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We present a derivation of the orbital and spin sum rules for magnetic circular dichroic spectra measured by
electron energy loss spectroscopy in a transmission electron microscope. These sum rules are obtained from the
differential cross section calculated for symmetric positions in the diffraction pattern. Orbital and spin mag-
netic moments are expressed explicitly in terms of experimental spectra and dynamical diffraction coefficients.
We estimate the ratio of spin to orbital magnetic moments and discuss first experimental results for the Fe L2,3

edge.
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Electron energy loss spectroscopy �EELS� in a transmis-
sion electron microscope �TEM� gives access at high-energy
losses to the density of unoccupied valence states with a
subnanometer spatial resolution1,2. The possibility of using
EELS to measure an energy loss magnetic chiral dichroism
�EMCD� spectrum analogous to the x-ray magnetic circular
dichoism �XMCD� signal obtained with synchrotron
radiation3,4 was suggested in 2003 �Ref. 5� and demonstrated
recently6. The principles of an EMCD experiment are the
following: after suitable orientation of the sample, the inci-
dent electron beam is first elastically diffracted by the crys-
tal. Each diffracted beam is then inelastically scattered. The
total inelastic signal can be written as the sum of two kinds
of contributions: the first one is due to each single diffracted
beam and can be written in terms of the dynamic form fac-
tors �DFFs� S�q ,q ,E�, where �using atomic units� q is the
momentum transfer which depends on the diffracted beam
and on the location of the spectrometer aperture in the dif-
fraction pattern and E is the energy loss. The second contri-
bution involves all possible pairs of diffracted beams and is
described by the mixed dynamic form factors �MDFFs�
S�q ,q� ,E�7.

The analogy between EMCD and XMCD, which is sur-
prising at first glance, can be understood by considering that
the inelastic interaction can be described in terms of a virtual
photon exchanged between the probe and target electrons.
The virtual photon associated with one of the DFFs is lin-
early polarized in the direction of the momentum-transfer
vector �Lorentz gauge�. The polarization of the virtual pho-
ton associated with one of the MDFFs is more complicated
for any couple of momentum-transfer vectors q and q�. It
becomes right or left circularly polarized when the phase
difference between the diffracted beams is � /2 and when the
momentum-transfer vectors q and q� are orthogonal with
identical modulus. This is the case for the vectors �q1 ,q1��
and �q2 ,q2�� shown in Fig. 1�a� for which �q1 ,q1��=� /2 and
�q2 ,q2��=−� /2. The EMCD signal is in this case obtained by
subtracting the spectra measured at the two positions pos1
and pos2 shown in Fig. 1�a�. An accurate description of the
EMCD spectra is not trivial, first because all the pairs of
diffracted beams must be considered together and second
because the propagation of the diffracted beams must be de-

scribed within the fast-electron dynamical diffraction theory,
the incident and scattered electron beams behaving like
Bloch waves inside the crystal.8

Magnetic circular dichroism has been measured in a TEM
on the L2,3 edges of 3d magnetic metals6. The most recent
experimental papers describe configurations that give the
highest dichroic signal as well as dichroic/noise ratio. Sev-
eral configurations have been tested to reach this aim, like
using convergent instead of parallel incident beams to in-
crease the total current �large angle convergent diffraction,
LACDIF configuration9–11� or choosing the sample orienta-
tion and searching for the positions in the diffraction pattern
which enhance the dichroic signal. This experimental inves-
tigation has been done by moving the diffraction pattern over

FIG. 1. Diffraction pattern for an EMCD experiment. �a� Ex-
perimental diffraction pattern for an iron sample oriented in �110�
two-beam configuration. The momentum-transfer vectors for the
two symmetrical positions pos1 and pos2 are represented by arrows.
�b� Fourfold diffraction pattern which has been used to express the
differential cross section. The two different positions of the spec-
trometer aperture �OS=�gex±�gey, with � and � real numbers�
which have been considered are indicated by open circles. The
Bragg spots are represented by solid circles. A pair of integers
�n ,m� is associated with each Bragg spot, as shown for four of
them.
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the spectrometer aperture,6 or with the energy spectrum im-
aging �ESI� technique, which consists in recording the whole
diffraction pattern for successive energy windows of typi-
cally 1 eV running over the L2,3 edges10. The EMCD signal
has also been calculated theoretically. These calculations,
which are based on a first-principles determination of the
fast-electron Bloch wave functions7,8 and transition matrix
elements6,12, have been very helpful to find the experimental
conditions and sample characteristics which give the highest
dichroic signal.

Up to now, EMCD experiments have only been analyzed
quantitatively in terms of dichroism. A quantitative interpre-
tation of the spectra requires the determination of new sum
rules which take into account the dynamical diffraction ef-
fects. In this paper, we present the analytical derivation of
the orbital and spin sum rules for magnetic chiral dichroic
spectra measured by EELS and we discuss to which extent
these sum rules can be applied to experimental results.

The EELS spectra measured in a TEM can be described
by the differential cross section �2�� �E�� for scattering of
a fast probe electron with energy loss E and scattering angle
�. When the spectrometer aperture is located at a given po-
sition in the �x ,y� plane of the diffraction pattern, the differ-
ential cross section for the core-electron excitation edges can
be written as5
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where the mixed dynamic form factors of one atom are given
by

S�q,q�,E� = �
i,f

�i	exp�− iq · r�	f
�f 	exp�iq� · r�	i


���E − Ef + Ei� . �2�

Here 	i
 and 	f
 are the initial core states and the final unoc-
cupied valence states with energies Ei and Ef, and q=OS
−g+qzez and q�=OS−g�+qzez are the momentum-transfer
vectors which depend on the vector OS connecting the trans-
mitted beam and the spectrometer aperture in the diffraction
pattern, on the reciprocal lattice vectors g and g�, and on the
momentum qz�0 which is transferred in the incident beam
direction �Oz�. The first and second terms on the right-hand
side of Eq. �1� describe, respectively, the contributions from
the DFF and MDFF. The double sum over q and q� implies
that the pairs of Bragg spots are not counted twice. The
coefficients Aq;q�

det are products of Bloch wave coefficients of
the incident and scattered probe electrons obtained by solv-
ing the Schrödinger equation in a lattice periodic static po-
tential within the framework of the dynamical diffraction
theory8,12,13, including a semirelativistic correction. This cor-
rection takes into account the relativistic change of the wave
vector of the fast probe electrons. It has been shown to be a
very good approximation for the usual range of energies
�100–300 keV�. The coefficients Aq;q�

det depend on the
momentum-transfers q and q�, on the location of the spec-

trometer aperture, on the atomic structure of the crystal, on
the thickness and orientation of the sample, and on the loca-
tion of the ionized atom inside the sample. For more com-
plex unit cells, Eq. �1� needs to be generalized by summing
over the different atom species. The operators r+=x+ iy, r−
=x− iy, and r0=z can be used to express the mixed dynamic
form factors within the electric-dipole approximation as

S�q,q�,E� =
qxqx� + qyqy�

4
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+ i
qxqy� − qyqx�

4
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where

	+ = �
i,f

	�i	r+	f
	2��E − Ef + Ei� , �4�

	− = �
i,f

	�i	r−	f
	2��E − Ef + Ei� , �5�

and

	0 = �
i,f

	�i	r0	f
	2��E − Ef + Ei� , �6�

z being the quantization axis. In the following, we have con-
sidered a fourfold diffraction pattern with distance g between
Bragg spots and the two spectrometer aperture positions
pos1 and pos2 which are indicated in Fig. 1�b�. Such a dif-
fraction pattern can be observed with bcc Fe or fcc Ni crys-
tals oriented in the �100� zone axis. The reciprocal lattice
vectors are given by g=ngex+mgey �n and m being the inte-
gers associated with each Bragg spot�, and the momentum-
transfer vectors are written as q=g��−n�ex+g��−m�ey

+qzez for position 1 and as q=g��−n�ex−g��+m�ey +qzez for
position 2 ��
0 and � being real�. The difference and the
sum between the EELS signals measured at the two symmet-
ric positions of the spectrometer aperture described above are
given by

-6

-4

-2

0

2

700 705 710 715 720 725 730 735

In
te
ns
ity

(a
rb
.u
ni
ts
)

Energy (eV)

0

20

40

60

80

100
(a)

(b)

0

20

40

60

80

100

FIG. 2. �a� EELS signal measured at the two symmetric posi-
tions pos1 and pos2 in the diffraction pattern of an iron sample
oriented in the �110� two-beam configuration. �b� Corresponding
dichroic signal.
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where �2= ��2�� �E�� �
pos2, �1= ��2�� �E�� �

pos1, and the
pairs of Bragg spots �n ,m� and �n� ,m�� are not counted
twice in the double sum. In the perfect zone-axis configura-
tion, this equation can be simplified using

An,m;n�,m�
pos1 = An,−m;n�,−m�

pos2 . �8�

These equations remain valid in the systematic row configu-
ration which is reached by tilting the sample around the �Ox�
axis. This tilt modifies the value of all the coefficients
An,m;n�,m�. In particular, contributions from the Bragg spots
which are not located on the diffraction row can be neglected
and An,m;n�,m��0 if m�0 and/or m��0. The two-beam case
is obtained after a second tilt of the sample around the �Oy�
axis. This tilt changes again the value of the coefficients
An,m;n�,m�, which become small except if m=0, m�=0 and
small n, n�. In practice, this facilitates numerical calculation
of the essential Bloch wave coefficients. Equations �7� and
�8� show that ��2−�1� is proportional to �	+−	−�. To ex-
press ��2+�1� in a form that can further be used to derive the
EMCD spin and orbital sum rules, we introduced the often-
used approximation 	0� 1

3 �	++	0+	−�, which is equivalent
to �	++	−�� 2

3 �	++	0+	−�. Thanks to this approximation,
��2+�1� becomes proportional to �	++	0+	−�. The spin

and orbital sum rules for an EMCD experiment can then be
derived, using the sum rules that have been obtained by
Thole et al. and Carra et al. to analyze XMCD spectra.14,15

The new EMCD sum rules can be written as

�
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�
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�
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and

�
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��2 − �1�dE

�
L3+L2
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= K
1

2

�Lz

Nh

, �10�

where �Sz
 /Nh, �Lz
 /Nh and �Tz
 /Nh are, respectively, the
ground-state expectation values of spin momentum, orbital
momentum, and magnetic-dipole operators per hole in the d
bands. The coefficient K contains all the information related
to the dynamical effects. It can be expressed as

K = 3 �
�n,m�

�
�n�,m����n,m�

Im�An,m;n�,m�
pos1 ���� − n��� − m�� − �� − n���� − m�


��� − n�2 + �� − m�2 +
qz

2

g2���� − n��2 + �� − m��2 +
qz

2

g2��� �
�n,m�

An,m;n,m
pos1 ��� − n�2 + �� − m�2 + 2

qz
2

g2�
��� − n�2 + �� − m�2 +

qz
2

g2�2

+ 2 �
�n,m�

�
�n�,m����n,m�

Re�An,m;n�,m�
pos1 ���� − n��� − n�� + �� − m��� − m�� + 2

qz
2

g2�
��� − n�2 + �� − m�2 +

qz
2

g2���� − n��2 + �� − m��2 +
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K can be calculated for a very well defined geometry. It will depend on the excitation error of the incident beam, specimen
thickness, detector position, and aperture size. Moreover, in the experiment one never can achieve a perfectly parallel beam.
Convergence and partial coherence of the electron source make a precise calculation of K untenable for the time being. Still,
Eqs. �9� and �10� can be used to obtain

�L3
��2 − �1�dE − 2�L2

��2 − �1�dE

�L3+L2
��2 − �1�dE

=
4�Sz
 + 14�Tz


3�Lz

, �12�

EXPERIMENTAL APPLICATION OF SUM RULES FOR … PHYSICAL REVIEW B 76, 060409�R� �2007�

RAPID COMMUNICATIONS

060409-3



free from any dynamical coefficient, sample orientation, and
thickness. Provided that the contribution of the magnetic-
dipole operator �Tz
 can be neglected, Eq. �12� allows a
straightforward evaluation of �Lz
 / �Sz
. Equations �9�–�11�
apply to a single absorbing atom of the sample. The exten-
sion of the foregoing derivation from a fourfold-symmetric
diffraction pattern to the general case is straightforward.

We now briefly describe the experimental applicability of
the EMCD sum rules. Experiments were performed using the
SACTEM Toulouse, a TECNAI F20 �FEI� equipped with a
spherical aberration corrector �CEOS�, an Imaging Filter
�Gatan Tridiem�, and a 2k*2k Camera �Gatan�. An iron
sample was used as a test sample. By combining the tech-
niques of tripod polishing and ion milling, we prepared a
large flat area which was electron transparent. The magneti-
zation of the iron film is saturated in the �Oz� direction by
the field of the objective lens pole piece. The sample was
oriented in �110� two-beam configuration, and the electron
diffraction pattern was recorded using the ESI technique per-
formed with a 1-eV slit in an energy range of �645 eV,
745 eV
 for a total of 30 min exposure time10. The diffrac-
tion pattern is taken using the LACDIF configuration9–11

with a 7.8-mrad convergence angle which strongly increases
the EMCD intensity and the signal/noise ratio. Post process
corrections of isochromaticity and drift detected on the ESI
data cube were applied using a homemade software written
in the scripting language of Digital Micrograph �Gatan�. Fi-
nally, EELS spectra are extracted using the ESI data cube,
for the two positions OS= g � 2ex± g � 2ey located on the
Thales circle which passes by the transmitted beam and the
Bragg spot. Two circular apertures of semiangle �
=4.2 mrad were used in the numerical integration, and the
recorded spectra are shown in Fig. 2�a�.

The difference between the two spectra gives the dichroic
signal which is represented in Fig. 2�b�. Our spectra have not
been processed for removal of the background due to the 2p
state to continuum-state transitions, because the aim of this
paper is to demonstrate the feasability of the method. A quan-
titative analysis of spin and orbital moments would necessi-
tate a better signal/noise ratio as well as more involved data
treatment. We have applied Eq. �12� to our experimental re-
sults, integrating the EMCD spectrum in the energy windows
�705 eV, 715 eV
 for the L3 edge and �719 eV, 729 eV
 for

the L2 edge. For the 3d metals, �Tz
 can be neglected with
respect to �Sz
15. The measurement then gives �Lz
 / �Sz

=0.18±0.05. This result is higher but with the same order of
magnitude than the values 0.124,16 0.088,17 0.133,15 and
0.086,3 which have been obtained from neutron scattering
data, the gyromagnetic ratio, or XMCD spectra.

This comparison shows that EMCD is now on the way to
giving quantitative magnetic information. Experiments do
nevertheless deserve improvements, optimizing the angular
and energy windows for integration in order to increase the
still poor signal/noise ratio. Small background matching
problems can also occur between the L3 and L2 edges. This
can be seen near 715 eV where the dichroic signal does not
perfectly vanish. These background problems are due to the
fact that the nondichroic part of the signal is not perfectly the
same at the two symmetric detector positions in the two-
beam case. In this case, Eq. �8� does not exactly describe the
experimental configuration. This problem may be minimized
by working at a higher voltage, in order to decrease the cur-
vature of the Ewald sphere, or by looking for more symmet-
ric experimental conditions for which Eq. �8� holds perfectly.

We have derived a set of sum rules for EMCD spectra
which can be used to obtain orbital and spin moments of
magnetic samples. Also dynamical diffraction effects of the
electron beam in the specimen influence the dichroic spectra
in a complicated way; the �Lz
 / �Sz
 ratio can be extracted
straightforwardly when the scattering conditions are properly
chosen. The main advantage of using EELS instead of x-ray
absorption for this quantitative analysis comes from the sub-
nanometer probe size which can be reached in a TEM. This
opens exciting perspectives for the local magnetic analysis of
nanomaterials and nanodevices like magnetic tunnel junc-
tions for spintronics applications or magnetic nanoparticles
with enhanced anisotropy and magnetization.
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