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Spin-polarized surface electronic structure of Ta(110): Similarities and differences to W(110)
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Tantalum and tungsten, direct neighbors in the periodic table, exhibit a very similar electronic structure.
Compared with tungsten, however, the bands of tantalum are less occupied due to the lack of one electron. As a
consequence, an exceptional Dirac-cone-like surface state, observed below the Fermi level for W(110), may appear
above the Fermi level for Ta(110). To prove this conjecture, we investigate the unoccupied surface electronic
structure of Ta(110) by spin- and angle-resolved inverse photoemission and electronic-structure calculations.
Surprisingly, our results do not show the expected Dirac-cone-like surface state. Instead, spin-polarized
unoccupied surface bands are identified, which have no equivalent in W(110). These findings are explained
by the difference in the energetic positions of the surface states relative to the bulk states for Ta(110) and W(110)

caused by the different lattice constants.
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I. INTRODUCTION

Recently, the search for unusual systems with topological
nontrivial properties has become a focus of interest in solid
state physics. In addition to topological insulators, where the
fundamental band gap is bridged by a topological surface state
(TSS) with linear dispersion, the transition metal tungsten
has attracted attention. An exceptional surface state was
discovered on W(110) [1-7]: Resembling a TSS, it exhibits
a linear dispersion with a helical spin texture in reciprocal
space, often called Dirac-cone-like behavior. At the center
of the two-dimensional Brillouin zone T, it is located at a
binding energy of 1.25 eV in a spin-orbit-induced symmetry
gap within the d bands and overlaps with bulk states of different
symmetry [4,6,8]. However, the transition metal tungsten does
not belong to the class of topological insulators because of the
missing fundamental band gap.

This raises the question: Is such a Dirac-cone-like state
(DS) a unique property of W(110) or does it appear on similar
surfaces as well? Searching the periodic table for other heavy
elements with a bce crystal structure leads to two results:
(i) Mo within the same group as W but with a considerably
lower atomic number (42 vs 74) and (ii) Ta next to W with
an atomic number of 73, i.e., only a slightly lower strength
of the spin-orbit interaction but one electron less compared
with W. Due to the importance of the spin-orbit interaction,
the most promising candidate in this search is thus Ta. The
lattice constants between W and Ta differ by only 4%. Previous
theoretical investigations reveal the high resemblance between
the band structures of both metals [9,10], yet with a shifted
position of the Fermi level Er due to the difference in the
number of electrons. As a consequence, the spin-orbit-induced
symmetry gap around I, located below Er for W(110), shows
up above Ep for Ta(110). Apart from the open question
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concerning a possible DS, there is a theoretical prediction for
the existence of unoccupied surface states on Ta(110) away
from T" with neither experimental proof nor information about
their spin polarization as of yet [11].

Historically, the technique of inverse photoemission (IPE)
started with a measurement of the unoccupied density of states
of Ta [12,13]. However, to our knowledge, only one angle-
resolved study on a Ta surface is reported in the literature
so far, namely, Ta(100) [14]. We present an angle-resolved
IPE study on Ta(110) with spin resolution, combined with
electronic-structure calculations, to address the open questions
concerning the surface electronic structure of Ta(110).

II. EXPERIMENTAL AND THEORETICAL ASPECTS

A clean Ta(110) surface was obtained by repeated two-step
cycles of heating in a 6 x 108 mbar oxygen atmosphere at
1800 K and subsequent flashing to 2700 K. The high flashing
temperature turned out to be crucial to dissolve the rather
strong surface interaction with oxygen [15,16]. The surface
quality was confirmed by Auger-electron spectra with no traces
of contaminants such as C and O, and by a sharp (1 x 1)
low-energy electron diffraction (LEED) pattern [Fig. 1(a)].
Furthermore, we used the intensity of a well-known occupied
surface state at 0.5 eV binding energy [17—-19] as an additional
sensitive criterion for surface cleanness. Photoemission data
(not shown) were obtained at normal electron emission at
130 K in the same apparatus as the IPE data [20].

The experimental setup for spin- and angle-resolved IPE
is sketched in Fig. 1(b). Electrons from our rotatable spin-
polarized electron source ROSE impinge at a given angle of
incidence 6 on the sample [21]; ¢ defines the azimuth. The
spin-polarization direction of the incident electrons was chosen
in the surface plane and perpendicular to ky, i.e., aligned to
the Rashba component Py of the surface electrons. We recall
that the C,, symmetry of the Ta(110) surface dictates P, as
the only nonzero spin-polarization component [4]. Emitted
photons with an energy of fiw = 9.9 eV are detected by several
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FIG. 1. (Color online) (a) LEED pattern of the Ta(110) surface
with superimposed surface Brillouin zone (SBZ). (b) Experimental
geometry of the spin- and angle-resolved inverse-photoemission
experiment.

Geiger-Miiller counters with different detection angles. Most
data of this study originate from a counter positioned at 65°
relative to the electron beam in the plane of incidence and
32° perpendicular to it. Spectra for negative 6 were measured
with a counter that lies completely in the plane of incidence
at —70°. More information about the experiment is given
elsewhere [21-23].

The electronic structures of bulk Ta and W as well as their
(110) surfaces have been calculated within density-functional
theory, using Perdew-Burke-Ernzerhof generalized gradient
exchange-correlation functionals [24,25]. We have applied
relativistic multiple-scattering theory as formulated in the
Korringa-Kohn-Rostoker (KKR) approach [26,27]. By solving
the Dirac equation, spin-orbit coupling is taken into account
nonperturbatively. The KKR calculations are complemented
by computations with the VASP program package [28,29]. The
electronic structures obtained by these independent methods
agree very well.

While the surface relaxation of W(110) has been inves-
tigated experimentally [30,31], there seem to be a lack of
published experimental data for Ta. We therefore performed
VASP calculations to obtain the interlayer distances d;; for both
materials. The calculated values for W(110) agree reasonably
with the experimental data: dj = —3.6% (—2.2 £+ 1.0% [30];
—2.7(5)% [31]) and dr3 = +0.92% (<0.3% [31]). For Ta(110)
we obtain dj, = —4.81% and d»z = +0.57%.

The surface systems have been modeled in a semi-infinite
geometry. From the KKR Green’s function G we compute the
spectral density

1
Ni(E ky) = —— Imr Gu(E +inky)

of layer / for a small positive n. This quantity is decomposed
further with respect to spin projections 1 and | for a specified
spin quantization axis, allowing one to study the spin textures
by means of spin differences N;(E ky; 1) — Ni(E k;; ).

III. RESULTS AND DISCUSSION

The spin-resolved IPE spectra along the two high-symmetry
directions T'H and T'N [Figs. 2(a) and 2(b)] reveal distinct
intensity structures, indicated by T, T, T3, and S. Their
energetic positions, determined by fitting Voigt functions and
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FIG. 2. (Color online) Spin-resolved IPE spectra for different
angles of electron incidence along I'H (a) and I'N (b). Spin-up
(spin-down) polarization of the incident electrons is marked by
red up-pointing (blue down-pointing) triangles. Distinct intensity
structures are indicated by 7 to 73, and S. A pale red line in (a)
marks the dispersion of S.

a background to the experimental data, were used to develop
E(k) diagrams, displayed in Fig. 3 in comparison with
computed spectral densities.

The spin-orbit-induced symmetry gap around ' appears
between 0.8 and 1.25 eV above Er in the calculations. There
is no DS predicted; however, there are two pronounced surface
bands S in both azimuths, reminiscent of the surface states
within symmetry gaps obtained in a calculation without a
spin-orbit interaction [11]. Several surface bands, in particular,
the bands labeled S, are expected to split in two bands with
opposite spin direction. The predicted spin difference is largest
for states with a strong surface contribution.

For normal electron incidence, i.e., & = 0, broad features
labeled Ty, T, and 73 dominate the IPE spectra. T is
interpreted as transitions into states close to the lower band
gap boundary at about 0.8 eV. T, and T3 are, in analogy to W1
and W2 on W(110) [23], attributed to transitions into d states
with both bulk and surface contributions. This interpretation
is supported by a pair of structures with high spectral density
in both the bulk and surface [Figs. 3(a), 3(b), 3(e), and 3(f)],
yet at somewhat lower energies than in the experiment. In
contrast to W(110), where bulk and surface spectral densities
energetically coincide, a high density appears at slightly
different energies (~0.3 eV) for the bulk and surface for
Ta(110). This may explain why W1 and W2 are observed in
W(110) as clearly separate spectral features [23], while 7, and
T; on Ta(110) are much broader (they cannot be satisfactorily
fitted with only two peaks).
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FIG. 3. (Color online) E(kj) diagrams along [ H (top row) and ' N (bottom row): (a)—(c), (e)—(g) Spectral-density calculations; (d), (h)
experimental results derived from spin-resolved IPE spectra in Fig. 2. The spectral density was calculated (a), (e) for the bulk, (b), (f) for the
surface layer, and (c), (g) as the difference of the spin projection. The dashed parabolic lines in (c) and (g) mark those (E, k) that are accessed

by an IPE measurement at 8 = 40°.

Withincreasing k|, 7> and 73 merge into one structure along
" H, while they diverge along I" N. This behavior is in line with
the spectral densities and attributed to the twofold symmetry
of the (110) surface. The valleylike dispersion at about 2 eV
along I N is also found in the bulk spectral density. Small spin
splittings and spin-dependent intensities in the experimental
data for T; to T3 are due to surface contributions varying with
k; [Figs. 3(c) and 3(g)].

We now focus on the surface-related feature S. It is predicted
to have positive dispersion along I' H and T' N, starting from
about 1 eV [Figs. 3(c) and 3(g)]. S appears as a pair of spin-
polarized bands with higher energy for spin-down polarization.
While S has a negligible spectral density at small kj, it is
expected to have considerable spectral density after some band

crossings atk; > 0.5 A The dispersion is anisotropic, being
considerably steeper for I'N. We will analyze and discuss
our experimental results concerning S on the basis of three
criteria: (i) energy dispersion, (ii) surface sensitivity, and (iii)
spin polarization.

(1) The experimental data clearly reveal spin-dependent
spectral features at energies at which S is expected along T' H
(marked by a pale red line) but not along I N. There, the very
broad spectral intensity above the background between 2 and
4 eV for 6 > 20° might be caused by but cannot be reliably
attributed to S. Reasons for this are manifold: For k| between

0.4 and 0.6 Ail, the bulk spectral density overlapping with §
is much higher for I' N than for I" H. For higher k;, where S

shows different dispersion behavior along the two symmetry
lines, another experimental reason comes into play. An IPE
spectrum, measured as a function of energy at fixed 6, follows
a parabolic E(k) path, as exemplarily shown as dashed lines
in Figs. 3(c) and 3(g) for 6 = 40°. As a consequence, the better
the dispersion of a band and the experimental E (k) path agree,
the less pronounced are the spectral features. This argument
becomes even more important in combination with the finite
experimental energy and momentum resolution. The described
circumstances support our observation that S appears clearly
in the spectra for I' H but can only be vaguely assumed for
[" N. Therefore, we restrict our analysis of S to the data from
the I H azimuth for which the observed peak positions (Fig. 3)
agree well with those calculated.

(i1) The surface character of S was tested and confirmed by
comparing spectra taken directly after preparation [black dots
in Fig. 4(a)] with spectra taken approximately 2 h later (gray
dots). Several spectral features are sensitive to contamination
by residual gas, which reflects the surface contributions within
the final states. Feature S, upon exposure to residual gas, almost
disappears in the background intensity for 6 = 30° and 35°;
its intensity is strongly reduced for higher 6.

(iii) To unveil the spin character of the two branches
of S, we have performed spin-resolved IPE experiments for
0 = 430° and —30° [Fig. 4(b)]. The data for spin-up and
spin-down polarization are vertically offset for clarity. At
6 = +30°, the spin-down feature of S appears about 0.6 eV
higher in energy than the spin-up feature and vice versa for

085401-3



B. ENGELKAMP et al.

(@ TH e
0
-“'-
#5000, 00 .

60°-" 3
2
s s AT
s : Ty -
2
‘@
c
5 -
£ | .

40°4 &

T4 .,.S..-...v"".
._,,,,'...'.
350
=
30°
1 1 l 1 l 1 1

FIG. 4. (Color online) (a) Spin-integrated IPE spectra of Ta(110)
along ' H for various angles of incidence 6. The gray-dotted data were
taken approximately 2 h after the black-dotted data. (b) Spin-resolved
IPE spectra of Ta(110) for incidence angles & = +30° and —30° along
I H in a reduced energy range. The surface-related feature S appears
close to a bulk-band edge B. Therefore, the spectra were decomposed
into a spin-polarized surface and a spin-independent bulk contribution
on top of a spin-independent background intensity. For details, see
text.

6 = —30°. However, while the spin-down (spin-up) spectrum
for 6 = +30° (6 = —30°) seems to consist of one peak
only, the respective spin-up (spin-down) spectrum clearly
contains more than one contribution. A closer inspection of
the spectral densities for the bulk and surface [Figs. 3(a)
and 3(b)] shows that a bulk-band edge B runs close to
S, slightly higher in energy. Therefore, we described the
spectral features by a spin-dependent contribution S combined
with a spin-independent bulk contribution B. Additionally, a
spin-independent background intensity was taken into account.
Since the spin-down (spin-up) peak for 8 = 430° (0 = —30°)
is closer to B, it appears as one spectral feature, while the
spin-up (spin-down) spectrum shows a two-peak structure.
This two-peak analysis, shown in Fig. 4(b), results in peak
positions for the two branches Sqown and Syp, which are split
in energy by AEgown—yp ~ 0.3 €V, in good agreement with
theory. The sign of the splitting is reversed for negative 6. The
intensity of the S branch close to B is smaller than that of
the other branch, presumably due to increased hybridization
with bulk bands. The above analysis was used to determine
all E(k;) data points for the two branches of S and for the
bulk-band edge B in Fig. 3(d).

Summarizing our results for S, we have detected two spin-
polarized surface-state branches along I'H which are well
described by spectral-density calculations including spin-orbit
interaction. However, we have not found any indication of a
DS on Ta(110) around T, neither in experiment nor in theory.
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FIG. 5. (Color online) Calculated bulk spectral densities (gray)
for (a) Ta(110) and (b) W(110) along I H. Spin differences of the
surface layers are superimposed on the bulk data as red (spin-up)
and blue (spin-down) lines to highlight spin-dependent surface
contributions. For comparison, the energy scale with respect to Ef is
shifted by 1.9 eV.

To shed more light on this surprising result, we compare the
spectral densities of Ta(110) and W(110).

The spin-orbit-induced symmetry gap at I" spans from about
—1.25 to —0.75 eV for W(110) and from 0.8 to 1.25 eV for
Ta(110) (Fig. 5). While the bulk bands look much alike in both
materials, the surface bands are in general pushed down in
energy by about 0.5 eV relative to the respective bulk bands. As
a consequence, since the DS in W(110) is located at the lower
band-gap boundary, the respective surface state disappears by
hybridization with bulk bands of Ta(110). The surface bands
S in Ta, however, are well separated from the corresponding
bulk-band edge, while they almost coincide with it for W(110).
Therefore, S is not expected on W(110) as it is observed on
Ta(110).

The disappearance of DS is explained by the bulk lattice
constants a, the energy position of the surface band, and
the surface relaxation. The larger a of Ta (3.31 A) leads
to “flattened” bulk bands as compared to W (3.17 10%); as
a result, the surface band is shifted down in energy and
hybridizes stronger with bulk states. This has been checked
by calculations for W with artificially increased a, with the
consequence that DS is pushed down in energy towards
the bulk-band edge and finally disappears. Furthermore, the
surface state is “trapped” between the bulk-band gap and the
surface barrier. The latter is effectively wider for the state of
Ta than for the state of W because the energy of the former is
about 2 eV higher. Hence, the confinement of the surface state
is larger in Ta than in W, thereby lowering the relative energy
in Ta. This effect is, however, partially compensated by the
smaller d,.

IV. SUMMARY

In conclusion, the spin-dependent unoccupied electronic
structure of Ta(110) was investigated experimentally and
theoretically. We identified two spin-polarized surface bands
along ['H, which are not expected for W(110). However,
we did not detect a DS on Ta(110), which in contrast was
observed for W(110). Both findings are explained on the basis
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of spectral-density calculations for the two materials. While
the bulk bands are very similar (apart from the position of
the Fermi level), the surface bands for Ta are shifted down in
energy with respect to the corresponding bulk bands. For Ta,
this causes the DS to disappear due to hybridization with bulk
states outside the gap, while it enables the surface bands S to
appear in a symmetry gap.
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