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First a brief description of the low energy electron microscope and its resolution limits is given. Then the beamspecimen interactions, which are important for the understanding of image formation are discussed. This is
followed by a presentation of some examples of the application of LEEM and of the use of LEEM instruments for
other imaging methods with low energy electrons.

1. Introduction
Low energy electron microscopy (LEEM) is one of several methods
for imaging surfaces, thin ﬁlms and nanoparticles on surfaces with low
energy electrons using a cathode electron lens. Some of these techniques use emitted electrons excited by a variety of modes. The most
surface-sensitive method is metastable He de-excitation impact electron
emission microscopy (MIEEM). Thermionic electron emission microscopy (THEEM) and secondary electron emission microscopy (SEEM)
have been popular in the past but have been replaced by more powerful
techniques. Only photoemission electron microscopy (PEEM) has not
only survived the test of time but its excitation with synchrotron radiation (XPEEM) has made it a major tool in surface analysis.
This paper is mainly concerned with electron reﬂection methods, in
particular with LEEM and its extensions but will also address its combination with emission methods in the same instrument, in particular
with the various operation modes of XPEEM. Extensions of LEEM are
mirror electron microscopy (MEM), spin-polarized LEEM (SPLEEM) and
Auger electron emission microscopy (AEEM). The most important
combination modes in XPEEM are imaging with secondary electrons,
spectroscopic imaging with photoelectrons (SPELEEM), photoelectron
μ-spectroscopy (μ-XPS) and spectroscopic reciprocal space imaging
(XPD and band structure analysis). An overview of all these methods,
which require an understanding of the interactions of slow electrons
with matter can be found in Ref. [1].
2. The LEEM instrument
The heart of a LEEM instrument is the cathode objective lens
(Fig. 1a). In it fast electrons, typically with 10–20 keV energy entering
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along its optical axis are decelerated in the retarding ﬁeld in front of the
object to the desired low energy, typically less than 50 eV, reﬂected and
reaccelerated to the high energy beyond the lens. The incident beam is
focused into the back focal plane so that the object is illuminated by a
parallel beam. After reﬂection the lens produces the angular distribution of the electrons in the back focal plane, in the case of a crystalline
sample the low energy electron diﬀraction pattern (LEED, reciprocal
lattice or k-space image). Usually the specular reﬂected beam is used for
imaging (bright ﬁeld image) but frequently also one of the diﬀracted
beams (dark ﬁeld imaging). The ﬁrst real image is formed further
downstream. For noncrystalline objects negative energies are used so
that the electrons are reﬂected in front of the object, producing a mirror
image (MEM). Magnetic imaging is performed with spin-polarized
electrons, whose spin-direction is varied by a spin-manipulator.
Separation of the incident and reﬂected beam is achieved with a
magnetic sector ﬁeld (Fig. 1b) with deﬂection angles ranging from 10°
[2] to 45° [3], to 60° [4,5], to 90° [6], which determine the overall
construction of the microscope. A schematic of a 90° instrument [7] is
shown in Fig. 2a.The beam separator consists of several sectors to
minimize ﬁrst order distortion and astigmatism of the deﬂector ﬁeld
[6,8], whose energy dispersion can be used for spectroscopy by imaging
its dispersive plane or by inserting an aperture in it for energy-selected
imaging [9].
The resolution of LEEM is limited by the aberrations of the cathode
objective lens, predominantly by the accelerating ﬁeld in front of the
object. Approximating it by a homogeneous ﬁeld, the aberrations have
been calculated up to 5th order [10]. For energies below about 10 eV,
taking into account only the lowest order aberrations the spherical
aberration ds and chromatic aberration dc, and diﬀraction at the contrast aperture (dd) gives already a good approximate value for the
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Fig. 1. Schematic of a low energy microscope. a) the objective lens region, b) the total microscope.

Fig. 2. Practical set-up of a LEEM instrument. a) A 90° deﬂection system, b) the same system with aberration correction, c) image of the system shown in the
schematic b) Adapted from ref. [7] and [17] with permission.

take into account the wave nature of the electrons. This has been done
with two approaches, the Fourier optics method [12] and the contrast
transfer function (CTF) method [13], whose relation is discussed in Ref.
[14]. Fig. 3b compares the resolution limits calculated with geometric

resolution d (Fig. 3a [11]). As dc is proportional to the angular aperture
θ and the relative energy width ΔE/E of the electron beam, chromatic
aberration dominates the resolution at low energies. More precise resolution calculations than the geometric optics calculations [10,11]
2
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Fig. 3. Resolution limit in LEEM. a) homogenous ﬁeld, b) real objective lens based on geometric optics and wave optics calculations without and with aberration
correction. a) adapted from Ref. 11, b) adapted from Ref. 13, with permission.

electrons into diﬀracted beams in crystalline materials. The backscattering is not a nearly monotonic function of the nuclear charge as it
is at the high electron energies used in transmission electron microscopy but varies strongly with the electronic structure. Fig. 5 illustrates
this for the energy dependence (a) and the angular dependence (b)
[18,19]. For example, backscattering is strong at very low energies in
the case W and Cu and weak around 50 eV, but is weak in Ag and Al at
low energies, while having a maximum at around 50 eV (a). The angular distribution (b) at 50 eV shows the ratio of backward to forward
scattering, which at lower energies can be signiﬁcantly higher, depending upon the electronic structure. These calculations have been
made assuming a random distribution of atoms with truncated potentials from band structure calculations.
In crystalline materials constructive interference between the waves
scattered by the atoms focus the electrons into diﬀracted beams. This
modiﬁes the backscattered intensity as does the reﬂectance at energies
of energy gaps of the crystal. This is illustrated in Fig. 6a for W. Instead
of the monotonic decrease with increasing energy the reﬂectivity shows
now pronounced maxima, which can be attributed qualitatively to band
gaps (ﬁrst and third maximum) and to an energy region with low
density of states (center maximum). A quantitative interpretation requires a full LEED theory calculation for the crystal taking into account
(i) the deviation of the potential at the surface, (ii) the surface potential
barrier and (iii) the damping of the wave by inelastic scattering. Two
examples illustrate these calculations. In the ﬁrst [20] (i) is approximated by assuming a contraction of the topmost layer, (ii) by an exponential barrier ending with an image potential tail and (iii) by an
imaginary part of the inner potential of the form Vi(E) = a(E+Φ)b.
Here Φ is the work function and a, b are ﬁtted to reproduce the experimental peak heights at 2 eV and 15 eV (a = 0.11, b = 0.83),
yielding satisfactory agreement with experiment. In the second calculation [21,22] (i) bulk periodicity is assumed up to the very surface, (ii)
the potential barrier is obtained selfconsistently via a periodic crystal
slab/vacuum calculation and (iii) Vi(E) is ﬁtted to the experimental
data. This is illustrated in Fig. 6b, which shows the strong inﬂuence of
Vi(E) on the reﬂectivity. The modiﬁcation of the eﬀective crystal potential by the interaction with the incident electron (electron selfenergy) is not taken into account in both calculations.
Vi(E) can be calculated in principle from the dielectric function as it
has been done for some free electron-like metals but for W it is not
available. The example of W shows that the calculation of the absolute
value of the reﬂected intensity in the LEEM energy range is still diﬃcult
and has to rely on input from experiment. Fortunately this is not critical
because the information in a LEEM image is determined by contrast, i.e.
by the diﬀerence, not the magnitude of the local reﬂectivity.
Furthermore contrast results frequently from other processes than reﬂectivity as will be discussed below.
The sampling depth of LEEM is generally characterized by the

optics (dashed lines) and the CTF method (solid lines), taking into account aberrations up to 5th order. It also shows the resolution improvement obtained by aberration correction (red vs. black lines) and
the increase of the optimum aperture for imaging. Chromatic aberrations limit the resolution beyond the minimum and increase only the
background beyond the optimum aperture. Summarizing the resolution
aspects of LEEM, aberration-corrected instruments allow in principle a
resolution of about 1 nm, uncorrected systems resolutions of 5 nm and
10 nm, depending upon electron source. In practice about 1.5 nm has
been achieved with aberration correction [15].
Aberration correction is achieved by reﬂecting the image beam in
an electron mirror [7,16], whose aberrations are opposite to those of
the objective lens, thus cancelling them out. The schematic of an
aberration-corrected LEEM is shown in Fig. 2b, its actual appearance in
Fig. 2c. The application range of LEEM can be extended considerably
with an imaging energy ﬁlter, which is of particular importance in
LEEM systems connected to synchrotron radiation sources for spectroscopic imaging. Fig. 4 shows an aberration-corrected instrument of this
type. While aberration correction improves the resolution its application is limited by the high stability requirements of the electronics
[17,18]. As a consequence most instruments are operated without
aberration correction so that their resolution is between 5 nm and
10 nm, in spin-polarized LEEM and XPEEM 20–30 nm.
3. The Beam-Specimen interaction
LEEM is based on the strong elastic backscattering of low energy
electrons, in particular on the concentration of the backscattered

Fig. 4. Aberration-corrected 60° deﬂection instrument with energy ﬁlter for
connection to a synchrotron radiation source. Courtesy: Elmitec.
3
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Fig. 5. Interaction of slow electrons with amorphous matter. a) Energy dependence of the backscattering into a 30° cone around 180°, b) angular distribution of 50 eV
electrons. Adapted from Ref. [18,19].

Fe ﬁlms on W(110). The reﬂectivity oscillations in (b) obtained after
subtracting the reﬂectivity of a thick Fe ﬁlm (a) shows the shift between
the oscillations of the spin-up and spin-down electron waves and their
spin-dependent damping. From the damping of the oscillations the spindependent IMFP [27] can be derived and from their positions for many
thicknesses the spin-split band structure above the vacuum level (c) due
to the relation between ﬁlm thickness d, wavelength λ = 2π/k and E(k)
[28]. This method makes use of normal incidence of the electron beam,
giving E(k) only for k normal to the surface. By displacing the incident
beam in the back focal plane and the contrast aperture symmetrically to
it, tilted illumination is obtained and also E(k‖) can be determined. At
band positions the reﬂectivity has a minimum. This has been used for
example to study the evolution of the band structure of graphite from
the monolayer to the bulk [29].
The quantum size eﬀect mentioned above provides an important
contrast mechanism in LEEM for the study of the thickness of thin ﬁlms.
Another phenomenon which makes use of phase contrast is the step
contrast. It is caused by the constructive/destructive interference between the waves reﬂected from the terraces adjoining the step. By
changing E and thus λ contrast can be optimized and the step height
determined. The contrast variation with phase (defocus) is also useful
for the analysis of other simple surface features [30,31]. These phase
contrast mechanisms are limited to certain surface conﬁgurations
(plane-parallel ﬁlms, surfaces with well-deﬁned atomically ﬂat

inelastic mean free path (IMFP). In the LEEM energy range the universal
IMFP, which is a good approximation at high energy, is no longer valid
because of the increasing importance of low energy excitations and
their threshold. In materials with ﬂat bands, i.e. with a high density of
unoccupied states above the Fermi level as in the 3d transition metals
[23], the IMFP increases below its minimum very little towards zero
energy. The IMFP in the LEEM energy range has been measured and
calculated with a variety of methods. The most extensive calculations
derive the IMFP from the dielectric function [24], which recently have
been extended from metals to materials with an energy gap [25]. Fig. 7
shows the IMFPs λi of Au and Fe obtained with this method. While λi(E)
of Au is similar to the universal curve it increases very little towards
E = 0 (E = EV) for Fe. In ferromagnetic materials such as Fe λi is spindependent [26,27]. The short IMFP makes spin-polarized LEEM
(SPLEEM) extremely surface-sensitive so that only the topmost few
layers contribute signiﬁcantly to the magnetic signal (“asymmetry”)
obtained in SPLEEM. In LEEM the highest surface sensitivity is obtained
at band gap energies of the crystal at which the elastic MFP resulting
from the imaginary part of the crystal potential is decisive.
At the low energies used in LEEM the wavelength of the electron is
frequently comparable to the thickness of thin surface ﬁlms. In this
situation quantum size eﬀects (“standing waves”) occur. It can be described quasi-classically in terms of a Fabry-Perot interferometer for
electron waves. An example of this phenomenon is shown in Fig. 8 for

Fig. 6. Specular backscattering from the W(110) surface. a) ((00) beam intensity in a LEEM instrument, b) dynamical LEED theory calculation of the (00) beam with
various imaginary potential functions. a) courtesy T.O. Menteş, b) courtesy E.E. Krasovskii.
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Fig. 7. Inelastic mean free path in Au and Fe calculated from the dielectric function without (blue lines) and with (red lines) local ﬁeld eﬀects included. The symbols
show various experimental and theoretical results. Adopted from Ref. [24] which the details of the symbols are explained, with permission.

visible via step contrast. (d) shows diﬀerent ﬁlm thicknesses on different terraces during the growth of Cu on Mo(110) at 700 K; the
contrast is caused by the quantum size eﬀect. In (e) C segregation from
C-contaminated Mo(110) is imaged by the diﬀerent specular beam reﬂectivity of the clean surface and the two-dimensional Mo carbide islands. The last image (f) shows a three-dimensional Cu silicide particle
on the two-dimensional Cu silicide layer produced by Cu deposition on
a Si(111) surface at about 800 K. The two-dimensional reaction layer
causes a pronounced faceting and clustering of the surface steps. Many
facets of this particle are parallel to the surface but other particles expose only inclined facets, which reﬂect the beam outside of the contrast
aperture and appear dark. These examples should give an idea of the
applications of LEEM and of the contrast mechanisms. For more examples, in particular also of quantitative results beyond pure imaging,
see the book cited at the beginning [1] and two more recent reviews
[32,33].

regions). In general diﬀraction contrast caused by diﬀerences in surface
or bulk periodicity is used. In addition there is always the topographic
contrast caused by surface roughness such as three-dimensional features, which distort the ﬁeld in front of the object.
4. Applications of LEEM
The beam-specimen interactions discussed in Section 3 determine
the application range of LEEM. Independent of the contrast mechanism
it is the strong backward scattering, in particular into diﬀracted beams,
which makes LEEM so powerful in surface microscopy. The intensity is
frequently so high that surface processes such as thin ﬁlm growth, gassurface reaction, segregation, sublimation, phase transitions, can be
studied in real time. Fig. 9 illustrates some of the applications and at the
same time the various contrast mechanisms described in Section 3.
Fig. 9a shows a stage of the surface structural phase transition between
the (1 × 1) and (√7×√7) structure of the Si(111) surface, revealed by
the diﬀerent specular reﬂectivity of the two surface terminations. (b) is
a frame from a movie taken during the growth of the Si(100) surface at
800 K, showing monolayer by monolayer growth in which the lateral
periodicity changes from (1 × 2) to (2 × 1); the contrast is obtained by
a slight tilt of the beam in one of the two reconstruction directions. (c)
is an image of the Mo(110) surface after ﬂashing to high temperature at
which sublimation produces terraces, separated by monoatomic steps

5. Beyond LEEM
LEEM is basically limited to the study of the crystallographic and
morphological surface structure, from which of course considerable
physical information such as unoccupied band structure, IMFP, step
energies and stiﬀness, diﬀusion, sublimation, segregation, adsorption
and other surface parameters can be extracted (see Refs. [1,32,33]).

Fig. 8. Spin-resolved reﬂection of slow electrons form Fe ﬁlms on W(110), measured in a SPLEEM instrument. a) spin-up and spin-down reﬂectivity of 5, 6 and 7
monolayer thick ﬁlms, b) reﬂectivity of a 6 monolayer thick ﬁlm after subtraction of the reﬂectivity of a thick ﬁlm, c) unoccupied band structure of Fe derived from
the data shown in b) for many thicknesses. Reproduced with permission from Ref. [27].
5
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Fig. 9. Examples of LEEM applications and contrast mechanisms. The diﬀuse line in most of the images and the dark spots in image (c) are due to channel plate
defects. All images taken in the ﬁrst LEEM instrument in the authors group. Compiled from various publications. Energies: a) 10 eV, b) 5 eV, c) 14 eV, d) 4 eV, e) 4 eV,
f) 5 eV. For explanation see text.

magnetic asymmetry image A = (I↑ - I↓)/(I↑ + I↓). This eliminates all
structural contrast, which is spin-independent. The magnetic contrast
depends upon P•M (M magnetization). This allows imaging of magnetic
domains, domain walls and of the change of M with ﬁlm thickness and
in multilayer systems. SPLEEM is very sensitive to the spin order in
ferro/ferri-magnetic materials but with increasing energy the magnetic
contrast decreases limiting SPLEEM to energies below about 20 eV. An
example for the high sensitivity is the study of ﬁnite size eﬀects in the
critical behavior of a Fe monolayer [34]. The possibility of following
the evolution of M with ﬁlm thickness is illustrated in Fig. 10 [35],

Chemical information can be obtained only indirectly, for example via
diﬀraction contrast characteristic for the chemical state. However, as
mentioned at the beginning, combining a LEEM instrument with certain
accessories gives not only structural but also magnetic and chemical
information. These accessories are: (i) a spin-polarized electron source
with spin manipulator for magnetic structure imaging, which converts a
LEEM into SPLEEM instrument and (ii) an energy ﬁlter for chemical and
electronic structure imaging, which results in a SPELEEM instrument.
In SPLEEM images are taken with opposing spin-polarization P of
the beam, subtracted pixel by pixel and normalized, which gives the
6
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Fig. 10. SPLEEM images of the evolution of the magnetic structure with thickness in a Ni2Co multilayer. Spin polarization direction P: left column: [110], center
column: [1–10], right column: [001]. Top row: (Ni2Co)2, middle row: Co(Ni2Co)2, bottom row: (Ni2Co)5. Energy: 1.5, 1.4 and 1.2 eV, respectively. For explanation
see text. Adapted from Ref. [35].

maximum intensity and minimum sampling depth and in particular the
combination with energy-selected reciprocal space (“k-space”) imaging
for band structure analysis. The latter has become a ﬁeld by itself but is
frequently combined with LEEM and LEED for structural analysis. An
example is the study of graphene on a Ir(100) surface, in which LEEM
and LEED were needed to understand the electronic structure [39]. The
reverse situation was encountered in an in situ growth study of Fe on a
ZnS ﬁlm [40]. Here spectroscopic imaging was necessary to understand
the structure. Fig. 11 illustrates the procedure. In order to understand
the nature of the two crystals in the LEEM image in the upper left
quadrant, selected area LEED (μLEED) patterns were taken. The pattern
of A could be attributed to Fe, covered with an ordered adsorption
layer, but that of B, consisting of many ﬁxed and moving spots, could
not be explained. XPEEM images over the energy range (shown in the
upper right quadrant) served for chemical characterization by measuring the intensity in the three regions marked in the XPEEM image
and plotting them as μXPS spectra. This allowed identifying crystal B as
an Fe sulﬁde and A as Fe covered with an adsorbed S layer in agreement
with its LEED pattern. The Fe L2,3 absorption (μXAS) spectra in the
lower right showed that B contains a large amount of Fe. To narrow the
range of possible Fe sulﬁdes in crystal B, magnetization-sensitive X-ray
magnetic circular dichroism (XMCDPEEM) was used to check magnetic
properties. The images in the lower left show that the crystal is still
magnetic at 700 K, which by comparison with the literature, clearly
identiﬁes it as Greigite.

which shows SPLEEM images taken at various stages of the growth of a
Ni2Co multilayer on a W(110) surface. The top two rows are from the
early stages of growth, where M oscillates between nearly perpendicular and nearly in-plane magnetization. The corresponding small inplane and perpendicular M components form very small domains. With
increasing number of Ni2Co pairs pure perpendicular M evolves as
shown in the bottom row. At high magniﬁcation the domain wall
images (right column and bottom center) show interesting structure in
the presence of the high in-plane magnetic anisotropy of this multilayer. For more details on SPLEEM see Refs. [1,32,36].
Spectroscopic imaging combined with LEEM is usually done with
synchrotron radiation but is also possible to a limited extent without it.
The simplest method is electron energy loss imaging (ELSLEEM) with
inelastically scattered electrons, provided that the scattering is coherent. This is the case for narrow plasmon losses, such as those of Ag
[37]. Little additional information beyond that contained in the elastic
LEEM image is gained and therefore this method has limited application. A more useful spectroscopic imaging method in the laboratory is
Auger electron emission microscopy (AEEM). The multiple sector beam
separator allows higher beam energy in the illumination side, e.g.
2 keV, for exciting Auger transitions than on the imaging side, in which
Auger electrons are selected for imaging. An example is AEEM of Ag
crystals on Si using the Ag M4,5VV Auger electrons [38].
The evolution and accessibility of high brightness synchrotron radiation sources has displaced AEEM for several reasons: the narrow
widths of the photoelectron spectra and their low background compared to Auger spectra, the tunability of the photoelectron energy for
7
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Fig. 11. SPELEEM analysis of the growth and reaction of Fe with a ZnS ﬁlm. For explanation see text. Adapted from Ref. [40].

6. Summary
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Low energy electrons have important applications in the imaging of
surfaces. They have been used already in the infancy of electron microscopy in the 1930ies in form of thermionic, UV-photoemission,
secondary emission and mirror electron microscopy for the study of
surface morphology. The advent of ultrahigh vacuum and the invention
of LEEM, combined with LEED, have broadened the use of low energy
electrons signiﬁcantly as have later spin-polarized electron sources and
synchrotron radiation. Today all low energy electron imaging processes
can be combined in LEEM instruments, allowing a rather comprehensive surface characterization. Proper understanding of all methods and
correct analysis of their results requires knowledge of the creation of
slow electrons, their interaction with matter and their transport to the
detection system, the subject of this special issue.
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