Determining orbital moments in antiferromagnets and paramagnets:
a spin-resolved circularly-polarized photoemission study on CoO
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We have measured accurately the spin polarization in the integrated valence band photoemission
spectrum of CoO using circularly polarized soft x-rays. This quantity is directly related to the expectation value of the 3d spin-orbit operator of the system in the initial state, from which the ratio
between the orbital and spin contribution to the total magnetic moment can be deduced. While the
measurement is sensitive to the magnetization axis, it does not require a net macroscopic magnetization nor the presence of a long range magnetic order, and is therefore suitable to extract orbital
moments in transition metal antiferromagnets, as well as paramagnets and disordered systems.

Transition metal materials exhibit a wide range of
fascinating magnetic and electronic properties, many of
those governed by the intricate balance between band
formation and atomic-like electron correlation e ects, together with the interplay between charge, spin and orbital degrees of freedom. Spin-orbit interaction plays often an important role, for example, in determining the
orientation of the magnetic moments relative to the crystal axes. Single-ion anisotropy phenomena are in particular interesting for the study of surface magnetism as well
as for the research eld of thin lms and nano-structured
materials, where the reduced dimensionality and the near
presence of a di erent material may alter signi cantly the
magnetic properties [1{3]. Spin-orbit interaction in combination with orbital ordering can also lead to novel and
peculiar phenomena, such as the multiple temperatureinduced magnetization reversals in YVO3 [4]. The role
of spin-orbit interaction should also not be neglected in
the ruthenates [5], of which Sr2 RuO4 is a fascinating superconductor [6{8].
The measurement of the separate spin and orbital contributions to the magnetic moments in these materials is,
however, far from trivial, especially for thin lms, surfaces and nano-structured materials. It is not more than
a decade ago that sum rules have been developed for
magnetic soft x-ray dichroism, by which those separate
contributions can be reliably determined for ferromagnetic materials [9{11]. And it is only very recently that
the orbital moment in an ordered antiferromagnet like
NiO have been succesfully measured using magnetic x-ray
scattering [12,13], due to the availability of very intense
synchrotron radiation sources. In our present work, we
set out to explore the feasibility of another spectroscopic
technique, namely spin-resolved photoemission using cir-

cularly polarized soft x-rays. As we will show below, this
technique is complementary in the sense that while it is
sensitive to the magnetization axis, it does not need a
net macroscopic magnetization or long range magnetic
order, so that it is suitable not only for ferro- and antiferromagnets, but also for paramagnetic and crystallographicly disordered systems, including in particular
clusters and nano-structured materials, which often have
the tendency to become superparamagnetic [14{16].
The principle of our photoemission technique is based
on the Fano e ect, i.e. the creation of spin-polarized electrons when circularly polarized light is used for the excitation, as a consequence of spin-orbit interaction and the
dipole selection rules [17,18]. Instrumental for a quantitative analysis is the sum-rule derived by van der Laan
and Thole [19], which relates the spin polarization of the
integrated valence band photoemission spectrum to the
expectation value of a spin-orbit operator of the system
in the initial state:
P
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where 00 is the integrated isotropic photoemission intensity and 11 is the so-called integrated spin-orbit intensity, de ned as the di erence between the integrated
intensities taken with parallel and antiparallel alignment
of the photon angular momentum and electron spin. hni
is the number of electrons in the subshell under consideration, the index i runs over the electrons in the subshell,
and the constants A0 and A1 depend on the transitions
considered (e.g. A0 = 51 and A1 = 151 for d!f and A0 = 51
and A1 = 101 for d!p [19]). z gives the direction both of
the Poynting vector of the light and of the quantization
axis of the angular components, and z0 indicates the spin
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z0 was 30Æ. The sample was a single crystal CoO cleaved

quantization axis. The quantity 11 depends on the relative orientation of z, z0 and of the magnetization axis
of the material, but a net macroscopic magnetization or
long range magnetic order is not necessary for 11 to be
non-zero. To be more
P system and
P precise for an isotropic
z=z0 it becomes h i lz (i)sz (i)i = 31 h i li  si i [19].
If the photoemission spectra are not angle-integrated,
but taken at a particular angle  with respect to z, an
angular dependent prefactor needs to be also included for
the isotropic case:
P
11
3
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We note that at the magic angle, i.e.   54:7Æ, the
prefactor becomes identical to 1. For practical purposes
the real measurements are usually made using only circularly polarized x-rays, thus disregarding the contribution
of the linearly polarized light. In such a case the measured quantity  is the ratio between the di erence and
the sum of the integrated spectra taken with parallel and
antiparallel alignment of the photon angular momentum
and photoelectron spin. The expressions of11equations (1)
and (2) can then be used by considering 00  32 .
To test the feasibility of this photoemission technique,
we chose CoO, which could serve as a model system for
transition metal materials. It has a very intriguing magnetic structure and tetragonal lattice deformations of the
rocksalt crystal structure below the antiferromagnetic ordering temperature [20{25], for which it is thought that
the spin-orbit interaction plays a crucial role [26{28]. Until now, only the total magnetic moment is known experimentally (3:4 3:8B ) [22{24,29], whereas the separate
spin and orbital contributions have been estimated only
theoretically by using band structure calculations [30,31].
As a start, we have carried out the measurements at
390 K, far above the Neel temperature (TN  290 K), in
order to avoid magnetic domain structure issues, which
otherwise could have complicated the analysis. In addition, this way of measuring allows us to show that the
technique is suitable to determine orbital moments in systems without long range order, e.g. in the paramagnetic
state.
The experiments were performed using the helical undulator [32] based beamline ID12B [33] at the European Synchrotron Radiation Facility (ESRF) at Grenoble. The spectra were recorded using a 140 mm mean
radius hemispherical analyzer coupled to a mini-Mott
25 kV spin polarimeter [34]. The photon energy was
set to 600 eV, and the degree of circular polarization was
 85%. The combined energy resolution for the measurements was 0.6 eV, and the spin detector had an eÆciency
(e ective Sherman function) of 17%. The high sensitivity
of this new detector was essential for the success of these
measurements. The angle  between the photon beam
and the analyzer was 60Æ, and the angle formed by z and

, and the measurement was carried out at normal
emission from the (001) surface. The spin-resolved spectra were recorded for the two spin directions (measured
simultaneuosly) and for both light polarizations in order to eliminate systematic errors. The pressure of the
spectrometer chamber was 1x10 10 mbar.
in situ
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FIG. 1. Spin polarized photoemission spectrum of CoO
measured with circularly polarized light (h = 600 eV). The
solid line in Panel A shows the sum of two spectra, one taken
with parallel and the other with anti-parallel alignment of
photon angular momentum and electron spin. The dots in
Panel B depict the di erence between the two spectra, with
the solid line (5 point average) as a guide to the eye. The
small circles in Panel C give the ratio between the integrated
di erence and the integrated sum spectrum, where the integration is carried out from the Fermi level (EF ) to higher
binding energies, after removing a background from the sum
spectrum (dashed line in panel A). The statistical error in the
ratio at convergence is also shown.
The top panel of gure 1 shows the unpolarized valence
band photoemission spectrum of CoO, which is the sum
of spectra taken with parallel and antiparallel alignment
of the photon angular momentum and electron spin. It
is almost identical to the spectra taken with unpolarized
x-rays and photon energy of 1253.6 eV and 1486.6 eV
in earlier studies [35,36]. The middle panel depicts the
di erence between the spectra taken with parallel and
antiparallel alignment of the photon angular momentum
and electron spin, after taking into account the spin detector eÆciency and the degree of circular polarization.
The quantity of interest  is the ratio between the integrated di erence spectrum and the integrated sum spec2

trum. Carrying out the integration from 0 eV to higher
binding energies,  converges to 0.045  0.005 as shown
in the bottom panel. Here the usual integral background
correction has been made for the sum spectrum as depicted by the dashed line in the top panel. The error bar
is estimated from the statistics given by the total number
of counts before any background subtraction.
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negligible: using MgO as a reference sample, we measured that at 600 eV photons the O 2p contributes about
15% to the integrated CoO valence band spectrum. Subtracting
this out, we arrive at  = 0:053  0:006 and
11
=
0
:
035
 0:04.
00

For a photoemission process from a 3d shell, like in
CoO, we have to consider transitions to both f and p
like nal states. The quotient A1 /A0 in equation (2),
which is 31 for d!f and 12 for d!p, has to be replaced
by ( 1+Rpf )/(3+2Rpf ), where Rpf is the photon energy
dependent cross-section of the 3d!p transition relative
to that of the 3d!f . At 600 eV Rpf is about 0.04 [37],
meaning that the transitions are predominantly of 3d!f
character. Together with  = 60Æ and a d-occupation
number hni  7:1 for CoO [37], we then nd from equationP2 that the observed Co spin polarization corresponds
to h i li si i  1:050:12 (in units of ~2 ). This is a very
large number, indicating the importance of the spin-orbit
interaction, and thus also con rming the basic assumption of the various models [26{28] explaining the unique
magnetic and lattice structure of CoO.
In order to extract further numbers as far as local properties are concerned, we have performed model calculations using a CoO6 cluster in Oh symmetry [37]. Here the
hybridization between the Co 3d and the O 2p orbitals
is included, as well as the hybrizidation among the O 2p
orbitals at neighboring O sites and the e ect of the temperature on the population of the lowest energy states.
We have incorporated the full atomic multiplet theory for
the Co 3d, in order to account for the orbital and spin
dependent on-site Coulomb and exchange interactions.
As a starting point, we have used parameter values previously determined from various spectroscopic measurements [37,38]. By ne tuning the 10 Dq crystal eld
value to 0.5 eV we were able to reproduce accurately the
experimental value at T= 390 K:  = 0:053. Although
in the real sample hLz i = 0 and hSz i = 0 for T>TN ,
we can simulate a magnetic ordering even above TN by
switching on a molecular eld: the cluster model calculation gives, using the optimized parameters, hhLS ii  0:77
at T= 390 K. This result demonstrates again the importance of spin-orbit interaction in CoO. The calculations at T= 0 K, using a molecular eld of 37 meV, give
hL i  1:04. By combining this value with the known
hS i
total magnetic moment of 3.81 B we can easily derive
hLz i = 1:31~ and hSz i = 1:25~.
While cluster calculations provide an accurate method
to extract P
local magnetic quantities
P from the measurements of h i lz (i)sz (i)i or h i li  si i, we also propose
two methods for relating the measured  to some approximated values of the orbital and spin angular moments.
Although less accurate, these appoximations may give a
more direct insight about the experimental results and,
by avoiding the need for model calculations, may facilitate a wider application of this technique for materials

10000

B

0

Difference

-10000
0.06

C

0.04

Integrated difference
Integrated sum

0.02
0.00
9

8

7

6

5

4

3

2

1

0

-1

Binding Energy (eV)

FIG. 2. Spin polarized photoemission spectrum of Cu measured with circularly polarized light (h = 600 eV). See caption of gure 1 for details.
To verify the reliability of the measurement, we have
also carried out the experiment on polycrystalline Cu
metal, for which we expect a null result ( = 0). In fact,
although the 3d spin-orbit interaction is even stronger in
Cu than in Co, the spin-orbit operator expectation value,
when evaluated over the closed 3d subshell, must be zero
as the orbital and spin moments. Nevertheless the polarization spectrum can show non-zero features due to the
energy splitting of the 3d states holding opposite spinorbit coupling. The results are shown in gure 2. The
presence of the spin-orbit interaction in the Cu 3d shell
can be clearly seen in the di erence spectrum. In this
case we nd that  converges to 0.002  0.003. This
ratio is essentially zero within the very small statistical
error, proving that the experiment has been set up correctly and that the above mentioned results for CoO are
reliable.
In analyzing the CoO results in terms of Co 3d magnetic moments, we note that the contribution of the O
2p to the integrated intensity of the di erence spectrum
is completely negligible, since the O 2p shell is essentially
closed. Moreover, it has a much smaller spin-orbit coupling strength than the Co 3d. The contribution to the
integrated intensity of the sum spectrum is small but not
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science. We will consider here two distinct cases: the
rst is for a material in the paramagnetic state and the
second is for a single domain material with long range
magnetic order, be it ferro-, antiferro- or ferrimagnetic
in nature. We will use the cluster calculations to test
these approximations.
For the paramagnetic
state, the relevant quantity to
P
be analyzed is h i li  si i. From the CoO cluster calculations, we nd that hS2 i = 3:51~2 and hL2 i = 11:57~2 at
T = 390 K. These values are very close to the the free ion
values of hS2 i = 3:75~2 and hL2 i = 12:00~2. This shows
that the main component of the 4 T1 like (near) ground
state of the Co2+ ion in CoO [36] is still given by the
4 F state. For such a lowest multiplet state in spherical
symmetry it can be shown that hL  Si = 2S hPi li  si i,
where the plus (minus) sign is for a less (more) than
half lled shell [39]. Making in addition the crude approximation that the magnetic moment M = L + 2S is
determined mostly by the spinPcontribution, we can write
hL i = hLMi  hLSi = 2S h l s i . For the CoO case
hS i hSMi hSSi
hS2 i
h
L i
3
with S = 2 , this gives hS i  ( 3)  ( 13::05
75 ) = 0:84 at
T= 390 K, which is not so far from the ratio directly calculated from the cluster model above, namely 0.77. We
expect that this crude approximation to work rather well
for for magnetic insulators with suppressed charge uctuations and small orbital moments. Using for instance
the NiO6 cluster model for NiO, the approximation provides hhLS ii  0:33 to be compared with 0.35 as directly
obtained and to 0.34 as measured in ref. [12].
For the magnetically ordered state, we consider the
case where z = z0 and the sample has its magnetization direction
along z. The quantity to be analyzed is then hPi lz (i)sz (i)i. Assuming that the valence majority
lled [40], we
P
P spin states are completely
can write h i lz (i)sz (i)i = 21 ~h i lz (i)i = 21 ~hLz i.
We
nd from the CoO6 cluster calculations above that
hPi lz (i)sz (i)i = 0:67~2 at T= 0K. The approximation
therefore gives hLz i  0:67~2=( 12 ~) = 1:33~, which is
in very good agreement with the hLz i value calculated directly for the ground state of the cluster, namely 1:31~.
This analysis shows therefore that an accurate evaluation of hLz i can be made even without knowing the total
magnetic moment provided that the measurement can be
made on a single magnetic domain.
To conclude, we have shown how the integrated spin
polarization of the valence band photoemission spectrum
can be actually related to the expectation value of a spinorbit operator in the initial state. For systems with suppressed charge uctuations, such as magnetic insulators,
we have shown that the ratio between the orbital and
spin contribution to the total magnetic moment can be
accurately deduced using cluster calculations. In addition, we have shown that under simple assumptions it
is possible to derive an approximate value for the orbital moment directly from the experimental data, even
i i

z

without the support of model calculations, both for the
magnetically disordered and ordered state. Whether or
not the the present analysis can be extended to metallic
transition metal materials is not clear at the moment,
and further study is highly desired, both experimentally
and theoretically.
We would like to thank K. Larsson for his invaluable
technical assistance.
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