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The magnetic splitting of A, valence states in the heavy lanthanide metals Gd, Th, Dy, and Ho was
studied in epitaxial films by angle-resolved photoemission, revealing an essentially Stoner-like tempera-
ture dependence in all cases. It scales linearly with the 4/ spin moment, even in the case of the helical
antiferromagnet Ho. Such a behavior can be explained by a substantial localization of the corresponding
wave function in the ¢ direction. The helical magnetic structure was confirmed for the thin Ho films by

in situ resonant magnetic x-ray diffraction.

PACS numbers. 75.25.+2z, 61.10.—i, 73.20.At, 79.60.Bm

The magnetic properties of the lanthanide elements are
strongly determined by the local 4f moments, which per-
sist in the solid state. These metals exhibit a variety of
temperature-dependent magnetic structures, including fer-
romagnetic, conical, and helical antiferromagnetic phases
[1-6]. At low temperatures, the heavy lanthanide metals
Gd to Tm are characterized by magnetic structures with
finite net magnetization. Above their respective Curie
temperatures T¢, however, they exhibit antiferromagnetic
phases with vanishing net magnetization, except for Gd.
Accordingly, Th to Tm are further characterized by a Néel
temperature Ty [1,3]. While it is well established that
the magnetic ordering is induced by an indirect exchange
between the local 4f moments via conduction electrons
(RKKY interaction) [3], theinfluence of magnetic ordering
on the valence-electronic structure is largely unexplored
and has been discussed essentially only for ferromagnetic
Gd [7-15].

The most direct information about well-defined occu-
pied electronic states can be obtained from angle-resolved
photoemission (PE), reveadling for ferromagnetic Gd a
temperature-dependent magnetic splitting of A, valence
states, with a Stoner-like collapse at T¢ [8]. Resonances
observed in the optical reflectivity of lanthanide metals,
on the other hand, have been interpreted in terms of a
temperature-independent magnetic splitting [16]. These
resonances have been observed in the antiferromagnetic
phases as well [16,17], indicating that the magnetic
splitting is not related to the net magnetization and that
the relevant temperature scale is given by the highest
magnetic ordering temperature Ty .

The temperature dependences of magnetic splitting and
spin polarization of valence states in ferromagnetic Gd
metal were theoretically studied by Nolting et al. [11].
Considering two extreme cases, itinerant states were found
to be sensitive to the net magnetization, behaving essen-
tialy Stoner-like, while the splitting of strongly localized
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states was shown to be independent of long-range order,
persisting even in the paramagnetic phase above T¢ [11].

A more complex magnetic structure has been theoreti-
cally addressed by Sandratskii and Kubler [10]. They
studied an antiferromagnetic structure, consisting of
ferromagnetically ordered close-packed planes, with the
moments of neighboring planes being rotated by some
angle, forming a helix along the ¢ axis. Modeling the
temperature-dependent decrease of the 4/ magnetization
of Gd by a decrease of the helix period, the model
could reproduce the Stoner-like decrease of the magnetic
splitting.  Interestingly, this model applies directly to
the antiferromagnetic structure of Ho, except for the
magnitude of the 4f spin moment. The calculations
revealed essentially the same splitting for a helix period
of =10 monolayers (ML), as observed in Ho, as for an
infinite helix period, i.e., the ferromagnetic case [10]. A
substantial splitting may therefore also be expected in the
antiferromagnetic phases of the lanthanide metals.

In this Letter, we present a systematic study of the mag-
netic splitting of valence states in Gd to Ho by means of
temperature-dependent PE, with particular emphasis on an-
tiferromagnetic Ho. The metals were studied as epitaxial
films on W(110), which, in contrast to bulk single crys-
tals, readily provide the high surface quality required for
PE [13]. For such films, the existence of the bulk magnetic
structures cannot be anticipated, since they result from a
delicate balance between RKKY interaction and magne-
tostriction, which may be modified due to shape anisotropy
[18,19] and strain-induced magnetocrystalline effects [20].
In order to rule out substrate-induced ferromagnetism, the
essential question of the magnetic structure of the Ho films
was therefore addressed by in situ resonant magnetic x-ray
diffraction (XRD).

Accordingly, the studies were carried out in two differ-
ent experimental setups, equipped for PE and XRD, re-
spectively. In both setups, lanthanide-metal films were
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grown in the same way on the same W substrate in ul-
trahigh vacuum with base pressures of <107 mbar, as
described in Refs. [13,15]. Film thicknesses between 100
and 300 A were determined with a quartz microbalance
and, in case of Ho, also via x-ray reflectivity [21].

XRD experiments were performed at the ID10A beam
line (Troika) of the European Synchrotron Radiation Facil-
ity [22]. A photon energy of hv = 8074 €V waschosenin
order to take advantage of the =50-fold resonant enhance-
ment of the magnetic scattering intensity upon tuning to
the Ho-Ly; absorption edge [23]. The incident beam was
o polarized, while the scattered intensity was detected in
the 7r-polarization channel [4] using a graphite (006) ana-
lyzer crystal, suppressing the signal from charge scattering
by a factor of =500.

Figure 1 displays the intensity reflected from a113 ML
(=300 A) thick Ho film along the specular (001) direction
for various temperatures. The dominant intensity of the
(002) Bragg peak, even in the 7 channel, is due to imper-
fect polarization analysis. The Laue oscillations around
(002) are caused by the finite number of coherently scat-
tering planes [24]. This number agrees well with the
film thickness as determined from the reflectivity at small
angles, indicating crystalline coherence across the whole
film [21]. The increasing background is due to the crystal-
truncation-rod scattering from W(110) [25].

Asin the case of bulk Ho, magnetic satellites at (002 —
7) and (200 + 7) are observed due to the helical mag-
netic superstructure [4], with a helix period of =10 ML
at 41 K, characterized by the magnetic modulation vector
7. Within a deviation of =3% over the whole temperature
range, the helix period is the same as in bulk Ho [5]. A
bulklike behavior is also observed for the square root of
the integrated satellite intensity, generally used as a mea-
sure of the order parameter of the helical phase [5]. As
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FIG. 1. Resonant x-ray scattering froma 113 ML thick Ho film
aong the specular (007) direction, recorded in the 7= channel.
The length | of the scattering vector refers to the reciprocal
|attice parameter ¢* = 27 /¢ of hcp Ho. The inset displays the
number N of coherent magnetic planes.

demonstrated in Fig. 4, its temperature dependence can be
essentially described by a power law, using the bulk values
of the critical exponent 8 = 0.39 and of Ty = 1314 K
[5]. Another interesting property of the Ho filmsisinferred
from the width (=0.018¢*) of the magnetic satellite that is
due to the finite number of magnetic scattering planes. As
seen in the inset of Fig. 1, this number agrees with the
total number of film layers, revealing magnetic coherence
across the whole film for al temperatures studied. From
the XRD results, we can conclude that a bulklike helical
structure in Ho films on W(110) persists down to thick-
nesses of ~300 A [26].

Angle-resolved PE experiments were performed at the
TGM 5 and TGM 1 beam lines of the Berliner Elektro-
nenspeicherring fir Synchrotronstrahlung using a VSW-
ARIES analyzer, with an angular resolution of 2° and
a total-system energy resolution varying between 60 and
150 meV (FWHM).

The most pronounced bulk valence-band features ob-
served in angle-resolved PE from the (0001) surfaces of
hexagonal close-packed (hcp) lanthanide metals are dueto
emission from A, states[8,11]. Corresponding spectrafor
Gd, Tb, Dy, and Ho are displayed in the left panel of Fig. 2,
revealing a splitting of the A, states in two components at
low temperatures (vertical bars). For ferromagnetic Gd,
these components have been shown to be of mgjority and
minority character, respectively [9,12]. The spectra were
recorded in normal-emission geometry at hv = 35 eV,
corresponding to an initial electron wave vector close to
the center of the Brillouin zone, I'. In the vicinity of T,
the splitting turned out to be essentially constant. In the
case of Tb, the 8S component of the 47 final-state multi-
plet appears in the region of the A, emission. Therefore,
the Tb spectrum was recorded at an angle of 8° off normal
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FIG. 2. Angle-resolved PE spectra, recorded from the (0001)
surfaces of heavy lanthanide metals in normal-emission geom-
etry (except for Th; see text). Left panel: systematic behavior
of the A, splitting (vertical bars). Right panel: temperature-
dependent spectra for Ho.
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along T K, where the two contributions are well separated.
Thisisjustified, since the other lanthanide metals exhibit
no change of the splitting up to this angle. For Ho, the
splitting is comparably small; nevertheless, a shoulder can
be readily identified.

These spectrademonstrate amagnetic splitting of the A,
statesin the heavy lanthanide metals, with a systematic de-
creasefrom Gd to Ho. The magnetic origin of the splittings
was further confirmed by their temperature dependences,
as displayed for the case of Ho in the right panel of Fig. 2
[27]. In addition to the A, states around 1.8 eV binding
energy, these spectrainclude the surface-state emission (S)
a the Fermi energy [12,13]. They show that the split-
ting decreases with increasing temperature, with no spec-
tral changes observed above Ty (131.4 K).

For a quantitative description, the spectra were fitted
by two symmetric Lorentzians for the A, emission (solid
subspectra) and an additional line for S. The finite experi-
mental resolution was taken into account by a Gaussian
broadening. Identical fit procedures could be applied in
a consistent way to the spectra of all lanthanide metals
studied, resulting in the temperature dependences of the
magnetic splittings displayed in the left panel of Fig. 3.
In agreement with the results obtained previously for Gd
[8,12], all systems revea a Stoner-like behavior with a
splitting that essentially vanishes at the highest magnetic
ordering temperature, denoted here by 7* [28]. These data
show that T* defines the relevant temperature scale for
magnetic splitting, independent of the net magnetization.

The zero-temperature splittings, A E(0), readily obtained
by extrapolation, are displayed in the right panel of Fig. 3.
From Gd to Ho, AE(0) scaes linearly with the 4/ spin
moment, in accordance with the picture of local exchange
interaction between valence electrons and 4f moments
[2,3]. While such a scaling has been anticipated for the
lanthanide metals [29,30], the present data represent the
first direct experimental observation.

Unlike the other metals studied here, Ho remains an-
tiferromagnetic down to the lowest temperatures of the
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FIG. 3. Left panel: temperature dependence of the magnetic
splitting AE(T) of the A, states of various lanthanide metals,
normalized to the zero-temperature splitting, AE(0). 7 denotes
the highest magnetic ordering temperature in each case. Right
panel: zero-temperature splittings versus 4/ spin moment; the
solid line represents a linear relationship.
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present study. Nevertheless, the extrapolated A E(0) scales
systematically with the full 4f spin moment and the tem-
perature dependence of the magnetic splitting is the same
as for the other lanthanides. Obviously, the vanishing net
magnetization has no noticeable influence on the magnetic
splitting of the A, states. The substantial AE(0) of Ho
isin agreement with the helical model of Sandratskii and
Kubler [10]. The temperature dependence of the splitting,
however, cannot be understood in terms of a decreasing
helix period only. Without taking the increasing disorder
of the 4f moments within the close-packed planes into ac-
count, a Stoner-like collapse would require a decrease of
the period to <5 ML [10], while the XRD data establish
the persistence of the helix across the whole film with a
period of =7 ML up to Ty.

The influence of the decaying ferromagnetic order on
the valence-electronic structure in Gd was studied by Nolt-
ing et al. [11], revealing that a Stoner-like decrease of the
magnetic splitting corresponds to a delocalized wave func-
tion, which is sensitive to long-range ferromagnetic order.
Hence, AE(0) in Ho might be expected to vanish or at least
to be reduced by averaging the magnetization across sev-
eral planes aong the helix. Within this model, a consistent
picture of Stoner-like temperature dependence of the A,
splitting and its scaling with the full 4 spin moment in the
helical phase can be obtained by assuming awave function
with considerable itineracy in the basal plane and a high
degree of localization with respect to the ¢ axis. Such a
wave function would not sense the antiferromagnetic align-
ment of the close-packed planes along the ¢ axis, but only
the ferromagnetic order within the planes, which persists
in the antiferromagnetic phase.

Considerable localization of the A, states with respect
to the ¢ axisisindeed indicated by the experimentally ob-
served dispersion, with a substantially smaller bandwidth
along I'A than along I'K [8]. Anisotropic behavior of the
corresponding wave function with 73% ds,>—,> character
a I' is also revealed by band structure calculations [31],
which were performed for paramagnetic Ho within the
local density approximation.  Fitting a tight-binding
model to the calculated band structure results in hopping
parameters of =0.40 €V within the close-packed planes,
and =0.28 eV in the perpendicular direction. While
these considerations support our interpretation to some
extent, they cannot account quantitatively for the observed
behavior. A detailed theoretical study of the temperature-
dependent magnetic splitting, e.g., by combining the
approaches of Refs. [10] and [11], however, is beyond the
scope of the present paper.

Another interesting result is given by the similarities of
the temperature dependences of the (002 — 7) intensity
and of the A, splitting in Ho (Fig. 4). Since the latter is
presumably determined by the decay of the ferromagnetic
order in the close-packed planes, one might speculate on
a similar mechanism for the decrease of the magnetic-
satellite intensity, resulting from the decrease of the
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FIG. 4. Temperature dependences of the Ho A, splitting (solid
squares) and of the square root of the integrated (002 — 7)
intensity (open circles). The solid line represents a power law
with Ty = 131.4 K and B = 0.39 (from [5]).

magnetic moment of the planes rather than the decay of
the helical order. On the other hand, no indication for
such a mechanism is evidenced from the XRD studies
of the magnetic coherence lengths in bulk Ho at Ty,
neither within the close-packed planes nor along the ¢
axis [5]. There might, however, remain room for such
a speculation, since the temperature dependence of the
magnetic-satellite intensity in Ho is till not fully under-
stood, as the corresponding critical exponent 8 does not
exhibit a mean-field scaling and the universality class of
the helical antiferromagnets is still unclear [6].

In summary, a systematic angle-resolved photoemission
study of A, states at I' has been presented for Gd to Ho.
It establishes a linear scaling of the magnetic splitting of
these states with the 4/ spin moment, in agreement with
the concept of exchange between valence and localized
4f states. No anomaly is observed in the helical antiferro-
magnetic structures, revealing that T defines the relevant
temperature scalefor the splitting. Thisbehavior can bein-
terpreted in terms of a wave function with substantial con-
finement to the close-packed planes, being sensitive only
to the ferromagnetic order of the planes.
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