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a b s t r a c t

The advent of milli-kelvin scanning tunneling microscopes (STM)
with inbuilt magnetic fields has opened access to the study of mag-
netic phenomena with atomic resolution at surfaces. In the case of
single atoms adsorbed on a surface, the existence of different mag-
netic energy levels localized on the adsorbate is due to the break-
ing of the rotational invariance of the adsorbate spin by the
interaction with its environment, leading to energy terms in the
meV range. These structures were revealed by STM experiments
in IBM Almaden in the early 2000s for atomic adsorbates on CuN
surfaces. The experiments consisted in the study of the changes
in conductance caused by inelastic tunneling of electrons (IETS,
inelastic electron tunneling spectroscopy). Manganese and Iron
adatoms were shown to have different magnetic anisotropies
induced by the substrate. More experiments by other groups fol-
lowed up, showing that magnetic excitations could be detected
in a variety of systems: e.g. complex organic molecules showed
that their magnetic anisotropy was dependent on the molecular
environment, piles of magnetic molecules showed that they inter-
act via intermolecular exchange interaction, spin waves were
excited on ferromagnetic surfaces and in Mn chains, and magnetic
impurities have been analyzed on semiconductors. These experi-
ments brought up some intriguing questions: the efficiency of
magnetic excitations was very high, the excitations could or could
not involve spin flip of the exciting electron and singular-like
behavior was sometimes found at the excitation thresholds. These
facts called for extended theoretical analysis; perturbation theo-
ries, sudden-approximation approaches and a strong coupling
scheme successfully explained most of the magnetic inelastic
processes. In addition, many-body approaches were also used to
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decipher the interplay between inelastic processes and the Kondo
effect. Spin torque transfer has been shown to be effective in
changing spin orientations of an adsorbate in theoretical works,
and soon after it was shown experimentally. More recently, the
previously mentioned strong coupling approach was extended to
treat the excitation of spin waves in atomic chains and the ubiqui-
tous role of electron–hole pair creation in de-exciting spins on sur-
faces has been analyzed. This review article expounds these works,
presenting the theoretical approach by the authors while trying to
thoroughly review parallel theoretical and experimental works.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Tunneling phenomena is a purely quantal phenomena with great impact in current basic and ap-
plied research. The advent of solid-state devices led to the study of electron tunneling through insu-
lating barriers in order to create a plethora of device designs based on electron tunneling [1]. From the
fundamental point of view, tunneling offered many interesting phenomena and applications from
imaging of surface structure and topography [2] to Josephson effect [3] and to inelastic electron tun-
neling spectroscopy (IETS) [4].

Inelastic electron tunneling spectroscopy was discovered when studying electron tunneling
through an insulating thin film between two metallic electrodes. Jaklevic and Lambe [4] recorded
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