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Magnetic circular dichroism in core-level photoemission from Gd, Tb,
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Core-level photoemission (PE) spectra from magnetically ordered lanthanide materials display strong
magnetic circular dichroism (MCD). Particularly large MCD effects were observed in 4f PE from Gd,
Tb, and Dy, with the intensities of resolved 4f PE lines changing up to 62%. Substantial MCD effects
were also found in 4d core-level PE. The perspectives of applying MCD in 4f PE as an element-specific
tool for studies of surface and interface magnetism and as a sensor for the degree of circular polarization
of soft x rays are discussed.

I. INTRODUCTION

The magneto-optical Kerr effect and Faraday effect are
commonly used for studying magnetic materials by polar-
ized visible light. Only recently, in 1986, an analogous
effect in the x-ray region, magnetic circular dichroism in
x-ray absorption (MCXD) was observed by Gisela Schiitz
and co-workers for the K-edge x-ray-absorption spectrum
of magnetized Fe metal. ' Later on, MCXD was also
found for the absorption edges of various elements, in
particular the "white-line" structures at the L2 3 thresh-
olds of lanthanide materials and 3d transition metals.
The discovery of MCXD opened up the possibility for an
element-specific analysis of magnetic moments in com-
pound magnets and multilayers; today it is mainly used at
the L2 3 thresholds of 3d transition-metal materials,
which yield particularly large MCD asymmetries. In
these cases, the white-line intensities change by up to
40% upon reversal of either sample magnetization or
light helicity (photon spin). ' These large MCD asym-
metries have been shown to be useful for element-specific
magnetic domain imaging. " Concurrent with these ex-
perimental developments of MCXD, quite rigorous
theoretical descriptions have been given ' among
them, the recently formulated sum rules' ' allow to sep-
arately derive the orbital and spin magnetic moments
from the MCXD spectra. '

The obvious success of MCXD has stimulated the
search for similar effects in photoeinission (PE), motivat-
ed by the well-known merits of PE, namely high surface
sensitivity and tuneable sampling depth by variation of
the kinetic energy of the photoelectrons. Yet, from the
absorption case it is clear that there are three important
ingredients for magnetic circular dichroism. They can al-
ready be recognized in the simple one-electron picture by
taking into account the spin polarization of the excited
electron due to the inner-shell spin-orbit coupling (Fano-
effect' ) as well as the spin-split density of final states at
and above the Fermi level. These three ingredients are
(i) exchange interaction as the driving force for long-
range spin order; (ii) use of circularly polarized light with
preferential propagation along the magnetic quantization
axis; (iii) spin-orbit interaction providing the mechanism

for an effective coupling between the angular momentum
of the circularly polarized photon and the magnetically
ordered electron spins.

The successful observation of MCD in PE was made
for the 2p core-level spectrum of Fe metal, ' where
several percent MCD asymmetry can be found. ' In
this case, unlike absorption, the electron is excited into
continuum states far above threshold that have negligible
spin dependence and hence cannot act as a spin-filter
analogous to the spin-polarized final states in case of pho-
toabsorption. The relatively small MCD effects observed
for the 2p, &z and 2p3/2 core-level PE signals are due to
exchange interaction between the magnetically ordered
3d electrons and the 2p core electrons (b,E,„-=0.5 eV),
causing a core-level exchange splitting into ~Ms ) sublev-
els. Their relative intensities, given by the dipole-
transition probabilities to continuum states, depend on
the change of the MJ quantum number as a function of
the relative orientation between photon spin and sample
magnetization. The observed MCD effect is small com-
pared to MCXD, mainly because the exchange splitting is
smaller than the intrinsic width of the 2p core levels.
This means that individual ~Mz ) components cannot be
resolved. Larger MCD effects in transition metals might
have been expected in PE from magnetic 3d band states,
since the exchange interaction of these states is much
larger than the lifetime width. However, the MCD
effects were found to be of similar size as in core-level PE
(with asymmetries up to -=8% ). ' This is due to an
ineScient transfer of the photon-momentum orientation
to the (magnetically ordered) spin of the 3d electrons,
caused by weak spin-orbit coupling and the well-known
quenching of the orbital angular momentum in 3d transi-
tion metals.

The situation is entirely different for the localized 4f
states in lanthanide (Ln) materials. Being closely bound
inside the filled 5s and 5p shells, the 4f states essentially
maintain their atomic character also in the solid state and
normally do not contribute to chemical bonding. Crystal
fields, which quench the orbital moment in 3d ferromag-
nets, have thus little effect on the Ln 4f orbitals; i.e., the
larger orbital momenta exist also in the solid state. At
each crystal-lattice site, the 4f spin-orbit coupling (of
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typically 0.1 to 1.5 eV) aligns orbital and spin momentum
according to Hund's rules. As a further direct conse-
quence of their localized nature, the 4f electrons are sub-
ject to a relatively stronger Coulomb correlation than the
3d electrons in transition metals. This is beautifully
refiected in the 4f PE spectra of lanthanide metals: The
energy-distribution curves of photoemitted 4f electrons
typically show many lines corresponding to different
correlation energies of the remaining electrons in the
4f " ' PE final state. In the case of long-range ferromag-
netic order, where the total 4f moments of all lattice sites
are oriented parallel, the indirect exchange interaction
primarily couples neighboring 4f spin moments. By
spin-orbit coupling at each lattice site, also the orbital an-
gular momenta assume long-range orientation. In PE ex-
periments with circularly polarized light, the selection
rule AM =+1 causes the excitation probability to depend
on the relative orientation of the photon momentum and
the 4f orbital momentum. Thus large MCD effects are
expected in 4f PE from Ln materials, where PE multiplet
lines with different final-state angular momenta can be
resolved. 27

In the present paper we report on the state of our stud-
ies of MCD in PE from 4f and 4d levels of lanthanide
materials. After a detailed description of the experimen-
tal procedure in Sec. II, we present in Sec. III MCD-in-
4f-PE spectra from monocrystalline Gd, Tb, and Dy
metal films, revealing MCD asymmetries comparable
with or even higher than those obtained by MCXD. Tak-
ing Gd as an example, it is demonstrated that the ob-
served MCD in 4f PE can be described by an atomic
model making use of dipole-selection rules in LS cou-
pling. In Sec. IV, we report on the observation of MCD
in 4d core-level PE from Gd; it is compared with the Fe
2p case reported previously. ' The perspectives in apply-
ing the large MCD asymmetries in 4f PE as a magnetom-
eter for lanthanide surfaces and thin films and as an x-ray
polarimeter are demonstrated and discussed in Sec. V.
Summary and outlook are given in Sec. VI.

II. EXPERIMENTAL DETAILS

The PE experiments were performed with circularly
polarized soft x rays from two different monochromators
at the Berliner Elektronenspeicherring fur Synchrotron-
strahlung (BESSY): The plane-grating SX700/III, lo-
cated at a bending magnet, and the U2-FSGM, behind a
crossed undulator. The SX700/III is equipped with
two premirrors selecting synchrontron radiation from
above or from below the storage-ring plane. It provides
light with a high degree of circular polarization at photon
energies exceeding =—100 eV, which are well suited for
bulk-sensitive PE studies. S3 is the Stokes parameter
measuring the degree of circular polarization; it is, e.g.,
=0.9 at hv=265 eV for an off-plane angle of /=0. 9
mrad. ' For surface-sensitive measurements, we em-
ployed the crossed undulator, which supplies a high pho-
ton Aux at lower energies with S3 —=O. S around hv=50
eV. At present, there is no alternative to the use of syn-
chrontron radiation for circularly polarized soft x rays.

The preparation of clean and well-ordered monocrys-
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FIG. 1. Schematics of the experimental geometry. The Ln
films were remanently magnetized in plane, with the circularly
polarized x-ray beam incident at an angle of 15' with respect to
the film plane. The photoelectrons were detected normal to the
surface.

talline Ln metals is a delicate matter. Due to the high
chemical reactivity of Ln metals, contaminants of the
bulk crystals, like 0, H, and C can be hardly depleted by
the usual UHV-sputter/anneal cycles. Much cleaner
samples are obtained by growing monocrystalline films in
UHV, e.g. , by vapor deposition of the Ln metal onto a
suitable substrate. The base pressure in the experimental
chamber used was ( 3 X 10 "mbar; during evaporation,
it rose briefly to &2X10 ' mbar. We used W(110) as a
substrate, since it can be easily prepared, does not alloy
with Ln metals, and allows the heavy Ln metals to grow
on it by forming hexagonally close-packed (0001) sur-
faces. The lattice mismatch, which is -=4% in the case of
Gd, gives rise to some strain in monolayer-thin films,
that is, however, released near the surface of a thick film.

In order to suppress the formation of islands during
deposition, the substrate was kept at temperatures below
300 K, resulting in fiat films (80 to 150 A thick) with little
lateral order. Well-ordered films of Gd, Tb, and Dy, as
confirmed by low-energy-electron diffraction (LEED),
were obtained by subsequent annealing for 5 Inin at
T,„=600—900 K, with T,„depending on the thickness of
the film. The intensities of the well-known d-like sur-
face states of the Ln metals in the valence-band PE spec-
tra just below the Fermi level were used as a sensitive
measure of film quality. The film thickness was moni-
tored by a quartz microbalance and calibrated via the rel-
ative intensities of the 4f PE lines from W and from the
Ln. Chemical cleanliness was checked via 1s PE intensi-
ties of 0 and C as well as by the 0 2p PE signal; in the
latter case, 02 exposures as low as —,

' of a Langmuir
could be easily monitored.

The experimental geometry is shown schematically in
Fig. 1. The circularly polarized light was incident at an
angle of 15' with respect to the film plane, and the photo-
electrons were collected around the surface normal by a
hemispherical electron-energy analyzer with a moderate
angular resolution of +10'. In this geometry, an almost
pure MCD effect is measured despite the partially angle-
resolved electron detection.

The PE spectra were taken with the films remanently
magnetized in plane. Remanent magnetization was com-
pulsory, since an application of external fields is not com-
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patible with high-resolution low-energy PE. The in-plane
magnetization was checked in situ by magneto-optical
Kerr effect (MOKE) studies, using a MOKE setup that
has been described elsewhere.

Note that these PE experiments are quite simple as far
as energy and angular resolution are concerned, while
they are quite demanding in two other respects: (i) Many
of the Ln films have to be cooled to rather low tempera-
tures due to low Curie temperatures (e.g. , Ho with
T, =—20 K), while the W(110) substrate is fiashed to
—=2000 K for cleaning. This requires an optimized
compromise regarding the thermal contact between sub-
strate and cooling stage. In this respect, Gd, which has
the highest spin moment (7pz ) and the highest Curie
temperature (T, —=290 K) of all Ln metals, represents the
simplest case. (ii) All magnetic Ln metals, except for Gd
and Eu have a nonspherical 4f charge distribution,
which —by interaction with the low-symmetry hexagonal
crystal field —accounts for the well-known and quite
large single-ion anisotropy energies. They give rise to
high coercive fields that do not readily allow to change
the sample magnetization by small external fields. For
Gd (half-filled 4f shell), the orbital angular momentum
and thus the single-ion anisotropy vanishes. The coercive
fields are therefore small enough to allow the sample to
be magnetized by field pulses (duration (1 s) of only a
few 100 A/cm applied through a closeby selenoid. This
easy magnetization procedure in case of Gd allows us to
measure a pair of MCD spectra (both magnetization
directions for a fixed photon spin) in a quasisimultaneous
way by reversing the magnetization pulse at each
electron-kinetic energy point. By this differential mea-
surement of the MCD signal, long-term instabilities of
the apparatus (e.g. , due to changes of the electron-storage
ring) cancel.

III. MCD IN 4f PHOTOEMISSION

A. Gadolinium metal

4f PE spectra from a magnetized 80-A-thick Gd(0001)
film at T—=50 K, obtained with circularly polarized light
from the SX700/III monochromator, are shown in Fig.
2(a). For nearly parallel orientation of photon spin and
sample magnetization, the 4f Fz final-state multip—let
assumes a peaked shape, which changes into a rounded
shape upon reversal of magnetization. The normalized
intensity asymmetry, (I 1 1 I $ 1)/(I 1 1 +I l 1 ), ca—lculat-
ed from the raw experimental data, amounts up to 17%
[Fig. 2(b)]. It is considerably larger than the MCD asym-
metries obtained in PE from 3d transition metals. An
identical MCD effect was observed for a given magnetiza-
tion direction when the photon helicity was reversed
(spectra now shown here).

Due to the localized nature of the 4f orbitals, we ex-
pect that the observed MCD effect can be described in an
atomic model. In the following we derive, using the LS-
coupling scheme, the intensities of the seven I'& final-
state PE-multiplet components for the two cases of paral-
lel and antiparallel orientation of photon spin and sample
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FIO. 2. (a) Gd 4f PE spectra (h v=200 eV) of a remanently
magnetized Gd(0001)/W(110) film (80 A thick; T= 50 K). Open
(filled) dots represent parallel (antiparallel) orientation of pho-
ton spin and sample magnetization. (b) The normalized intensi-

ty asymmetry, calculated from the raw data in (a), amounts up
to 17%%uo.

magnetization. We shall see that the MCD effect is a
simple consequence of the dipole-selection rule AM = + 1

or AM= —1, depending on whether photon spin and
sample magnetization are parallel or antiparallel, respec-
tively.

The Gd ground state, S~&2
—~J,M), is characterized

by the total angular momentum quantum number J=7/2
and the magnetic quantum number M. The ground state
is connected via the dipole-selection rules AJ=O, +1 and
b.M =+1 with the complete final state

~

J',M'), obtained
by coupling all angular momenta of the FJ PE final state
(I.=3,S=3) and of the detected photoelectron. In order
to calculate the MCD effect, i.e., the inhuence of the AM
selection rule on the intensities of the final-state PE-
multiplet components, we first use the complete final
state and then decouple the angular momentum of the
photoelectron. For the photoelectron, we only consider
4f ~sg transitions, since contributions from 4f ~Ed are
expected to be small for PE final states far above the con-
tinuum threshold.

In a first step, we consider the four complete final
states

~

J', M') that can be reached from the fully magnet-
ized ground state

~
J=7/2, M= —7/2) (see Table I): For

AM = —1, the only possible transition is 6J= + 1,
whereas all three 6J transitions are allowed for
AM=+1. By help of the Wigner-Eckart theorem, we
separate the hM dependence of the transition probability

~

(J'M'~P™~JM )
~

(with P™=dipole operator) and
hereby obtain statistical weights for all four transitions
given in the last column of Table I. While

~

J'=9/2) is
the only allowed state for AM = —1, this state is hardly
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TABLE I. Relative dipole transition probabilities for Gd
from the fully magnetized ground state l7/2, —7/2) to the four
allowed total final state lJ', M'). The relative weights have
been calculated in the LS-coupling scheme; they clearly reAect a
dominance of transitions with 6J= —AM.

+1
+1
+1
—1

I
j',M')

l9/2, —5/2)
l7/2, —5/2)
l5/2, —5/2)
l9/2, —9/2)

+ 1

0
—1

+1

Relative weight

1/36
2/9
3/4

1

reached by the 5M=+1 transitions, with a negligible
weight of 1/36. Most of the b,M =+ I transitions (3/4)
reach the

l

J' =5/2 ) state, refiecting a dominance of tran-
sitions with hJ= —AM. This dominance is essential for
the occurrence of MCD in PE, as shown in the following.

In a second step we decouple the photoelectron mo-
menta (I =4, s= —,') from the final state J',M'), obtain-

ing the intensity distribution over the individual Fz mul-

tiplet components of the PE final state. It is drastically
different for the different b J: In case of AJ= —1, the
J=6 final-state component carries about 50% of the in-
tensity, whereas it assumes only about 5% in case of
AJ=+1.

The results of this atomic-multiplet calculation are
shown graphically in Fig. 3(a) for b,M = + 1 (parallel
orientation) and (b) for b,M= —1 (antiparallel orienta-
tion). The values agree well with the results of recent
intermediate-coupling calculations by van der Laan and
Thole carried out with the Cowan computer code.
Also included in Fig. 3 are the experimental spectra from
Fig. 2, however, normalized to complete circular polar-
ization of the photon beam (S3 =1), in order to facilitate
a comparison. Note the good qualitative agreement be-
tween the shapes of the normalized experimental spectra
and the theoretical multiplets.

B. Terbium metal
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hy = 100 eV
T=110K
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Terbium, with its many well-resolved 4f PE multiplet
lines [see Fig. 4(a)] represents an ideal case for the obser-
vation of MCD in 4f PE. However, Tb metal orders fer-
romagnetically only below T, =220 K. Since the MCD
effect is expected to vanish above T, and to reach a max-
imum at saturation magnetization, M(T)/M(0)=1, the
sample temperature has to be significantly lower than 220
K in order to observe a sizable effect. Because of the rel-
atively large coercivity fields in Tb metal, remanent mag-
netization could only be achieved by cooling the sample
in the presence of an external magnetic field of 400 A/cm
from a temperature close to T, down to the temperature
of measurement. This small magnetic field was also
found to be sufficient for reversing the film magnetization
at temperatures close to T„where magnetocrystalline an-
isotropies and coercivity are small.

Figure 4(a) shows a pair of 4f PE spectra from a 150-
A-thick Tb(0001) film at T= 110K grown expitaxially on
W(110), with parallel and antiparallel orientation of pho-
ton spin and sample magnetization. The intensity
difference (I't 1 I 4 1 ), a—lso called "MCD spectrum", is
shown in the lower panel [Fig. 4(b), upper curve]. All 4f
multiplet components reveal nonvanishing MCD, most
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FIG. 3. Vertical bars: Calculated relative intensities of the
4f FJ final-state multiplet —components in the PE spectrum
of Gd for (a) parallel (hM = + 1) and (b) antiparallel
(hM= —1) orientation of photon spin and sample magnetiza-
tion. Filled dots: Experimental spectra from Fig. 2, normalized
to complete circular polarization.

FIG. 4. (a) Tb 4f PE spectra (hv= 100 eV) of a remanently
magnetized Tb(0001)/W(110) film (150 A thick; T=110 K).
Open (filled) dots are for nearly parallel (antiparallel) orienta-
tion of photon spin and sample magnetization. (b) Filled
squares: Intensity difference (MCD) of the experimental spectra
in (a); the solid curve at the bottom of (b) reproduces the
theoretical MCD spectrum of Ref. 38.
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pronounced for the components with the lowest and the
highest orbital angular momenta, respectively. These are
the isolated S7&z component (with L =0) and —with op-
posite sign —the strong low-spin component, I (with
L =6). By comparison with the results of the
intermediate-coupling calculations of Ref. 38, reproduced
in Fig. 4(b) (lower curve), we see that experimental and
theoretical MCD curves agree well even in small details.

The isolated high-spin S7/2 component at a binding
energy of =—2.3 eV deserves further attention. It is
separated by more than 4 eV from all the other Tb multi-
plet components and displays the largest MCD effect of
all PE components of Tb (corresponding to an asymmetry
of A,„z—-—30% ). For this isolated component, a quantita-
tive comparison with theory is much simpler than for the
unresolved FJ multiplet components of Gd. By use of
atomic multiplet theory, as described in the previous sec-
tion, we arrive at an MCD intensity ratio for the Tb- S7/2
component of 28 to 1; this corresponds to a theoretical
asymmetry of A,h =93%%. The value refers to the ideal
case of fully aligned photon spin and sample magnetiza-
tion and of completely circularly polarized light. Note
that this LS-coupling-scheme result agrees well with the
one from intermediate-coupling calculations, where an
MCD intensity ratio of 27.7 to 1 was found.

The smaller MCD effect observed experimentally is
mainly due to the incomplete circular polarization
(S3 —=0.55 in the present case) as well as to the relatively
high sample temperature of T= 110 K, corresponding to
a reduced temperature of t = T /T, —=0.5. For t =0 (fer-
romagnetic ground state), only the lowest-lying magnetic
M level would be occupied, i.e., (M) = —J. Yet, at
elevated temperatures, higher I levels get also popu-
lated, reducing the MCD effect. For (M) ~0, i.e., for
equal population of all M levels, the MCD effect is ex-
pected to vanish.

We use a spin-wave picture for a qualitative under-
standing of the inhuence of temperature on the MCD
effect. The 4f magnetic moments precess around the
sample magnetization giving rise to a perpendicular mag-
netization component, which will grow with increasing
temperature. Since the perpendicular component rotates
slowly on the time scale of the PE event, it is seen by the
polarized photon as a stationary magnetization com-
ponent. In the experimental grazing-incidence geometry
used here (see Fig. 1), this magnetization component is
nearly perpendicular to the photon spin, thus giving rise
to hM = + 1 and AM = —1 transitions with equal proba-
bility; hereby the net MCD effect gets smaller. We note
that with this spin-wave model, the magnitude of the ob-
served MCD effect can be quantitatively described by as-
suming a circular polarization of S3=0.55, which is a
realistic value (see Table I).

I I I I
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I l I I
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l I I I

I
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I I I I

I

I i i i i 1
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tures ( T, =—89 K). 150-A-thick Dy(0001) films were
grown on W(110). As in the case of Tb metal, they were
remanently magnetized by cooling the sample in the pres-
ence of an external field from above the highest bulk or-
dering temperature (TN= 17—6 K) down to the ferromag-
netic phase. The MCD-in-4f-PE spectra of Dy metal at
55 K are presented in Fig. 5. Despite the fact that the re-
duced temperature t was only -=0.62 in the present case,
a large MCD effect was observed amounting to an MCD
asymmetry of —= 25%%uo (not corrected for background) for
the shallowest F multiplet component. Note that also
other components of the 4f PE final-state multiplet of
Dy exhibit large MCD effects of both signs. The MCD
spectrum, calculated from the raw data, is again plotted
in (b) and compared with the result of the intermediate-
coupling calculation of Ref. 38 (lower solid curve). The
agreement between experiment and theory is again very
good. Minor deviations stem from the surface-shifted
4f multiplet and the inelastic background in the PE
spectra, which were not considered in the theoretical
spectra. Thus Dy provides another favorable case for the
study of MCD in 4f PE.

C. Dysprosium metal

Dysprosium is the element following Tb in the periodic
table and has a 4f ground-state configuration. Like Tb,
bulk Dy assumes ferromagnetic order at low tempera-

FIG. 5. (a) Dy 4f PE spectra (hv= 100 eV) of a remanently
magnetized Dy(0001)/W(110) film (150 A thick; T=55 K).
Open (filled) dots are for nearly parallel (antiparallel) orienta-
tion of photon spin and sample magnetization. (b) Filled
squares: Intensity difference of the experimental spectra in (a)
(MCD spectrum); the solid curve at the bottom of (b) represents
the theoretical MCD spectrum of Ref. 38.
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FIG. 6. (a) Gd 4d core-level PE spectra (hv=438 eV) ob-
tained from a remanently magnetized Gd(0001)/W 110

ic; = ). Open (filled) dots are for nearly parallel (an-
tiparallel) orientation of photon spin and l
The MCD

spin an samp e magnetization.

(b).
e D asymmetry derived from the raw d t

'
l d

'
a a is p otte in

PE frfrom filled lanthanide core levels, like the 4d shell
of Gd, resembles the case of 2p PE from Fe (see the lntro-

uction), where the exchange interaction between core
electrons and magnetically ordered electrons is of compa-
ra le magnitude as the intrinsic-core-hole width;~ hence
one should expect similar MCD e8'ects in the two cases.

We have studied MCD in PE from the 4d core levels of

6
Gd in an exploratory way. The results a hre s own in ig.

the
, where PE spectra, taken at h v=438 Ve, are given for

t e two orientations of photon spin and 1n samp e magneti-
zation. The MCD asymmetry, obtained from the raw
data, amounts up to 6%%uo and is plotted in Fi . 6(b).
ing rom low binding energies, the asymmetry exhibits a

er minor-plus feature at the 4d3/2 subspectrum. Hereby,
it resembles indeed the MCD asymmetry observed in
core-level PE from the Fe 2p level. '

A s littin of thp
'

g e 4d5&2 subspectrum into apparentl
equally spaced components is visible in the raw data. Ac-
cordingly, the 4d PE spectra in Fi . 6 1

tte y a superposition of six equally spaced com-

freely varying relative intensities. This accounts foun s or ex-
ge sp ittmg due to (2J+1) orientations of the 4d-

hole angular momentum J with respect to the magnetiza-
tion direction. Note that this model h 1e as on y approxi-
mate character, since —due to exchange s littin-
no ion er beg e considered to be a good quantum n b

e resu ts of this analysis are shown in Fig. 7 as solid
curves through the data points; the dash-dotted curves
represent integral backgrounds. A 1,s a resu t, we obtain
exchange splittings of 0.98 eV (0.63 eV) between neigh-
bor ing 4 5/p 4 3/2 ) sublevels, and a spin-orbit I'tt'sp i ing

) =—4. 8 eV. A complete analysis of the MCD 4d
core-level PE s ectr
intermediate-coupling scheme, will be given elsewhere

V. APPLICATIONS

We have shown that MCD in PE from Ln materials
can probe magnitude and orientation of the sam le ma-
netization. No tim

'
n. o time consuming spin analysis of the pho-

toelectrons, as in the establish d t h
'

reso ved PE, is required. In this way, the new techni ue

PP ast element-specific magnetometer
for Ln surfaces and thin magnetic films. On the other
hand, the linear dependence of the MCD eft'ect on the de-
gree or circular polarization suggests its use as an x-ray
po arimeter. In the following discus

' f l'sion o app ications,
we shall begin with the latter aspect.

I I I I I I I I I I I I I I I I I I

150 145 140 135
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FIG. 7. Resesults of least-squares fit analysis of the MCD-in-
4d-PE spectra of Gd metal from Fig. 6(a) by superpositions of 6

equally spaced components for the 4d (4d ) s
or etai s see text.

e 5r2 3/2 subspectra.

A. X-ray polarimeter

In order to achi
t =T/T o

'eve a small reduced temperatur
„onecan either lower the sample temperature or

e

increase T„e.g., by alloying Tb with Fe. Intermetallic
compounds of the form TbFe, especially cubic TbFe
(T =700 K&. ..ave the additional advantage of much

aycu c e2

smaller magnetocrystalline anisotropies as compared to
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Tb metal. We therefore prepared a thin film of TbFe„by
first depositing —= 10 monolayers (ML) Fe onto W(110),
followed by -=2-ML Tb and subsequent annealing. Using
LEED, a cubic structure was observed for low electron
energies, indicating formation of TbFe2 near the surface
of the film. Coercivities were found to be so small that
the magnetization at 100 K could be switched by small
field pulses as in case of Gd metal.

The 4f PE spectra of TbFe, taken at h v=152 eV in
4d ~4f resonance, are presented in Fig. 8(a). The S7&z
and I components reveal the largest MCD effect so far
observed in PE as well as in x-ray absorption; the intensi-
ty asymmetry [see Fig. 8(b)], as calculated from the raw
experimental spectra without background subtraction,
exceeds 40%. Hardly any MCD efFect is noticeable in
the emission from Fe 3d states close to the Fermi level.
Intermixing of Tb and Fe is reflected in the binding ener-
gy of the S7&z PE line (at -=3. 1 eV), in comparison to
that of Tb metal (at -=2.3 eV).

The isolated S7&z component in the PE spectrum of
TbFe is well suited for measuring —on the basis of
MCD —the degree of circular polarization of x rays. Un-
like Tb metal, films of the intermetallic compound TbFe
require only ordinary ultrahigh vacua (in the 10 ' -mbar
range), and can thus be used for long periods of time.
For a first dem. onstration, we used two different settings
of the SX700/III monochromator, accepting synchrotron
radiation at angles of /=0. 6 mrad and /=0. 9 mrad with
respect to the electron-storage-ring plane.

TABLE II. Comparison of experimental results for the de-
gree of circular polarization (in %) of soft x rays from the
SX700/III monochromator at BESSY.

hv (eV) 0.6 mrad 0.9 mrad Ref.

70
152
265

55
57+6

75
69+7

90

28
Present work

31

As expected, larger MCD asymmetries were observed
for the /=0. 9-mrad setting. From least-squares fits of
the peak intensities, the experimental peak asymmetries
A,„~were obtained, resulting in (51+5)%%uo for 0.6 mrad
and (62+6)%%uo for 0.9 mrad. To extract the degree of cir-
cular polarization of the soft x rays (described by the
Stokes parameter S3), one has to consider a correction
factor C to account for the nonvanishing angle between
light propagation direction and sample magnetization. C
is obtained by considering the additional excitation prob-
abilities for AM =0, +1, which are caused by magnetiza-
tion components perpendicular to the photon spin;
C =0.96 in the present case. From the equation
A,„„=CS3 A,h, we obtain S3 = (57+6) % for the
/ =0.6-mrad case and S3 = (69+7) %%uo for 0.9 mrad.
Table II shows that these values fit well into the results of
optical polarization measurements, since S3 is known to
increase with increasing photon energy at the SX700/III
beamline.

I I I ~ ~ I I I I I I
I ~ ~ ~ I

I

TbFe„
hy= 152 eV
T=110K

o parallel
~ antipar.

40—
gO
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(a)
I ~ I I s I I & t ~ I
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I I ~

I I
~ I

~
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FICx. 8. (a) Tb 4d~4f resonant PE spectra (hv=152 eV,
T=110 K) of a remanently magnetized Tbpe film grown on
W(110). Open (filled) dots are for nearly parallel (antiparallel)
orientation of photon spin and sample magnetization. (b)
Asyrnrnetry calculated from the raw experimental spectra.

B. Surface magnetization

The magnetization of the topmost atomic layer on a
Ln-metal surface has attracted considerable attention
since the observation of surface-enhanced magnetic order
and magnetic-surface reconstruction in 1985, when Well-
er et al. found long-range magnetic order of the surface
layer up to some 10 K above the bulk Curie temperature
T„aswell as some indication for an antiparallel orienta-
tion with respect to the bulk. In order to detect the rel-
ative orientation of surface and bulk, they used the sur-
face core-level shift 5, . In case of Czd metal, the surface
and bulk components of the broad FJ multiplet (see Fig.
2) could not be resolved. However, by spin-resolved PE,
opposite spin polarizations were observed on the high-
binding-energy (surface) side and on the low-binding-
energy (bulk) side of the unresolved FJ peak. In a recent
repetition of this experiment, with somewhat better
statistics and at lower temperatures, the spin polariza-
tions, however, were found to be identical on both sides
of the F& peak, giving thus strong evidence for parallel
orientation of surface and bulk.

The very different shapes of the Gd I'z MCD-PE spec-
tra for parallel and antiparallel orientation of magnetiza-
tion and photon spin (see Fig. 2) suggest readily that this
efFect should allow to distinguish between parallel and an-
tiparallel orientation of surface and bulk magnetization.
In order to enhance the surface contribution, analogous
spectra as in Fig. 2 were taken at lower photon energies.
Figure 9 shows a pair of MCD-PE spectra of Cxd(0001) at
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h v=47 eV for (a} parallel and (b} antiparallel orientation
of sample magnetization (bulk) and photon spin. Both
spectra exhibit clearly visible shoulders on the high-
binding-energy side, which are a consequence of the in-
tense surface contributions (the surface-to-bulk intensity
ratio is =—1.1); such shoulders had not previously been
resolved with unpolarized light. In the upper spec-
trum, which contains predominantly the pointed
b.M=+ I multiplet [compare with Fig. 3(a)], the shoul-
der is much sharper than in the bottom spectrum, where
both the bulk and surface contributions are rounded.
This clearly indicates that the magnetizations of surface
and bulk are oriented essentially parallel to each other.

For a quantitative description, the two spectra in Fig. 9
were simultaneously least-squares fitted. We used a com-
mon parameter set and Doniach-Sunjic line shapes as-
suming the calculated FJ multiplet intensities (see Sec.
IIIA). The resulting spectral shapes were convoluted by
a Gaussian to account for finite experimental resolution.
For the assumption of parallel alignment of the magneti-
zations of the (0001} surface layer (grey-shaded com-

ponents) and of the Gd bulk (solid subspectra), the results
are shown as solid curves through the data points in Fig.
9. Assuming antiparallel alignment of surface and bulk
or a paramagnetic surface layer, substantial misfits were
obtained (not shown here). The MCD data thus clearly
rule out antiparallel orientation or lack of long-range
magnetic order of the (0001) surface layer. They provide
further strong evidence for an essentially parallel magnet-
ic orientation of surface and bulk in case of Gd(0001).
This result is corroborated by recent spin-resolved 4f PE
experiments on thin Gd films as well as by spin analysis
of secondary electrons; the latter indicate a nonvanish-
ing normal magnetization component on the Gd(0001)
surface in case of relatively thick films, where the bulk
properties appear.

An enhancement of the surface Curie temperature had
previously also been reported for Tb(0001). On this sur-
face, the isolated S7&2 4f PE component (see Fig. 4) al-
lows a clear spectroscopic separation of the topmost sur-
face layer from the underlying bulk. Figure 10 displays
surface-sensitive MCD-PE spectra in the region of the
S7&2 component of Tb(0001). The PE component is split

into a bulk signal at —=2.3-eV binding energy (BE) and a
clearly resolved surface signal, shifted by
5, =(0.26+0.03) eV to higher BE. The well-resolved
surface component of the Tb S7&2 component allows a
separate observation of MCD for the surface layer and
for the bulk.

The MCD effect is significantly larger for the topmost
surface layer than for the bulk, indicating an enhanced
in-plane magnetization within the (0001) surface layer.
Yet, a quantitative analysis must include the possibilities
of (i) a depolarization of the circularly polarized light
upon transmission into the bulk and (ii) a changing
photoelectron-angular distribution upon reversal of light
helicity. The latter would induce an additional intensi-
ty variation due to the finite electron-detection angle;
both mechanisms are presently investigated in our labora-
tory.

ipar.

I s I s

Tb(0001) S7i2

0—
I s s s s I s s s s I s

9 8 7

Binding Energy (eV)

FIG. 9. Surface-sensitive MCD-in-4f-PE spectra from
Gd(0001)/W(110) for (a) nearly parallel and (b) nearly antiparal-
le1 orientation of photon spin and sample magnetization. The
spectra show a clear shoulder on the high-binding-energy side
due to an intense contribution from the (0001) surface layer.
Solid curves through the data points represent least-squares-fit
results assuming parallel orientation of surface layer (grey-
shaded subspectra) and bulk (solid subspectra). Dashed sub-

spectra summarize bulk and surface transitions with EM=0
and opposite b,M [hM = —1 in (a), 6M=+1 in (b}] due to in-

complete circular polarization, a nonvanishing angle between
photon spin and sample magnetization, as well as finite temper-
ature.

s s s I s

Binding Energy (eV)

FICx. 10. Surface-sensitive MCD-in-4f-PE spectra of
Tb(0001). The surface core-level shift of the isolated Tb-'S7/2
PE component allows a separate observation of the MCD effect
for the topmost surface layer and for the bulk.
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VI. SUMMARY AND PERSPECTIVES

The use of circularly polarized light in PE from fer-
romagnetically ordered Ln materials leads to very large
magnetic circular dichroism (MCD) effects: The intensi-
ties of the 4f and 4d PE components depend strongly on
the magnitude and orientation of sample magnetization
with respect to the photon spin of the exciting circularly
polarized soft x rays. In some relevant cases, like the Tb-
S7&2 4f PE component, the intensity of the 4f PE signal

is strong for one of the two orientations of magnetization
with respect to the photon spin, while it is almost fully
quenched for the other orientation (see Fig. 8). MCD in
4f PE thus allows to measure the magnetization of a
given sample, similar as spin-resolved PE, yet without the
need for time-consuming electron-spin analysis.

Due to the localized nature of the 4f electrons, MCD
in 4f PE can be described in an atomic picture. By use of
a simple multiplet theory, we can understand the effects
as a consequence of the dipole-selection rules. In a few
relevant cases (Cid, Tb- $7&2 ) one can use the illustrative
LS-coupling scheme in conjunction with the dipole selec-
tion rules to calculate the MCD effect. The results agree
reasonably we11 with those obtained by more accurate
intermediate-coupling calculations.

We suggest to use the MCD-PE asymmetry as an x-ray
polarimeter over a wide photon-energy range, from =-30
eV up to the hard x-ray region, and we give a first demon-
stration of its feasibility. At the (0001) surface of Ln met-
als, MCD in 4f PE can separate the magnetization
within the topmost atomic surface layer from the bulk
magnetization, making use of the surface core-level shift.
For Gd(0001), it reveals the existence of a large in-plane
surface magnetization oriented parallel to the bulk.

MCD in 4f PE from magnetically ordered Ln materi-
als opens new perspectives in the analysis of surface and
thin-film magnetism: (i) It allows to measure the magni-
tudes and the relative orientation of bulk and surface
magnetizations without the need for electron-spin
analysis, i.e., with the speed of conventional PE experi-

ments. In particular, MCD in 4f PE can be used to mea-
sure the element-specific magnetization in heteromagnet-
ic systems, such as advanced storage media for magneto-
optical recording ' or hard-magnetic materials containing
different lanthanides; this will be demonstrated in a forth-
coming publication. (ii) The sheer magnitude of the
MCD effect is very attractive for domain-imaging appli-
cations, offering high magnetic contrast, comparable with
or even higher than the one obtained presently by MCD
in x-ray absorption. "As an advantage, the surface sensi-
tivity is higher and can be varied continuously. This has
already motivated first experiments for magnetic imag-
ing. (iii) Exploiting the recently formulated sum-rules,
MCD in 4f PE has the potential to yield the orbital 4f
moment, carried by each individual Ln element in, e.g. ,
transition-metal/Ln intermetallic compounds. (iv) 4f PE
experiments, in which excitation by circularly polarized
light is combined with photoelectron-spin analysis,
MCD-in-4f-PE will directly measure the expectation
value of the inner product (L S); in such experiments,
the orbital angular momentum L is defined through the
circularly polarized light (MCD) and the spin S through
the axis of the electron-spin detector. An experimental
access to the strength of 4f spin-orbit coupling is impor-
tant for an improved understanding of the role of single-
ion anisotropies in the search for technologically relevant
thin magnetic films with perpendicular spontaneous mag-
netization.
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