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An Elastic “Sieve” to Probe Momentum Space: Gd Chains on W(110)
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Electron scattering conditions of one-dimensional nanostructures are explored in angle-resolved
photoelectron spectroscopy. Tiny increments of the Gd submonolayer coverage on W(110) lead to strong
modifications in the spectra. It is shown that the Gd overlayer represents an elastic superlattice of chains
which performs a systematic mapping of the electronic band dispersion of the W substrate through a
quasicontinuous series of umklapp wave vectors. Conversely, a single valence-band spectrum contains
essential and precise structural information readily accessible by comparison to the band dispersion.
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Our knowledge of the electronic structure of solids is
largely based on measurements by angle-resolved photo-
electron spectroscopy since it is the only method to
deliver E(k) band dispersions of the valence electrons
[1]. These band dispersions determine many fundamental
properties like electrical conductivity, magnetism, opti-
cal properties, and mechanical properties along the vari-
ous crystallographic directions, and numerous data have
meanwhile been measured and compiled [2]. In order to
perform a band mapping experiment on a crystal, it has
been necessary to either exploit the conservation of the
electron momentum parallel to the surface k| by mea-
suring different emission angles of the photoelectron or
change the wavelength of the exciting photon source to
vary the perpendicular wave vector k| along a high
symmetry direction of the crystal [1].

With the exploration of the properties of ultrathin films
as two-dimensional quantum-well structures, another
method to determine E(K) has been devised [3]. It was
realized that the interface between the film and the crys-
talline substrate on which it is grown can serve as a
sufficient scatterer for electrons to lead to electron con-
finement similar as with light waves in an optical Fabry-
Perot interferometer. This allows a most precise mapping
of the band dispersion by just varying the film thickness
layer by layer in an angle-resolved photoelectron spec-
troscopy experiment [4].

The recent quest for lateral electron confinement in
one-dimensional nanostructures has led to impressive
interference effects of electron waves when atomic bar-
riers are artificially constructed with the tip of a scanning
tunneling microscope (STM) [S] or at the step edges at
miscut crystal surfaces as natural scatterers [6]. We there-
fore pose the question whether lateral nanostructures can
offer yet another way to experimentally obtain a band
dispersion by photoelectron spectroscopy. To this end, a
superlattice of scatterers needs to be constructed with the
possibility to tune its lattice constant d over a consider-
able range. This superlattice could act like a ‘“‘sieve”
selecting the electron momentum k according to k =
27r/d. It appears promising to utilize self-organization
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tendencies among adatoms with repulsive interactions
and to break the symmetry by a substrate with a rectan-
gular unit cell in order to force the atoms into chains. Au
atoms on Ni(110) form such repulsive chains with a
perfect one-dimensional electronic structure but the sys-
tem has a complicated geometry since the Au is partially
immersed in the Ni surface layer [7].

Enhanced versatility is expected turning to adsorbates
with stronger repulsive interactions. Adsorbed rare-earth
atoms on W(110) experience charge transfer which results
in the formation of a strong atomic dipole perpendicular
to the surface. The repulsive dipole-dipole interaction
among the rare-earth atoms stabilizes a series of super-
structures at room temperature [8,9]. Figure 1 displays
the structures realized below 0.7 monatomic layers (ML)
Gd/W(110) following the characterization by low-energy
electron diffraction (LEED) and STM in Refs. [8,9]:
Although the 10 X 2 structure at lowest coverage is a
rectangular surface lattice, it is better described as chains
running along the [110] direction of the W(110) substrate.
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FIG. 1 (color online). Structure of Gd on W(110). Chains
along [110] are formed which approach each other for increased
Gd deposition. Colors mark Gd atoms with relatively higher
(red) and lower (orange) positions according to Ref. [9].
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With increasing coverage, more Gd atoms need to be
squeezed in and are accommodated in new oblique latti-
ces in which the chains successively approach each other
along [001]. The interatomic distance along the chains is
thereby conserved.

The experiment has been performed using a hemi-
spherical photoelectron analyzer with 1° angle resolution
and linearly polarized synchrotron light from undulator
beam lines U125/1 PGM and UE56/1 PGM at BESSY
[10]. Preparation of the W(110) sample and deposition of
Gd have been done as described in Ref. [11] for thicker
Gd/W(110).

Figure 2 shows at the bottom the clean W(110) spec-
trum characterized by W 6sstates at —6.3 eV and intense
emission from a W 5d surface resonance around —1.2 eV
(0 eV corresponds to the Fermi energy Er) [12]. Along the
[110] surface normal, W(110) displays an even-symmetry
bulk band gap extending from —2 to —6.3 eV [12]. For a
photon energy of 62.5 eV, direct transitions from the lower
boundary of this gap (—6.3 eV at the N point of the
Brillouin zone) dominate the spectrum. Gd was deposited
onto the W(110) substrate at room temperature, and after
each deposition step the sample was annealed to ~250 °C
for 2 min. The first indication of Gd adsorption is from the
unresolved multiplet of Gd 4f emission (4 £ final state) at
—8.3 eV and 0.28 ML coverage. While the W surface
resonance and the W 6s peak have lost intensity, new
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FIG. 2. Photoemission spectra of the valence band for vari-
ous Gd coverages on W(110). In the range of the forbidden gap
of W (— 2.0 to —6.3 eV) strong changes occur.

shoulders appear at —5.4 and —2.3 eV for 0.28 ML. At
0.39 ML, one shoulder has moved to —4.7 eV, and with
each further Gd deposition step, the spectral shape
changes continuously and becomes dominated by the
new features. This behavior, unprecedented in submono-
layer growth, continues until the spectral shape saturates
with the completion of the first Gd monolayer indicated
most clearly by a shift of the Gd 4f levels from —8.3 to
—8.05 eV.

Before connecting the observed behavior to the series
of superstructures shown in Fig. 1, we perform a test on
the origin of the new photoemission structures. As di-
rect photoemission transitions from W are symmetry
forbidden in the energy range —2 to —6.3 eV (the small
shoulder at —3.3 eV is a so-called high density-of-states
peak), emission from Gd 5d states is a possible cause for
the new features. Resonant photoemission at the Gd 4d
excitation threshold (maximum at ~149 eV photon en-
ergy) can unambiguously distinguish Gd- from W-
derived valence-band states. The resonance process en-
hances very strongly the Gd 4f emission via 4d'°4f7 +
hv — 4d°4f8 — 4d'°4f5 + ¢~ but at the same time also
the Gd 5d emission via 4d'%4f75d" + hv— 4d°4f85d" —
4d"°4f75d" '+ ¢~ . In Fig. 3, the Gd deposition was re-
peated without annealing and besides 62 eV two vicinal
photon energies, 145 and 147 eV, were used. Between these
energies the resonant photoemission intensity rises
steeply so that the area enclosed between 147 and
145 eV spectra can be taken as a good approximation of
the Gd 5d density of states. Interestingly, on this basis
none of the peaks in the forbidden gap can be assigned to
Gd which rather appears in the energy range between
—2 eV and Eg. All new structures marked in Fig. 2 are
therefore derived from W.

The behavior of the spectra in Fig. 2 bears a certain
similarity to E(k) band dispersions but with k replaced by
the Gd coverage. The connection to the superstructures of
Gd chains is explained in Fig. 4(a) which shows a cross
section through the (110) plane of the crystal in recip-
rocal space. It is identical to the Ewald construction for
LEED but taking the photoelectron as the primary wave.
[ is the center of the first surface Brillouin zone of
W(110), identified with normal electron emission, and
represented by a rod perpendicular to the surface plane.
I is the center of the second surface Brillouin zone of
W(110), separated by 4.0 A~! along [001]. In addition,
reciprocal lattice rods (dashed) from an arbitrary super-
structure are shown. All these rods correspond to centers
of the superlattice Brillouin zone and one point on a rod
away from I is chosen. Figure 4(a) indicates how this
point, k; |, can nevertheless contribute to normal electron
emission (I') through a single scattering event at the
superlattice or surface reconstruction. This is represented
by the diffraction vector G; on the Ewald sphere. In
angle-resolved photoelectron spectroscopy, this is a non-
direct transition known as the umklapp process [13]: k) is
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FIG. 3. Photoemission spectra at 62 eV photon energy as
compared to resonant photoemission spectra. The difference
between resonant photoemission spectra at 147 and 145 eV
corresponds to the Gd 5d density-of states. All characteristic
features seen at 62 eV are derived from W.

conserved when the electron passes through the surface
according to kﬁ’“ = khm + G| where Gy represents any
reciprocal lattice vector in the surface plane. This rela-
tionship has been used to assign unexpected features in
photoemission spectra but never systematically or with-
out varying k; [13]. For the present experiment, this
means that the 10 X 2 structure corresponds to k| =
~Gy =TT’ or 0.40 A~'. Figure 4(b) shows how Kk
increases with increasing Gd coverage as the n X 2 series
continues with 0.50 A~' (8 x2), 0.57A7" (7x2),
0.66 A™! (6 X 2), and 0.80 A~! (5 X 2) along [001]. The
umklapp vector kj although given by the Gd probes
momentum space of the W.

The validity of this interpretation can directly be
checked in the experiment. The basis is the observation
that angle-dependent photoemission is governed by the
same relationships as the umklapp effect: In angle-
dependent photoemission, Figs. 4(c) and 4(d), the sample
is tilted off normal against the detector by an angle «
giving the electron wave vector that is probed a parallel

component |kl = (,/2mEy, voc/h)sine.  The Ewald
spheres in Fig. 4 indicate further that any identity G, =

k|, determines that also the respective perpendicular
components k; are equal (neglecting changes of the
work function); ie., the same point of the bulk
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FIG. 4. Proposed model. Reciprocal lattice rods for the
W(110) surface (solid vertical lines) and for a Gd superlattice
(dotted lines) (a). W bulk states away from T can contribute to
normal-emission spectra via a diffraction vector G;. For the
given system, the parallel component G| = —K| increases in
proportion with the adsorbate coverage (b). For comparison,
angle-dependent photoemission obeys the same relationships
between k and k| when the emission angle « is varied thus
probing the same initial states in the bulk Brillouin zone of
W (c),(d).

Brillouin zone is sampled in 4(a) and 4(c) and in 4(b)

and 4(d), respectively.
As a demonstration, we show in Fig. 5(a) a Gd coverage

dependence measured under the same conditions as in
Figs. 2 and 3 but at room temperature and smaller cover-
age steps of ~0.03 ML and displayed in a color represen-
tation vis a vis the angle dependence for clean W(110)
along [001]. For a Gd coverage from O up to ~0.7 ML,
where the intrachain distance remains constant, an im-
pressive similarity between the two cases is observed in
the energy range of the gap (— 2.0 to —6.3 eV). The fact
that the k), vector does not change continuously but in
discrete steps can be seen from the strongly dispersing
band in Fig. 5(a). Energies jump rather abruptly from
—4.1, —4.6,to —5.4 eV in a range where the Gd coverage
is varied in 10 steps at least.

A few remarks should be made concerning the impli-
cations of these results. The results emphasize the impor-
tance of electron scattering and demonstrate that it will
seriously complicate the interpretation of electron spec-
troscopy of nanostructures assembled on flat, prepatter-
ened, or stepped substrates. The effect occurs more
strongly the better the nanostructures are ordered. The
present results represent, on the other hand, only the
starting point of a more systematic exploitation of the
structural information contained in the umklapp emis-
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FIG. 5 (color). Coverage dependence in normal emission of
Gd/W(110) (a) versus emission angle dependence of clean
W(110) along [001] (b). The Gd overlayer provides for a
quasicontinuous series of umklapp vectors G in proportion
to the Gd coverage to sample the W bulk band structure. Up to
~0.8 ML, all transitions inside of the gap (—2 to —6.3 eV) are
of the umklapp type. Note the direct transitions at —6.3 eV
(N-point of W) and —8.3 eV (Gd 4f).

sion. The structural information contained in the
umklapp-induced peaks can indeed serve as the basis of
a coverage calibration of unprecedented precision and can
be used to assign the initial-state effects simultaneously
present in the spectra. We want to briefly return to Fig. 2 to
point out the behavior of the W surface resonance at
—1.2 eV. It was found that this surface resonance directly
connects to the two-dimensional Fermi surface of W(110)
[14]. The changes of the surface resonance observed in
Fig. 2 indicate that Gd acts on the Fermi surface. The
dipole interaction between Gd atoms is basically iso-
tropic, but using the structural information contained in
the umklapp part of an individual valence-band spectrum
together with electronic properties from the direct tran-
sitions, it will be possible to identify the modifications of
the Fermi surface which force the Gd atoms into chains
and in this way put the geometry down to the electronic
structure.

In summary, we have shown how a coherent array of
Gd nanostructures, stable at room temperature on
W(110), can be used to probe the electronic structure of

the W substrate through a series of nondiret photoemis-
sion transitions. This emphasizes in an impressive way
the importance of scattering when studying electronic
properties, and some resulting problems and perspectives
for nanostructure research have been addressed.
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