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Abstract
We report on a systematic study of the temperature dependences of the mag-
netic exchange splittings of two different valence states across the lanthanide
series. Depending on the valence state, Stoner-like and spin-mixing behaviour
are observed, with vanishing and persisting magnetic splitting, respectively,
in the paramagnetic phases. The magnitudes of the splittings are found to
scale linearly with the 4f spin moment, with no anomalies observed in anti-
ferromagnetic phases. The results were obtained by means of angle-resolved
photoemission from thin metal films grown epitaxially on W(110). The films
were further characterized in situ in ultrahigh vacuum as regards their crystalline
and magnetic structures using x-ray scattering and resonant magnetic x-ray
diffraction, respectively.

1. Introduction

The electronic structure of lanthanide metals is a subject of continued interest, particularly
in connection with their magnetic properties. Since the lanthanide metals exhibit a large
variety of temperature-dependent magnetic structures including ferromagnetic, helical anti-
ferromagnetic, and ferrimagnetic conical phases [1–4], a rather complex situation can be
expected. The magnetic properties of the lanthanide metals are largely determined by the
atomic-like 4f moments, which persist in the solid state [5]. Due to negligible 4f overlap
between neighbouring sites, long-range magnetic order in lanthanide metals is induced by
indirect magnetic exchange via conduction electrons, the so-called Ruderman–Kittel–Kasuya–
Yosida (RKKY) interaction [6–8]. The RKKY coupling mechanism is particularly sensitive to
details of the Fermi surface, and the relation of the periodicity of the magnetic structures to so-
called nesting features is well established, both theoretically [2,5] and experimentally [9,10].
Most of the electronic structure studies carried out so far relate to the paramagnetic phases of
the lanthanide metals; i.e., the influence of magnetic ordering and the particular magnetic
structure on details of the temperature-dependent valence-electronic structure are largely
unexplored. On the other hand, experimental techniques used for magnetism studies, such
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as the magneto-optical Kerr effect and resonant magnetic x-ray scattering techniques, involve
the magnetic exchange splitting and spin polarization of the valence states and require a detailed
understanding of their temperature dependences.

In the context of the relationship between electronic structure and magnetic ordering, the
most studied lanthanide is Gd metal due to its role as a prototype local-moment ferromagnet
[11–21]. The first observation of a temperature-dependent magnetic exchange splitting in Gd
metal by means of angle-resolved photoemission (PE) was reported by Kim et al for the �2

valence states [11]. This study revealed that the splitting vanishes at the bulk Curie temperature,
TC , closely following the magnetization. Resembling the characteristics of the valence states
according to the Stoner model of band ferromagnetism [22–24], this behaviour is referred to
as Stoner-like. It should be noted, however, that for a non-collinear magnetic structure, as
in Gd metal at finite temperatures, the valence-electron spin is not a good quantum number
and the notion of exchange splitting between majority- and minority-spin states in the sense
of the Stoner model is therefore not correct [25]. This is due to the fact that the projection
of a given valence state on the macroscopic 4f magnetization direction contains both spin
directions, a feature that is often called spin mixing. Consequently, theoretical studies predict
rather complex temperature dependences of magnetic exchange splitting and spin polarization
besides the Stoner-like behaviour, including a persistent splitting above TC [12–14, 25].

The search for pronounced spin-mixing behaviour and temperature-independent magnetic
splitting raised some controversy, particularly in connection with the magnetic exchange
splitting of the surface states on the close-packed surfaces of the trivalent lanthanide metals
[15–19, 26]. Since the surface states are only partially occupied, they can be accessed neither
by angle-resolved PE nor by inverse PE alone. The close proximity to the Fermi energy
complicates the determination of their binding energies (BEs) by either of the two methods,
and data suggesting Stoner-like [16, 17] as well as persistent splitting above TC [15] were
obtained. Particularly useful in this regard has been scanning tunnelling spectroscopy, which
is capable of probing both occupied and unoccupied states in the vicinity of EF in a single
experiment. By this method, the surface states on Gd(0001) and Tb(0001) were shown to
exhibit finite residual splittings above the highest magnetic ordering temperature, T ∗, i.e., the
Néel temperature TN in the case of Tb [18, 19, 26, 27]. However, while for ferromagnetic Gd
the splitting above T ∗ was found to be constant, a further decrease was observed in the case
of Tb. This latter behaviour was explained by assuming persistence of temperature-dependent
short-range antiferromagnetic correlations above TN [26].

This contribution presents the results of systematic angle-resolved PE studies of the
magnetic exchange splittings of two distinct valence states across the lanthanide series,
revealing Stoner-like behaviour in one case and spin mixing in the other. The former is
displayed by the above-mentioned �2 states, which are the most pronounced bulk states in
the PE spectra recorded from the close-packed surfaces of the trivalent lanthanide metals.
The latter behaviour is observed for fully occupied surface states, which can be prepared by
oxygen adsorption on these surfaces. The method of choice for studying magnetic exchange
splitting was angle-resolved PE, which provides direct information on occupied electronic
states. PE studies require very clean surfaces, which is a rather delicate issue in the case of
the lanthanide metals. Therefore, the present studies were carried out on thin films grown on
W(110) in ultrahigh vacuum (UHV), a method that has up to now provided the best samples
in this respect. Besides the PE studies, the films were further characterized by means of x-ray
scattering and resonant magnetic diffraction (XRD).

Employing these techniques, the experiments were carried out at different synchro-
tron radiation facilities. The angle-resolved PE studies were mainly performed at the
Berliner Elektronenspeicherring für Synchrotronstrahlung (BESSY I) using a VSW ARIES
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hemispherical electron energy analyser [21]. Additional PE experiments were carried out
with a Scienta SES 200 analyser operated in angle-resolving mode and using 40.8 eV photons
generated by a high-flux He resonance lamp selected by a grating monochromator. XRD and
resonant magnetic XRD experiments were performed at the ID10 A beamline (Troı̈ka) of the
European Synchrotron Radiation Facility (ESRF) [28], utilizing a compact UHV chamber [29].

2. Sample preparation

2.1. Clean metal surfaces

PE and XRD studies were carried out in different experimental set-ups, with the samples,
however, being prepared in an identical way in situ in UHV with base pressures of <10−10 mbar.
Gd, Tb, Dy, Ho and Lu metal films, with thicknesses between 100 Å and 300 Å, were deposited
on W(110) at room temperature and subsequently annealed for a short time. 99.99% pure
metals were evaporated from Ta crucibles heated by electron bombardment.

The trivalent heavy lanthanide metals grow in the form of close-packed planes of the hcp
crystal structure on W(110). Accordingly, the films exhibit hexagonal low-energy electron
diffraction (LEED) patterns with rather sharp spots that indicate well-ordered surfaces. This
is in accordance with XRD results that establish high crystallinity throughout the entire films.
To give an example, figure 1 displays the specular reflectivity of a 77 Å thick Ho film as
a function of the scattering vector q, given in units of the (non-primitive) reciprocal-lattice
parameter c∗ of the hcp lattice of Ho. The Bragg peak corresponding to diffraction by the
close-packed planes occurs at q = 2c∗. The reflectivity curve displays oscillations at low
scattering vectors, the so-called Kiessig fringes [30,31]. These oscillations are well resolved,
indicating homogeneous film thickness and rather small roughnesses both at the surface and at
the film/substrate interface [31]. Due to the finite number of layers contributing to the coherent
diffraction signal, the (002) Bragg reflection does not consist of a single sharp peak but instead
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Figure 1. Specular x-ray reflectivity of a 77 Å thick Ho film grown on W(110), recorded with a
photon energy of 8074 eV. The inset displays oscillations of the x-ray reflectivity at a fixed scattering
vector during the growth of Ho on W(110).
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exhibits pronounced side maxima, the so-called Laue oscillations [32]. The periods of the
Kiessig fringes and of the Laue oscillations are identical, establishing crystalline coherence
of the close-packed layers across the whole film. The transverse width measured at the (002)
Bragg peak is ≈0.04◦, which comes close to the mosaic spreads of high-quality bulk single
crystals [33].

The inset in figure 1 displays the x-ray reflectivity recorded at a fixed scattering vector
of q = 0.7c∗ during the growth of Ho on W(110). Due to the rather well-defined layer-by-
layer growth, pronounced oscillations in the reflected intensity were observed [29]. These
oscillations are essentially determined by the interference of x-rays scattered from the film
surface and the film/substrate interface, since in the case of hard x-rays, the penetration depth is
large compared to the film thickness during the whole growth process. The growth–oscillation
period does not correspond to a single atomic layer, but exhibits a distinct dependence on the
scattering vector in the case of heteroepitaxy [29]. At film thicknesses exceeding ≈30 Å,
the oscillations are regular, with decreasing amplitudes due to increasing film roughness. In
the initial stages of deposition, both the phases and the amplitudes of the oscillations behave
irregularly, which provides detailed information on the dynamics of the growth process, since
these irregularities are due to the relaxation during the growth of film layers close to the
substrate [29, 34].

Epitaxial lanthanide metal films grown in this way exhibit very clean surfaces with no
contamination detectable by means of surface-sensitive PE [35]. This is shown in figure 2
for the example of an epitaxial Gd metal film. The bottom spectrum was recorded directly
after deposition at low temperatures, i.e., from a strongly disordered film. Accordingly, the
4f-spectral features around 8.5 eV binding energy (BE) are rather broad and the emission from
valence states in the vicinity of the Fermi energy EF contains contributions from various parts
of the Brillouin zone. Note the absence of any features around 6 eV and 4 eV BE, which would
indicate the presence of oxygen or hydrogen, respectively [36, 37].
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Figure 2. Angle-resolved photoemission spectra recorded in normal-emission geometry from an
≈100 Å thick Gd film directly after deposition on W(110) at 25 K (bottom) and upon annealing at
700 K for ≈5 seconds (top).

Upon annealing, all features sharpen substantially, as seen in the top spectrum of figure 2.
The 4f features exhibit two well-resolved components due to emission from atoms in the
bulk (b) and in the topmost surface layer (s), separated by a surface core-level shift (SCS) of
≈290 meV [38]. The valence-band emission displays three distinct features. Two broad peaks
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at a BE of ≈2 eV are due to emission from the �2 bulk band states [11], split into majority
and minority components at low temperatures [11, 39]. The most pronounced feature in the
top spectrum of figure 2 close to EF is due to emission from the surface state S, a common
feature of all close-packed surfaces of the trivalent lanthanide metals [40]. While the �2

states are fully occupied, the minority component of the surface state is located well above the
Fermi energy and is hence not accessible to PE. It turns out, however, that a fully occupied
magnetic surface state can be prepared on the close-packed lanthanide surfaces by adsorption
of a monolayer of oxygen [41–43].

2.2. Surface oxides

Dosing ≈1 Langmuir (10−6 Torr s) of molecular oxygen onto the close-packed surfaces of
the trivalent heavy lanthanide metals at room temperature and subsequent annealing leads to
the formation of well-ordered adsorbate systems. The annealing temperature is limited by the
onset of oxygen desorption, occurring at ≈350 K in the case of Gd, but not below 700 K in
the case of Lu. These oxygen adsorbate systems are well ordered, exhibiting sharp (1 × 1)
LEED patterns.

However, the adsorption of oxygen does not yield the trivalent sesquioxides Ln2O3, which
are the well-known stable bulk compounds. Instead, the adsorbate phases are characterized by
rather different electronic structures, as shown in figures 3 and 4 for the examples of Lu and
Gd, respectively. The right-hand panel of figure 3 displays angle-resolved PE spectra of an
almost clean Lu film, upon oxygen adsorption and subsequent annealing, and of a thin film of
the sesquioxide Lu2O3, recorded at hν = 40 eV. At this photon energy, the latter two spectra
are dominated by emission from O 2p states. While the Lu2O3 spectrum is characterized by a
broad multi-component feature, the adsorbate phase exhibits a rather sharp peak at ≈6 eV BE.
The lower two spectra of the right-hand panel in figure 3 indicate substantial changes in the
valence-band region upon oxygen adsorption. The surface state S is essentially suppressed,
while a new peak S2 is observed around 1 eV BE, which turns out to represent an oxygen-
induced surface state characteristic of all lanthanide metals of the present study. It should
be noted that Lu2O3 does not display any PE intensity in the region of the Fermi energy, as
expected for an insulating oxide.
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metal (bottom spectra), after preparation of the surface oxide, and from Lu2O3.
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Figure 4. Photoemission spectra of Gd(0001) at various stages of oxygen exposure �. Left
panel: 4f spectra recorded at the maximum of the 4d → 4f resonance. The inset shows a
corresponding spectrum recorded from a thin film of the sesquioxide Gd2O3. Right panel: angle-
resolved photoemission spectra illustrating the concomitant changes in the vicinity of the Fermi
energy.

The distinct difference between the oxygen adsorbate phase and the sesquioxide is also
reflected in the 4f spectra of the left panel, recorded at hν = 120 eV. At this photon energy, the
PE cross section of 4f states is large. Hence the 4f-spectral features can be clearly distinguished
from the otherwise dominating O 2p emission. Lu metal with a fully occupied 4f shell in the
ground state exhibits a 4f13 final-state doublet with well-resolved bulk (b) and surface (s)
components. Upon adsorption of oxygen, s is completely suppressed. Two new components,
labelled b2 and s2 are observed, which can be assigned to Lu subsurface and surface atoms,
respectively [41]. In the case of s2, the chemical shift with respect to s has a comparably large
value of 470 ±50 meV. This characterizes the adsorption process as chemisorption rather than
weak physisorption [44, 45], supporting the notion of a surface oxide. The 4f spectrum of the
surface oxide, characterized by emission from three Lu species with well-defined chemical
environments, is distinctly different from that of the single broad doublet of Lu2O3.

The reaction of oxygen with the close-packed surfaces of trivalent lanthanide metals is
confined to the topmost layer and affects the surface and the subsurface layers only, with
negligible diffusion of oxygen into the bulk. This can be inferred from the left panel of
figure 4, which displays 4f PE spectra recorded from the clean Gd(0001) surface and after
two steps of oxygen adsorption. The spectra were recorded with a photon energy of 148.5 eV,
corresponding to the maximum of the 4d → 4f resonance, where the 4f PE cross section is
most strongly enhanced. This allows a detailed analysis of the 4f spectra without interfering
contributions from O 2p emission. The spectra can be decomposed in terms of the four
different contributions already observed in the spectra of figure 3. The spectrum of the clean
film (bottom) consists of b and s (cf. figure 2). Upon oxygen adsorption, the intensity of s

decreases, being balanced by the increase of s2. This behaviour characterizes the adsorption of
oxygen as a pure surface reaction with negligible diffusion of oxygen into the bulk of the film.
The decrease of b is balanced by the increase of b2, which is not as well resolved here as in the
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case of Lu. Nevertheless, it can be distinguished as a shoulder to b in the top spectrum, and its
contribution is necessary for a consistent description of the spectra in figure 4. Again, the 4f
PE spectrum of the surface oxide is different from that of the sesquioxide Gd2O3, displayed in
the inset of the left panel.

The right panel of figure 4 displays angle-resolved PE spectra in the vicinity of the Fermi
energy at various stages of oxygen adsorption, recorded in normal-emission geometry with
a photon energy of 35 eV. While all of the spectra were recorded at low temperatures, the
film was annealed to 345 K after each exposure step in order to provide well-ordered surfaces.
These spectra provide a detailed overview on the concomitant changes in the valence-electronic
structure. The top spectrum displays the same valence-band features as shown in figure 2. With
increasing oxygen dosage, the intensity of the surface state S decreases, while two new features
S2 develop in the Gd case, in contrast to the single peak of non-magnetic Lu (cf. right panel of
figure 3). These two S2 features are assigned to the exchange-split components of an oxygen-
induced surface state. The surface-related character of S2 can be inferred from the fact that the
reaction of oxygen occurs only at the surface. It is further corroborated by the lack of dispersion
upon changing the photon energy, i.e., the electron momentum perpendicular to the surface, as
expected for a two-dimensional electronic state [42]. Obviously, this oxygen-induced surface
state—unlike S—is fully occupied, with both exchange-split components accessible to PE
investigations.

In the following, the temperature dependences of the magnetic splittings of both the �2

states and S2 will be discussed on the basis of a systematic study across the lanthanide series.
Before turning to this discussion, however, another important aspect in the present context is
addressed, namely whether the bulk magnetic structures of the lanthanide metals persist in thin
films grown on W(110).

3. Magnetic structure of thin lanthanide metal films on W(110)

As mentioned in the introduction, epitaxial lanthanide metal films grown in situ in UHV
constitute the preferred samples for PE studies. For such thin films, however, the persistence
of the bulk magnetic properties cannot be anticipated. Since the magnetic structures of
the lanthanide metals are determined by a delicate temperature-dependent balance between
RKKY interaction and magnetostrictive energies as well as crystalline anisotropy [5, 46],
modifications can be expected to occur in thin films due to the influence of interfaces. This
has been observed, e.g., for Dy superlattices, where either ferromagnetic or helical phases
can be suppressed, depending on the strain induced by the respective adjacent layers [46, 47].
Therefore, an interpretation of the PE data in connection with the magnetic structures requires
further characterization of the films, which was achieved here by employing the method of
magnetic XRD.

Up to the present work, studies of thin-film magnetic structures by means of magnetic
neutron or x-ray diffraction have been carried out on ex situ prepared samples capped by
protective layers. Such cap layers, on the other hand, can alter the magnetic structure. It is
therefore mandatory to characterize the same films as are studied using PE, an undertaking
that has only recently been achieved by in situ resonant magnetic XRD in the cases of Ho
metal [21] and Dy metal [48].

With the availability of high-intensity x-ray beams at synchrotron radiation facilities,
magnetic XRD applied in the study of magnetic structures has become a competitive method.
Although the magnetic scattering cross section is usually smaller by orders of magnitude than
that of charge scattering [49], an improved contrast between magnetic and charge scattering
can be obtained by employing a polarization analysis of the scattered x-rays. This exploits
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the fact that the magnetic scattering process involves a rotation of the x-ray polarization by
90◦, which is not the case for charge scattering. With incoming σ -polarized x-rays, magnetic
contributions can be distinguished in the π -polarization channel of the scattered intensity [50].

Magnetic scattering can be further enhanced by tuning the photon energy to a core-
excitation resonance. Depending on the exchange splitting and the spin polarization of the
unoccupied states involved in the resonance excitation, a substantial increase of the magnetic
scattering cross section can be achieved [51], ranging from ≈50 at lanthanide L3 edges [52]
to several orders of magnitude at lanthanide M5 edges that involve dipole transitions into the
4f states [53].

The magnetic XRD method can be readily applied to antiferromagnetic systems, since
magnetic superstructure diffraction peaks and those from charge scattering are usually well
separated in momentum space. For thin films, however, additional difficulties occur. To begin
with, the number of scatterers and, hence, the total scattered intensity are strongly reduced.
In addition, diffraction features are no longer single narrow peaks but are spread over a larger
region in momentum space (cf. figure 1), which gives rise to a strong charge background at
the position of the main maximum of the magnetic superstructure reflection.

This is illustrated in figure 5 for the case of Ho metal, characterized by a helical anti-
ferromagnetic structure over a wide temperature range between ≈20 K and the Néel temp-
erature TN ≈ 131 K. In this structure, the 4f moments are ferromagnetically ordered in the
close-packed planes and the magnetic moments form a helix along the c-axis of the hcp lattice.
The helix period is ≈10 ML at 40 K [33], corresponding to a wave vector of τ ≈ 0.2c∗. The
data of figure 5 were recorded at hν = 8074 eV, corresponding to the maximum of the L3

resonance. The top curve displays the specular reflectivity of a 113-monolayer-thick Ho film
around the (002) Bragg peak recorded in the σσ -channel. Here, the magnetic superstructure
peaks are concealed by the Laue oscillations of the chemical Bragg peak. A contrast is obtained,
however, when the reflected x-ray intensity is detected in the π -channel, as seen in the bottom
curve of figure 5. In this case, the charge scattering is suppressed by a factor of ≈500, and the
magnetic superstructure peaks are clearly visible. Thus, the temperature-dependent magnetic
structure of a Ho film 113 ML thick can be readily characterized, as shown in the inset. The
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demonstrating the magnetic contrast enhancement by polarization analysis. The inset shows the
temperature dependence of the magnetic superstructure satellite.
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intensities and the positions of the magnetic satellites as a function of temperature are found
to be the same as for bulk Ho (cf. figure 11, later) [21], demonstrating that for thin Ho films
on W(110) the bulk magnetic structure persists at least down to this thickness. Similarly, the
well-known helical magnetic structure of Dy metal in the antiferromagnetic phase has recently
also been observed for thin Dy films grown on W(110) [48].

A characterization of even thinner films by means of magnetic XRD gets more and more
demanding. With hard x-rays at the Ho L3 edge, the limit for thin-film studies has been found
to be of the order of 30 ML [54]. This limit, however, has recently been lowered by the resonant
magnetic x-ray diffraction at the Ho M5 edge. By an increase of the magnetic scattering cross
section by several orders of magnitude, the sensitivity is increased to permit studies at least
down to ≈10 monolayers [53].

Having established that the bulk magnetic structure of Ho metal persists in thin epitaxial
films on W(110) at least down to 113 monolayers, a consideration of the magnetic exchange
splitting in connection with the helical antiferromagnetic structure is possible.

4. Temperature dependence of magnetic exchange splitting

The observation of a Stoner-like magnetic splitting of the �2 states in Gd metal [11] initiated
a number of theoretical studies of the temperature-dependent electronic structure of local-
moment magnetic systems [12–14, 25].

Nolting et al applied a many-body approach to calculate the magnetic splitting and spin
polarization of various valence states, using a phenomenological temperature-dependent 4f
magnetization [13, 14]. Considering two extreme cases, itinerant s-like states at higher BEs
were found to be sensitive to long-range magnetic order, with an energy splitting that essentially
reflects the net magnetization and hence vanishes at the Curie temperature, TC . In contrast,
the splitting of more localized d-like states in the vicinity of the Fermi energy, EF , depends
only on the temperature-independent local 4f moment and was hence found to be essentially
temperature independent, persisting in the paramagnetic phase. For various states within the
band structure, usually a mixture of these two limiting cases was found.

The influence of the temperature-dependent magnetic order on the band structure of Gd
was also studied by Sandratskii and Kübler using a model that allows a finite angle between
the 4f moments in adjacent close-packed layers [12, 25]. In this model, the 4f magnetic
structure can form a helix along the crystallographic c-axis of hcp Gd. This structure imposes
a generalized translational symmetry, which allows a calculational treatment. In this model,
the fully ordered ferromagnetic phase at zero kelvins is reproduced by an infinite helix period,
while increasing temperatures are simulated by a decreasing helix period. The results obtained
with this model resemble those of Nolting et al, revealing a complex temperature-dependent
redistribution of minority- and majority-spin contributions in the valence band. Also in these
calculations, states at higher BEs were found to show Stoner-like behaviour [12]. Interestingly,
substantial magnetic splitting is observed down to a helix period of ≈4 monolayers [12]. Since
the model used by Sandratskii and Kübler reproduces exactly the magnetic structure of Ho,
magnetic exchange splitting can be expected in the helical antiferromagnetic phase despite the
zero net magnetization.

4.1. Stoner-like behaviour: �2 bulk states

The Stoner-like temperature dependence of the �2 splitting was originally interpreted as
reflecting the macroscopic magnetization [11]; the behaviour of the exchange splitting in
antiferromagnetic lanthanide metals, however, reveals that this is not necessarily true [21].
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Figure 6 displays angle-resolved PE spectra of Gd, Ty, Dy and Ho, recorded with a
photon energy of 35 eV that corresponds to an initial-state electron wave vector close to the
�4 point of the Brillouin zone [11]. The spectra were recorded at temperatures well below the
respective highest magnetic ordering temperatures. At the given temperatures, Gd, Tb and Dy
are ferromagnetic, while the Ho film is in the helical antiferromagnetic phase, as verified by
magnetic x-ray diffraction. All metals show magnetic splitting, which decreases from Gd to
Ho. In the case of Ho, the splitting is not as well resolved as in the other cases; nevertheless,
a shoulder can be clearly distinguished.
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Figure 6. Angle-resolved PE spectra recorded in normal-emission geometry (except for Tb) from
the (0001) surfaces of the given heavy lanthanide metals. In order to avoid an overlap with the 8S

multiplet component of the 4f emission, the Tb spectrum was recorded at an emission angle of 8◦
off normal; in this way the �2 emission was shifted to lower BE. In normal emission, hν = 35 eV
corresponds to an initial-state electron wave vector close to the �4 critical point.

An overview of temperature-dependent PE spectra of the four lanthanide metals studied
is given in figure 7, revealing a rather systematic behaviour with a Stoner-like decrease of the
magnetic splitting up to the respective highest magnetic ordering temperature in each case.
The spectra were analysed using two symmetric Lorentzian-shaped components for the �2

states and an additional component for the surface state S; a triangular background as observed
for polycrystalline films (cf. figure 2) was used to account for contributions from other parts
of the Brillouin zone. In this way, consistent fits of all of the spectra in figure 7 were obtained.

The essential results of these fits are shown in figure 8. The left panel displays the reduced
magnetic splittings �E(T )/�E(0) plotted versus the reduced temperature T/T ∗, where T ∗

denotes the respective highest magnetic ordering temperature of each lanthanide metal. The
�2 states of all lanthanides exhibit the same Stoner-like behaviour, with the magnetic exchange
splittings essentially vanishing in the paramagnetic phases. The right panel of figure 8 displays
the zero-temperature splittings �E(0) readily obtained by extrapolation; it establishes that the
magnetic exchange splittings depend linearly on the 4f spin moment. While such a scaling
has been anticipated for the lanthanide metals [55, 56], the present data represent a direct
experimental observation. Figure 8 demonstrates that the relevant temperature scale for the
magnetic splitting is not given by the ferromagnetic ordering temperature TC but instead by
the highest magnetic ordering temperature T ∗. Furthermore, no anomaly has been observed
in the antiferromagnetic phases, with the splitting not even being reduced in Ho, despite the
vanishing net magnetization.
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Figure 7. Temperature-dependent angle-resolved photoemission spectra of Gd, Tb, Dy and Ho in
normal-emission geometry.
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This latter result shows that the magnetic exchange splitting of �2 band states, albeit
exhibiting Stoner-like temperature dependence, does not necessarily reflect the macroscopic
magnetization of the system. A consistent picture for the Stoner-like temperature dependence
of the �2 splitting and its scaling with the full 4f spin moment in the helical phase can be
obtained by assigning the magnetic splitting of the �2 states, at least in Ho metal, to the
magnetization of a magnetic subsystem, namely the ferromagnetically ordered close-packed
(0001) planes. In this case, the relevant temperature would be TN rather than TC . Such a
behaviour can be explained by assuming a wave function with considerable itineracy in the
basal plane and a higher degree of localization with respect to the c-axis direction [21].
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4.2. Magnetic splitting of oxygen-induced surface states

While the �2 band states exhibit essentially a Stoner-like temperature dependence of the
magnetic splitting, characteristics of spin-mixing behaviour are observed for the oxygen-
induced surfaces states described above.

Figure 9 gives an overview of temperature-dependent PE spectra, recorded from the surface
oxides of Gd, Tb, Dy and Ho and, for comparison, also Lu. The best-resolved magnetic splitting
of the oxygen-induced surface state s2 is observed in the case of Gd at low temperatures;
this splitting decreases with increasing temperature. In contrast to the case for the �2 band
states, however, the splitting clearly remains finite even above the Curie temperature of Gd
(TC = 293 K), as can be inferred from the asymmetry of the high-temperature spectra. As
in the case of the �2 band states, the splitting decreases with decreasing 4f spin moment,
behaving in an analogous systematic way. Also in this case, a consistent fit analysis of the PE
spectra could be carried out, using two symmetric Lorentzians to describe S2. It is important
to note that the spectra of non-magnetic Lu can be readily described by a single symmetric
line for all temperatures. This supports the interpretation of the spectra of the magnetically
ordered lanthanide metals in terms of magnetic splitting and further demonstrates that a finite
splitting persists in the paramagnetic phases of these lanthanides.
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Figure 9. Temperature-dependent angle-resolved photoemission spectra recorded from the surface
oxide phases of Gd, Tb, Dy and Ho in normal-emission geometry.

The results of the fit analyses are shown in figure 10, revealing a systematic behaviour
also in the case of the oxygen-induced surface states. The left panel shows that the magnetic
splittings, despite decreasing with increasing temperature, persist in the paramagnetic phases
above the respective highest magnetic ordering temperatures. Such a behaviour is typical for
states with pronounced spin mixing [14], which hence can be assigned to the oxygen-induced
surface states, although no spin analysis was performed in the present study.
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from tunnelling spectroscopy [27]) are included.

The right panel of figure 10 summarizes the scaling behaviour of the various splittings,
including the zero-temperature splittings of the �2 band states (solid circles) and of the surface
states S of the clean lanthanide metal surfaces (solid diamonds). The figure demonstrates that
all splittings depend linearly on the 4f spin moment. In the case of the oxygen-induced
surface states, this is true for the zero-temperature splittings (open squares) as well as for the
persisting splittings above T ∗ (open circles). This indicates that the persisting splittings in
the paramagnetic phase of states with pronounced spin-mixing behaviour are indeed caused
by the local exchange interaction with 4f spin moments even in the absence of long-range
magnetic order. The magnitudes of the splittings depend on the strength of the local exchange
interaction. They are largest for �2 band states, while they are distinctly smaller in the case
of S2. This is in accordance with S2 containing substantial admixture of O 2p states [42, 43]
that reduces the overlap at the 4f site.

5. Conclusions

In this contribution, a systematic study of magnetic exchange splitting in the lanthanide metals
was presented for the example of two distinct valence states, the �2 bulk band states and the
oxygen-induced surface states. In accordance with theoretical considerations, it was found
that the splitting does not necessarily reflect the macroscopic magnetization, but may depend
in a more complicated way on the magnetization of a subsystem or even on the size of the local
4f magnetic moment only.

While this was shown here for two particular states, similar complexities can be expected
in other parts of the Brillouin zone, depending on the correlation length of the corresponding
wave function. In the case of unoccupied states in the vicinity of EF , this may have important
implications for resonant magnetic XRD. The square root of the integrated magnetic satellite
intensity (figure 5) is generally used as a measure of the order parameter of the helical phase,
the so-called staggered magnetization [33]. While this is true for non-resonant magnetic
x-ray scattering studies, resonant magnetic XRD at the L2,3 edges involves transitions into
unoccupied 5d states and may hence turn out to be more complicated. Thus, changes in the
5d band polarization have been considered to account for an unusual temperature dependence
of the L3/L2 branching ratio in DyFe4Al8 [57].
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Along these lines, an interesting observation can be made by comparing the magnetic
exchange splitting of �2 band states with the temperature dependence of the square roots of
the intensities of the magnetic (0 0 2−τ ) satellite in Ho metal, as shown in figure 11. The latter
(open circles) can be essentially described by a power law, using the bulk values of the critical
exponent β = 0.39 and of TN = 131.4 K (solid line) [33]. The magnetic exchange splittings
(solid squares), on the other hand, display a similar behaviour, suggesting that both reflect
the same quantity, namely the ferromagnetic order of the close-packed (0001) planes. On the
basis of the present data, which still show substantial scatter, this is rather speculative. It is
interesting to note, however, that the temperature dependence of the magnetic satellite intensity
of Ho is not fully understood since the corresponding critical exponent β, based on resonant
magnetic XRD results, does not exhibit a mean-field scaling; in addition, the universality class
of the helical antiferromagnets is still unclear [4].
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Figure 11. Temperature dependences of the Ho �2 splitting (solid squares) and of the square root
of the integrated (0 0 2 − τ) magnetic XRD intensity (open circles). The solid curve represents a
power-law dependence with bulk TN = 131.4 K and critical exponent β = 0.39 [33].
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[12] Sandratskii L M and Kübler J 1993 Europhys. Lett. 23 661
[13] Nolting W, Dambeck T and Borstel G 1993 Z. Phys. B 90 413
[14] Nolting W, Dambeck T and Borstel G 1994 Z. Phys. B 94 409
[15] Li D, Pearson J, Bader S D, McIlroy D N, Walfried C and Dowben P A 1995 Phys. Rev. B 51 13 895
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377–379 487
[36] Li D, Zhang J, Dowben P A and Onellion M 1993 Phys. Rev. B 48 5612
[37] Zhang J, Dowben P A, Li D and Onellion M 1995 Surf. Sci. 329 177
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[54] Weschke E, Schüßler-Langeheine C, Mazumdar C, Meier R, Kaindl G, Sutter C and Grübel G 1998 Magnetism
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