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Magnetic dichroism in angle-resolved UV photoemission from valence
bands, using linearly polarized light
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Magnetic dichroism measurements of the valence bands of films of fcc Co/Cu~001! have been
performed using angle-resolved UV photoemission in low-symmetry, off-normal emission
geometries, and linearly polarized light. Asymmetries of magnitude 4% are observed upon
magnetization reversal. Evidence of both spin-dependent surface transmission and magnetic
dichroism in the angular distribution of photoelectrons is seen. The asymmetry spectra indicate
sensitivity to both magnetic exchange splitting and to spin–orbit splitting. ©1996 American
Institute of Physics.@S0021-8979~96!78808-3#
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Magnetic dichroism in the angular distribution of photo
electrons~MDAD ! makes it possible to study the interpla
between the magnetic exchange and spin–orbit interacti
in solids. To date, it is primarily the deep1,2 and shallow
core3,4 levels of magnetic materials which have been inve
tigated in this way. Over the course of these studies, a se
of findings have overturned expectations, and lead to a be
understanding of the technique and its potential. It turns o
that the dichroism is sizable not only in the deepest co
levels, that circularly polarized light is not required, and
larger dichroism may often be obtained using linearly pola
ized light;3,5 and that the dichroism from core levels is no
independent of emission angle, but contains significant cr
tallographic information.1,6 These findings all suggest the ap
plication of MDAD to valence band studies, to see what c
be learned about the magnetically important states near
Fermi level without recourse to more complicated spi
resolved experiments, or to monochromators specialized
the production of circularly polarized light. All that is re
quired is a conventional angle-resolved photoemission ap
ratus, a source of linearly or unpolarized monochroma
light, and a means to reverse the remanent magnetizatio
the sample.

A few experimental studies which confirm the existenc
of MDAD in the valence bands have been reported, but m
have used circularly polarized light,7 and all have used nor-
mal emission geometries which restrict access to a few
gions of the Brillouin zone.8 Furthermore, a straightforward
qualitative model giving an overview of the mechanism b
which the dichroism arises in valence band emission is s
missing. It is therefore difficult to interpret the measuremen
without recourse to specialized one-step photoemission
culations with nonperturbative treatments of the exchan
and spin–orbit coupling in the surface electronic ban
structure.9 These calculations are not yet available for ge
eral, low symmetry experimental geometries. The purpose
the present experiments is, in the first place, to observe
magnetic dichroism in the valence bands in off-normal em
sion geometries, using linearly polarized light. With me
surements in hand, it may be possible to better assess
the dichroism can be used in a practical sense to learn ab
the electronic structure at magnetic surfaces.
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An example of the ambiguities which arise in magne
dichroism experiments in the valence bands, is the ques
of the conceptual origin of the observed dichroism. For co
creteness, consider the experimental geometry in Fig. 1.
remanent magnetization,M , is in the surface of the sample
crystal, and both the incident light wave vector,q, and the
photoelectron wave vector,k, lie in the xy plane normal to
M . The light is linearly polarized in this plane. In Fig. 1,q
andk are collinear, but this need not be the case. It is furth
assumed that thexzplane containingM is a mirror symmetry
plane of the crystal—a common situation among itinere
ferromagnets.

The experiment involves collecting two angle-resolv
photoelectron energy distributions—one for each of the t
reversed remanently magnetized states of the sample.
difference in these two energy distributions is the energ
and angle-resolved dichroism. There are two mechanis
which may contribute to the dichroism. The first is spi
dependent transmission.10 It is most apparent as a ‘‘final stat
effect’’ in a three-step model of photoemission, where ph
toexcitation occurs between bulklike electronic states and
photoelectrons are subsequently transmitted to the vacu
At the surface, the photoelectron states in the crystal~which
are not pure spin states, because of spin–orbit coupli!
must be matched to those in the vacuum~which are pure

FIG. 1. The Co~001! film has remanent magnetization along6z, and lies in
the xz mirror plane. The incoming light with wave vectorq ~with linear
polarizationExy! and the photoelectron wave vectork all lie in thexymirror
plane, making an angleu with the x axis.
/79(8)/6504/3/$10.00 © 1996 American Institute of Physics
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spin states!. This leads to spin-dependent transmission co
ficients. In the above experiment, reversing the magnet
tion reverses the spin character of the photoelectrons, and
altered transmission coefficient may cause the dichroi
Recent results for Cu show that this mechanism can caus
asymmetry of63% in 3d metals.11

MDAD is typically considered to arise from the photo
excitation step itself.12,13 The spectra taken with reverse
magnetization compare two inequivalent experimental geo
etries which are related by a mirror reflection—a tradition
statement of dichroism. This can be understood with re
ence to Fig. 1, where reversal of the magnetization is equ
lent to reflection in thexzmirror plane of the crystal. How-
ever, this operation also alters the experimental quantitiek,
q, andExy . In particular, the even and odd parts ofExy and
the photoelectron wave function undergo a relative chang
phase, and the resulting photoexcitation matrix element
have both even and odd parts. Upon squaring and subtrac
to form the dichroism, only the interference terms betwe
the even and odd parts of the matrix element survive, giv
the dichroism.13 Because of its origin in the transition matri
elements, MDAD is usually classified as an ‘‘initial sta
effect.’’

The view that magnetic dichroism arises from MDA
when it is an initial state effect and from spin-depende
transmission when it is a final state effect cannot be con
ered as a rigid classification. However, alternative classifi
tions are worse: In the three-step model of photoemiss
spin-dependent transmission exists, but MDAD~with lin-
early polarized light! does not. In a one-step model, all th
dichroism must be assigned to the matrix elements—tha
MDAD. These classifications are not as useful for qualitat
arguments, and ultimately for the understanding of exp
ments.

The photoemission experiments were carried out at
BESSY synchrotron storage ring, using a 6.5 normal in
dence monochromator, and an angle-resolved photoemis
apparatus which is described elsewhere.14 The samples were
5 or 6 monolayer fcc Co films grown on a Cu~001! substrate.
The film growth was monitored using medium energy ele
tron diffraction.15 Hysteresis loops measured by th
magneto-optic Kerr effect confirmed that the films were
manently magnetized in the plane of the surface. The e
tron energy analyzer had a hole in the back, which allow
the light beam to pass through the entrance lenses, and
mitted the experimental geometry withk52q, as shown in
Fig. 1. This geometry has three important attributes:~a! A
wide range of off-normal emission conditions can be reach
by a single rotation of the sample about thez axis. ~b! Since
k, q, andM are coplanar, oriented atom models of MDA
predict no dichroism12—any observed effects will be relate
to crystallographic information.~c! The xy plane is a true
mirror plane for the magnetic system plus the experime
This latter point implies that MDAD using either linearly o
circularly polarized light measures the same matrix eleme
as has been confirmed theoretically13 and experimentally.16A
disadvantage of this geometry is that the light pass
through the spectrometer creates more secondary elec
J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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than is usual, and this limits the useful energy range of th
spectra, particularly at lower photon energies.

Experimental results for a photon energy of 16.0 eV
with u5120° are shown in Fig. 2. Part~a! presents the
separate intensity spectra for positive and negative magne
zation. The spectra have had a linear background~deter-
mined before the Fermi energy! removed, and have been
normalized to compensate for changes in the photon flu
during the course of the measurements. The open symbols
part ~b! show the intensity asymmetry, defined as the differ
ence of the two spectra divided by their sum. It shows clea
positive and negative peaks in the energy range down
about22.5 eV where the Cod bands lie, and a gradual
upward slope at lower energy. The asymmetry of a simila
pair of data sets collected atu5220° are also plotted in Fig.
2~b!. The asymmetry peaks for this angle are reversed in th
energy region of the Co bands, as they must be if they a
due to either MDAD or spin-dependent transmission. Th
slope in the region of secondary electrons depends instead
the absolute sign of the magnetization, and probably repr
sents a perturbation of the secondary electrons generated
the light passing through the spectrometer.

It can be seen immediately that the magnitude of th
dichroism in off-normal emission is in the range of 2%–4%
when secondary electrons are not removed. This is the sam
approximate size as that seen in previous experiments in no
mal emission, and is also the same as typical~rather than
maximum! values seen in MDAD from core levels when the
secondary electrons are not removed. MDAD experiments
the valence bands are not significantly more difficult than
those in the core levels. This example also demonstrates t
advantage of using a differential spectroscopy such a
MDAD—it is possible to display clearly the presence of Co
states near21.5 eV despite the fact that they do not appea

FIG. 2. ~a! Photoelectron intensity spectra for two senses of magnetizatio
with a photon energy of 16.0 eV and emission angle120°. ~b! The resulting
intensity asymmetry for the data in part~a! ~open symbols!, and for data
measured at an emission angle of220° ~closed symbol!.
6505Venus et al.

ct¬to¬AIP¬copyright,¬see¬http://ojps.aip.org/japo/japcpyrts.html.



r

c
t

s

te

n
us
b-
he
-
-

ms
ne
is

t
de-
ot

f a
ow
is

-

a-

er,

a,

te

.

R.

,

J.

t

as peaks in the intensity spectra. The form of the dichro
spectra suggests that, in this instance, the dichroism a
primarily due to spin-dependent transmission at the surfa
The first-order perturbation observed in the intensity spe
is a change in the size of the peak—there is no indica
that the intensity peak near20.5 eV is shifted when the
magnetization is reversed. This behavior is expected for
final state effect of spin-dependent transmission upon s
reversal. The positive and negative peaks in the asymm
are then interpreted as being due to separate transitions
states of opposite spin, which are separated by approxima
1.2 eV, in agreement with the exchange splitting found
calculations and spin-resolved photoemission experimen17

for fcc Co. Note that the absolute sign of the asymmetry
not easily related to the spin of the photoelectrons, sinc
depends on the surface transmission coefficients.

The data presented in Fig. 3 for a photon energy of 2
eV andu5216° show a different behavior. The peak belo
about22.5 eV is due to the Cu substrate, and shows
asymmetry. However, a well-resolved peak at21.8 eV seen
with 1M shifts to21.6 eV when the magnetization is re
versed, but the peak intensity is not greatly affected. Thi
the behavior expected for MDAD. The first-order effect
weak spin–orbit coupling on the initial states is to introdu
hybridization between nearly degenerate bands of oppo
spin. While the energy of the hybridized states depends

FIG. 3. ~a! Photoelectron intensity spectra for two senses of magnetiza
with a photon energy of 22.5 eV and emission angle216°. ~b! The resulting
intensity asymmetry for the data in part~a!.
6506 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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the relative orientation18 of the spins andM , ass1M , the
transition matrix elements depend as well on the absolu
spin direction through the spin–orbit couplings•l. Thus the
transition with a given orientation ofs•l occurs at a different
energy whenM is reversed, leading to the apparent shift i
the peak energy in the intensity spectra. A rapid minus/pl
variation in the asymmetry results. The experimentally o
served energy shift is of the magnitude expected for t
spin–orbit interaction for 3d metals. These spectra coinci
dentally demonstrate that MDAD persists in this low
symmetry geometry, whereq, k, andM are coplanar, even
though models based on photoemission from oriented ato
predict a null effect. This is a consequence of the crystalli
symmetry, rather than atomic symmetry, of the system, and
not surprising for such low photon energies.

The asymmetry close to the Fermi level in Fig. 3 is no
as clear cut as the previous two examples, and more a
tailed analysis is called for. It is not yet clear whether or n
a simple criterion can be found to distinguish MDAD from
surface transmission effects. Analysis of the systematics o
more comprehensive data set in underway to determine h
widely the present classification of asymmetry features
applicable.
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