=�0, n=1,2, corresponding to the states �n��, and
ES/T=2�0�J /2—and neglecting the transitions between the
empty and one-electron states, the tunneling Hamiltonian be-
comes HT=�k�nX�vk�nXck�

† �n�̄�	X�+H.c.�, where X=S ,T,
whereas

vk�nX = vAk�	n�̄�dA��X� + vBk�	n�̄�dB��X� . �4�

This form of the tunneling rate reflects the real-space branch-
ing of the electrons tunneling between the tip and the
substrate via the molecule. From this description of
the tunneling rate we define the couplings �nXX�n�

L/R

=2��k�L/Rvk�nX
* vk�n�X�	�
−�k��, where L /R denote states

in the tip/substrate. In the present study, the spin currents
through the system are identical; thus, we do not explicitly
indicate the spin in the couplings.

Suppose that the molecule is in the two-electron singlet
state. The tunneling current between the tip and the substrate
is then mediated by sequences like �S�→ �n��→ �X�, where X
either of the singlet �S� or the triplet �T� states. Hence, there
occur indirect S-T transitions, in the sense that the tunneling
may cause a singlet configuration to be turned into a triplet
and vice versa; see Fig. 2. These indirect S-T transitions give
rise to the interference effects between the different transport
channels, which implies that multiple-scattering events have
to be taken into account in the description of the tunneling
through the molecule. These tunneling events leading to the
interference resemble cotunneling often discussed in this
context.13 Here, the multiple-scattering events are accounted
for through the Green functions �GFs� GnXX�n�t ,0�,14 where
subscripts nX denote the transitions �n�̄�	X�, whereas sub-
scripts Xn denote the conjugate transitions �X�	n�̄�.

We assume, for simplicity, that both atoms couple equally
to the substrate and model this by letting vAq�=vBq�=vq� for
q��R. From Eqs. �3� and �4� this leads to a vanishing prob-
ability for transitions between the triplet and bonding one-
electron states, since �vq�2T�= �vq����	2�̄�dA��T�+ 	2�̄�dB��T���
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= �vq���−1/2+1/2�=0. Likewise, from Eqs. �2� and �4�, we
note that the probability for transitions between the singlet
and antibonding one-electron state vanishes. Hence, the only
nonvanishing coupling matrix elements between the mol-
ecule and the substrate are given by �1T

R =�2S
R =�0 /2, where

�0=2��k�L,R�vk��2	�
−�k��. As we mentioned, the Fano
resonance feature should be present for any bonding and an-
tibonding splitting, since the interference we discuss occurs
between the different tunneling processes �S�→ �n��→ �S�
and �S�→ �n��→ �T�, and not between the one-electron
states; see Fig. 2.

The tunneling between the tip and the molecule, however,
is assumed to depend on the spatial position of the tip rela-
tive to A and B. Introducing the functions �A/B��r−rA/B��, we
model the spatial dependence by putting vAp�=�A��r
−rA��vp� and vBp�=�B��r−rB��vp� for p��L. The coupling
matrix between the antibonding one-electron state and the
two-electron states for the tunneling between the tip and the
molecule then becomes

�1
L = 
 �1T

L �1TS1
L

�1ST1
L �1S

L � =
�0

8

��A + �B�2 �A

2 − �B
2

�A
2 − �B

2 ��A − �B�2 � . �5�

The coupling matrix between the bonding state and the two-
electron states is obtained by letting ±→� in the diagonal
elements in Eq. �5�. The assumption that the atoms couple
equally to the substrate is not crucial. For unequal couplings
between the atoms the substrate would result in the coupling
matrices �1/2

R being full �structurally equal to �1/2
L �. However,

since the tip is movable, inequalities in the coupling between
the atoms and the substrate can be canceled by relocating the
tip to a position where it couples equally to both atoms.

Using the equation-of-motion technique we find that the
Fourier-transformed retarded GF, to a good approximation,
can be solved by15

GnTTn
r �
� =


 − �ES − En� − �nS
r �
�

Cn�
�
, �6a�

GnTSn
r �
� =

�nTSn
r �
�
Cn�
�

, �6b�

�nS
r �
� = �

k�

�vk�nS�2


 − �k� + i0+ , �6c�

�nTSn
r �
� = �

k�

vk�nT
* vk�nS


 − �k� + i0+ , �6d�

where ES−En=�0−J /2. The GFs GnSSn
r and GnSTn

r are ob-
tained from Eq. �6� by letting T�S�→S�T�, where ET−En

=�0+J /2. In Eq. �6� we have used the function Cn�
�
=det Gn

r,−1= �
−
n+��
−
n−�—that is, the poles of the GF,
which are given by


1± = �0 − i
�0

8

1 +

�A
2 + �B

2

2
�

±
1

2
��J − i

�0

4
�1 + �A�B�
2

− 
�0

2

�A
2 − �B

2

4
�2

, �7a�


2± = �0 − i
�0

8

1 +

�A
2 + �B

2

2
�

±
1

2
��J + i

�0

4
�1 + �A�B�
2

− 
�0

2

�A
2 − �B

2

4
�2

. �7b�

These expressions are obtained by neglecting the real parts
of the self-energies �nS

r and �nTSn
r ; we have �1�2�

r �
�
=−i��1�2�

L +�1�2�
R � /2. Here, subscript 1 �2� refers to the anti-

bonding �bonding� one-electron state, whereas +�−� refers to
the triplet �singlet� two-electron state. Hence, the energy 
1+
corresponds to transitions between the triplet and antibond-
ing states.

From Eqs. �7� we extract the widths of the transitions
between the one- and two-electron states. Assuming �B
=��A, where �A�1 and 0
�
1, we find that the widths of
the transitions between the triplet �singlet� and bonding �an-
tibonding� states are significantly smaller than the transitions
between the triplet �singlet� and the antibonding �bonding�
states. Indeed, while the widths of the main peaks at 
1+ and

2− are approximately �0 /4, the widths of the narrow peaks
at 
1− and 
2+ are approximately ��0 /4��1+�2��A

2 /4. Hence,
for small �A we expect sharp features in the differential con-
ductance for the system. However, due to the small width of
the dips, these features will be easier to observe in the de-
rivative of the differential conductance—i.e., the second de-
rivative of the current I� tr�T�
��fL�
�− fR�
��d
 which
here is given by

�2I

�V2 �� T�
�
 tanh���
 − �L�/2�
cosh2���
 − �L�/2�

−
tanh���
 − �R�/2�
cosh2���
 − �R�/2��d
 , �8�

where Tn�
�=tr�n
LGn

r�
��n
RGn

a�
� is the transmission
coefficient,16 whereas �L/R is the chemical potential of the tip
and substrate. We also note that measuring �2I /�V2 is par-
ticularly useful in situations where the level broadening is
larger than the singlet-triplet splitting, since a large level

FIG. 2. Example of tunneling events leading to the interference.
First �a� an electron leaves the molecule through a transition to the
antibonding one-electron state �2��. Second, an electron enters the
molecule through a transition to either the singlet state �b� or to the
triplet state �b��.
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broadening precludes identification of those states in the dif-
ferential conductance �I /�V.

Under the given conditions we find that the total transmis-
sion T=�nTn through the molecule is given by

T�
� = 
�0

4
�2

��A + �B�2

�
�
 − �0 + J/2

C1�
�
�2

+ �
 − �0 − J/2

C2�
�
�2� , �9�

which shows dips at the energies corresponding to the tran-
sitions between the one-electron and two-electron singlet and
triplet states—e.g., at 
=�0�J /2, respectively—
independent of �A/B. From the above analysis of the widths,
these dips are expected to be sharp since their positions in
the transmission exactly correspond to the roots 
1− and 
2+,
respectively, for small �A.

We note here that the approach by Tersoff and Hamann17

would have been sufficient in the case of propotional cou-
plings between the molecule and the tip and substrate—e.g.,
�L=��R, where � is a real scalar. In the present situation,
however, the couplings are not proportional to one another
and the transmission coefficient must be described as above.

Asymmetric coupling between both the tip and substrate
and the atoms generates a shift in the positions of the trans-
mission dips.18 This result shows that the distance between

the transmission dips deviates from J by at most 6% for
asymmetries vAp�q�� /vBp�q��=�L�R�
0.7.18 Thus, even for
asymmetric coupling, this will still be a good measure of J.

In conclusion we propose to use the interference between
different paths of the tunneling electron wave function as a
tool to detect the S-T splitting in a single molecule. This
splitting could be observed as features in the tunneling con-
ductance. Becasue the features we find are rather narrow,
they can be, more prominently, revealed in the �2I /�V2 peaks
that would correspond to the S-T splitting. Our proposed
measurements are particularly useful in cases where the level
broadening is larger than the singlet-triplet splitting. The
splitting produces interference between the possible path-
ways for electrons to tunnel through virtual states with dif-
ferent energies, identical to classical Fano resonance
arguments.11 This effect is similar to IETS features seen in
inelastic scattering off nonmagnetic and magnetic excitations
in molecules.10 With current expertimental capabilties in
STM one can easily address single diatomic molecules with
either spin-polarized STM8 or with position-dependent IETS
measurements.10

This work has been supported by the U.S. DOE, LDRD,
and BES and was carried out under the auspices of the
NNSA of the U.S. DOE at LANL under Contract No. DE-
AC52-06NA25396. We are grateful A. Kubetzka, M. Bode,
and R. Wiesendanger for useful discussions.

*Electronic address: jonasf@lanl.gov
†Electronic address: avb@lanl.gov
1 J. Köhler, J. A. J. M. Disselhorst, M. C. J. M. Donckers, E. J. J.

Groenen, J. Schmidt, and W. E. Moerner, Nature �London� 363,
242 �1993�; J. Wrachtrup, C. von Borczyskowski, J. Bernard, M.
Orrit, and R. Brown, ibid. 363, 244 �1993�; Phys. Rev. Lett. 71,
3565 �1993�.

2 H.-A. Engel and D. Loss, Phys. Rev. Lett. 86, 4648 �2001�; Phys.
Rev. B 65, 195321 �2002�.

3 Y. Manassen, R. J. Hamers, J. E. Demuth, and A. J. Castellano Jr.,
Phys. Rev. Lett. 62, 2531 �1989�; D. Shachal and Y. Manassen,
Phys. Rev. B 46, 4795 �1992�; Y. Manassen, J. Magn. Reson.
126, 133 �1997�; Y. Manassen, I. Mukhopadhyay, and N. R.
Rao, Phys. Rev. B 61, 16223 �2000�.

4 C. Durkan and M. E. Welland, Appl. Phys. Lett. 80, 458 �2002�.
5 H. Manoharan, Nature �London� 416, 24 �2002�; H. Manoharan,

C. P. Lutz, and D. Eigler, ibid. 403, 512 �2000�.
6 A. V. Balatsky and I. Martin, Quantum Inf. Process. 1, 53 �2002�;

A. V. Balatsky, Y. Manassen, and R. Salem, Phys. Rev. B 66,
195416 �2002�.

7 F. H. L. Koppens, C. Buizert, K. J. Tielrooij, I. T. Vink, K. C.
Nowack, T. Meunier, L. P. Kouwenhoven, and L. M. K. Vander-
sypen, Nature �London� 442, 766 �2006�.

8 S. Heinze, Bode, A. Kubetzka, O. Pietzsch, X. Nie, S. Blügel, and
R. Wiesendanger, Science 288, 1805 �2000�; A. Kubetzka, M.
Bode, O. Pietzsch, and R. Wiesendanger, Phys. Rev. Lett. 88,
057201 �2002�; A. Wachowiak, J. Wiebe, M. Bode, O. Pietzsch,
M. Morgenstern, and R. Wiesendanger, Science 298, 577
�2002�; J. Wiebe, A. Wachowiak, F. Meier, D. Haude, T. Foster,
M. Morgenstern, and R. Wiesendanger, Rev. Sci. Instrum. 75,
4871 �2004�.

9 V. Madhavan, W. Chen, T. Jamneala, M. F. Crommie, and N. S.
Wingreen, Phys. Rev. B 64, 165412 �2001�.

10 M. Grobis, K. H. Khoo, R. Yamachika, X. Lu, K. Nagaoka, S. G.
Louie, M. F. Crommie, H. Kato, and H. Shinohara, Phys. Rev.
Lett. 94, 136802 �2005�.

11 U. Fano, Phys. Rev. 124, 1866 �1961�.
12 M. L. Ladrón de Guevara, F. Claro, and P. A. Orellana, Phys. Rev.

B 67, 195335 �2003�; P. A. Orellana, M. L. Ladrón de Guevara,
and F. Claro, ibid. 70, 233315 �2004�; M. L. Ladrón de Guevara
and P. A. Orellana, ibid. 73, 205303 �2006�.

13 D. V. Averin and A. A. Odinstov, Phys. Lett. A 140, 251 �1989�;
D. V. Averin and Y. V. Nazarov, Phys. Rev. Lett. 65, 2446
�1990�.

14 J. Fransson, O. Eriksson, and I. Sandalov, Phys. Rev. Lett. 88,
226601 �2002�; J. Fransson, Phys. Rev. B 72, 075314 �2005�.

15 These GFs should be calculated self-consistently with respect to
the population numbers of the various many-body �Ref. 14�.
However, this procedure is omitted here for simplicity since the
self-consistent treatment of the GFs only changes quantitative
details concerning the transport properties, not the main qualita-
tive features.

16 Y. Meir and N. S. Wingreen, Phys. Rev. Lett. 68, 2512 �1992�.
17 J. Tersoff and D. R. Hamann, Phys. Rev. B 31, 805 �1985�; C.

Bracher, M. Riza, and M. Kleber, ibid. 56, 7704 �1997�.
18 The asymmetries vAp�q��=�L�R�vBp�q��, result in

T�
� = 2�1 + �L�R���0/8�2���
 − �0 + qJ/2�/C1�
��2

+ ��
 − �0 − qJ/2�/C2�
��2�,
with q= ��L+�R� / �1+�L�R�. Assuming �L�R��0.7, we obtain a
6% shift of the transmission dips as quoted in the text.

BRIEF REPORTS PHYSICAL REVIEW B 75, 153309 �2007�

153309-4


