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Distinct Tamm and Shockley surface states on Re(0001) mixed by spin-orbit interaction
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Tamm and Shockley states, these two paradigmatic concepts are used to describe surface states not only
in electronic systems but also in photonic and phononic crystals. The Re(0001) surface hosts both types of
electronic surface states in neighboring but qualitatively different energy gaps. Interestingly, spin-orbit interac-
tion generates a double W-shaped energy vs k; dispersion by mixing both types of states and lifting their spin

degeneracy. By combining spin- and angle-resolved photoemission, tight-binding model calculations, as well
as density functional theory including the photoemission process, we develop verifiable criteria to distinguish
between the two types of surface states and arrive at a consistent picture of the role of spin-orbit interaction in

such a scenario.

DOLI: 10.1103/PhysRevB.105.1.241412

The appearance of surface states is characteristic for semi-
infinite crystals caused by the broken symmetry at the surface.
Their description for understanding surface properties is a
highly noticed and still ongoing research topic in various
fields such as electronic surface states [1-6] and surface states
in photonic [7-9] and phononic crystals [10]. Theoretically,
two paradigmatic concepts have been used to describe elec-
tronic surface states: Tamm-type states [11] split off from
noticeably localized bulk states as can be derived, e.g., on the
basis of tight-binding models, while Shockley-type states [12]
appear in hybridization gaps within nearly-free-electron mod-
els. As a consequence, Tamm surface states have often been
linked to d-derived states with rather flat dispersion, while
Shockley surface states to sp-derived states with considerable
E (k) dispersion.

There is a controversy about whether there is a real phys-
ical distinction between the two kinds of states because both
appear in gaps of the surface-projected bulk band structure
(PBS). Has the distinction only historical reasons based on
different mathematical approaches, as suggested by Liith [5]?
Other authors notice an important distinction. According to
Zak [13], the existence of Shockley states is derived for a bulk-
like potential termination at the surface, while a distortion of
the potential in the surface region is essential for the existence
of Tamm states. Martin [6] pointed out that Shockley states are
“based on a transition in the bulk band structure that is a pre-
cursor of modern-day topological insulators.” Experimentally,
the distinction between Tamm and Shockley states remains to
be a challenge [9]. Are they influenced differently by external
modifications such as adsorbate atoms?

In the virtue of the classification given by Zak [13], we
use the terminology of Tamm and Shockley states along the
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following lines. In order to classify a surface state in a gap
of the PBS, we compare the results of a calculation with the
self-consistently computed surface potential and the inclusion
of structural relaxation effects (real surface) with the band
structure of a crystal with truncated bulk potential (ideal sur-
face) [14]. Surface states of the real surface that vanish at the
ideal surface are called Tamm states. Shockley states, on the
other hand, exist in inverted band gaps only [6,12] and are
only slightly shifted in energy when going from the real to
the ideal surface. We note that Tamm states can exist in both
inverted and noninverted gaps [15].

To make things even more complex, spin-dependent
interactions may lift the spin degeneracy in surface states: ex-
change splittings due to exchange interaction in ferromagnets
[16-18] and Rashba-type spin splittings with spin-momentum
locking due to spin-orbit coupling (SOC) in high-Z materials
[19-21]. As a consequence of SOC, hybridization between
different states may occur.

In this Letter, we aim at developing verifiable theoreti-
cal and experimental criteria to distinguish between the two
types of surface states. For this purpose, we use a surface-
related band on Re(0001), which appears in the vicinity of
the Fermi level [22-26]. We unravel the origin of its distinc-
tive W-shaped E (k) dispersion behavior and its spin texture,
experimentally by (spin- and) angle-resolved photoelectron
spectroscopy [(S)ARPES] and theoretically by a tight-binding
model as well as detailed DFT (density functional theory)
calculations. We show that the Re(0001) surface hosts distinct
Tamm and Shockley states that are mixed by SOC.

The (S)ARPES measurements were performed at the BL-
9B end station of the Hiroshima Synchrotron Radiation
Center (HiSOR), while preliminary data (not shown here)
had been taken at BL-1. The photoelectrons were excited by
p-polarized light of /iw = 24 eV, impinging on the sample
at an angle of 50° with respect to the lens axis of the elec-
tron detector (hemispherical analyzer VG-Scienta R4000).

©2022 American Physical Society
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The Rashba spin component was detected by the ESPRESSO
machine [27] using a VLEED (very low-energy electron
diffraction) -type spin-polarization detector with a Sherman
function of S = 0.28. The energy resolution for (S)ARPES
was 25 (50) meV, and the angle resolution <1°. During the
measurements the sample was kept at T < 45 K and the
base pressure in the ultrahigh-vacuum (UHV) chamber was
p <2 x 10719 mbar.

The Re(0001) surface was prepared as described in
Ref. [26]. A perfect hcp(0001) surface exhibits threefold sym-
metry due to the A-B-type stacking order and mirror planes
along the T M directions. The (0001) surface of a grown single
crystal, however, shows monoatomic step terraces, terminated
either by A or B layers [28]. Since the spot size of the light
beam is large compared with the terrace dimensions, this leads
to a simultaneous measurement of both surface terminations
and a sixfold surface symmetry with indistinguishable T M
and T M’ directions.

The electronic structure has been calculated within the
local-density approximation [29] of DFT. A basis of Gaus-
sian orbitals is employed together with pseudopotentials that
include scalar relativistic corrections and SOC [30,31]. The
Re(0001) surface is treated within a supercell approach using
slabs with 40 Re layers. Relaxations of the topmost eight lay-
ers have been taken into account. Details of the computations
and the resulting structural properties are given in Ref. [26]
and in the Supplemental Material [32].

We simulate the photoemission process by assuming a
plane wave as the final state and compute the dipole transition
matrix elements employing the initial states resulting from our
DFT calculation. An exponential damping term with a decay
length of 1.25A has been used to consider the finite escape
depth of the outgoing electrons.

ARPES measurements of Re(0001) are shown in Fig. 1.
The photoelectron intensity is given on a linear color scale
(black-red-yellow) in (a)—(c). Figure 1(a) presents a constant
energy contour (CEC) at E — Erp = —55 meV (not sym-
metrized). The CEC reflects the sixfold symmetry of the
surface with intensity asymmetries for positive and negative
k. caused by the symmetry breaking of the incoming light.
Figures 1(b) and 1(c) display E (k) ) dispersions along T" K and
T M, respectively and (d) shows the second derivative of the
datain (c). Close to Ef, five bands are resolved with increasing
wave vector [most clearly discerned in (d)]: an almost circular
band with two components of unequal intensity (o low and
B high), a rather faint band y with hexagonal warping and
higher intensity along T" K, and a doublet of bands (8 and §')
with larger separation along ' M compared with T K. («, B
may be associated with SS and §, 8’ with SR1 of Ref. [24].
Similar bands, labeled S10, have been found in Ref. [23].)

To interpret the experimental results, we performed DFT
calculations including SOC for the Re(0001) surface along
the mirror-plane T' M direction, which are shown in Fig. 2(a).
The PBS is presented in golden color, while the brown dots
symbolize surface-derived bands with the dot size being pro-
portional to the electron probability density in the first three
layers. A W-shaped surface band stands out, which becomes
resonant with bulk states above Er around T'. Below Ep, the
dispersion resembles that of the experimentally measured «,
B, and y bands.
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FIG. 1. ARPES data for Re(0001) using light of Zw = 24 eV.
(a) Constant energy contour (CEC) at E — Erp = —55 meV. High-
symmetry directions T K and T M are indicated by green and blue
lines, respectively. (b),(c) E (k) dispersions along T K and T M.
Lines indicate the energy of the CEC in (a). (d) Second derivative
of the data along T' M in (c).

To reveal the origin of these surface bands, we consider
DFT results for the real surface, yet without SOC. The T M di-
rection is, in our coordinate system, along a (y-z) mirror plane
of the Re(0001) surface and thus the eigenstates will be either
even or odd with respect to the interchange of x and —x. In
the case of even states, we observe a surface state in the band
gap for |ky| < 0.48 A [beige colored area in Fig. 2(b)]. The
state (including its resonant part) vanishes in a calculation for
the ideal surface (see Supplemental Material), and thus, we
consider it as a Tamm-type state. For odd symmetry, we find a
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FIG. 2. Band structure of Re(0001) along T M from a DFT cal-
culation including SOC (a) and without SOC for even (b) and odd
(c) symmetry. The respective surface-projected bulk band structures
are indicated by golden and yellow shaded areas. Beige (light-blue)
shaded regions in (b) and (c) mark noninverted (inverted) band gaps.
The dots in (a)—(c) indicate the probability density of the respective
states on the topmost three Re layers. (d) TB model without SOC. (e)
Band structure of the TB model including SOC with contributions
of the Tamm 1//,T (dark-green), 1//,i (light-green) and Shockley !
(light-red), v (orange) states. (f) Spin-up (spin-down) character of
the bands is indicated by red (blue) dots. Bands which are resonant
to bulk states are denoted by light-red and light-blue dots.

surface state in the band gap with |k | > 0.33 Al [light-blue
region in Fig. 2(c)]. In the calculation for the ideal surface (see
Supplemental Material), it is only slightly shifted in energy
by about 20 meV. Moreover, this gap has an inverted structure
(see Supplemental Material). Therefore, we denote this state
as Shockley-type state.

Neglecting SOC, surface-projected band gaps of crystals
which have bulk inversion symmetry along the direction per-
pendicular to the surface are called inverted gaps if they are
formed by bulk bands that have exchanged parity [6,12]. Bulk
Re has mirror symmetry along (0001), i.e., the z direction.
Therefore, along T M, the odd (with respect to x) states be-
tween —1 and 1 eV, which are formed by d;, and d,; orbitals,
have positive and negative parity (referring to a change of
the sign in the z coordinate), respectively. A K;-dependent
inverted gap [light-blue colored area in Fig. 2(c)] is formed

by bulk states which have exchanged parity as a function of
k. We note that this classification of the gap for each k|
is in accord with a description of the one-dimensional band
topology based on the Zak phase [33,34].

For a qualitative understanding of the present hybridization
effects, we present a microscopic tight-binding (TB) model
which comprises the Tamm v, and the Shockley 1 state inter-
acting via spin-orbit coupling. In the following discussion, we
restrict ourselves to wave vectors k| along the ™™™ direction,
i.e., along k,. The DFT calculation without SOC shows that
the even Tamm state mainly consists of s-p;, d,;, and d,>_,
orbitals located at the atoms of the surface layer. The contribu-
tions of these orbitals depend distinctly on k = k. The explicit
composition of the state and further details of the model are
given in the Supplemental Material [32]. The dispersion of the
Tamm state is approximately

E,(k) = Eo + V[cos(kb) — 1] (1)

with Ep;, =0.64eV,V =0.57eV,and b=7.5 A as inferred
from the DFT result [see Fig. 2(a)]. For small wave vectors,
the odd Shockley state basically consists of d,, orbitals. At
larger k values, there is an admixture of d,, orbitals. The
Shockley state has an almost quadratic dispersion described
by

E,(k) = Eos + V'K (2)

with Egg = —0.76 eV and V' = 3.8 eV A2, Figure 2(d) shows
the k-dependent energies of the Tamm and the Shockley state.
Dashed lines are used in the regions of k space, in which these
states energetically overlap with Re bulk energies. The spin-
orbit coupling between the d orbitals is taken into account
within the on-site approximation [35] employing the strength
A =0.175eV of SOC in a Re atom.

Figures 2(d) and 2(e) show the eigenvalues of the (4 x 4)
Hamilton matrix without and with SOC, respectively. The
original Tamm and Shockley states are twofold degenerate
with respect to spin up and spin down. Under the influence of
SOC, a gap opening is observed between the states. The two
energetically higher bands (W;, W,) have a dispersion with
double W shape which nicely agrees with the result of the
DFT calculation as well as with the experimental findings. W,
results from a coupling between the Tamm spin-up state W
and the Shockley spin-down state ¥}. For small k values, W;

has mainly contributions from W while the portions of v}
dominate for large wave vectors. Accordingly, we observe the
spin expectation value to be 1 for small k and | for large
[see Fig. 2(f)]. The coupling between w,i and ! gives rise to
the band W, with a composition analog to W, but interchanged
spin orientations. The bands W/ and W, are the counterparts
of W) and W,, respectively, with permuted contributions of
Tamm and Shockley states.

According to Fig. 2(e), we expect y to have predominantly
odd symmetry with only small admixture of even symme-
try. Therefore, it should be hardly visible in ARPES with
p-polarized light. This is supported by our data in Fig. 1(c),
where y appears with small intensity along T’ M, while it has
larger intensity along T K (no mirror-plane symmetry).

We have calculated the layer-dependent probability density
[y|? for the a, B, and y branches of the surface state (layer 1
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FIG. 3. (a) Layer-dependent probability density || of the three
branches of the surface state [same colors as in Fig. 2(e)]. (b) Ex-
perimental MDCs along T M for the pristine (aged) surface as black
(gray) dots.

represents the topmost layer), as shown in Fig. 3(a). While
the electrons of o and B are predominantly localized in the
first three layers, the situation is qualitatively different for y
with the probability density rather being extended over seven
layers with maximum charge at layers three to five. Is there
any experimental access to distinguish between Shockley and
Tamm character of a surface state? Since Tamm states only
exist at the real surface, while Shockley states also appear
at the ideal surface, we expect that Tamm states are more
sensitive to adsorption processes.

We put this prediction to an experimental test by comparing
the ARPES data of the pristine surface with data after having
exposed the sample to residual gases in UHV for 1.5 hours.
Due to adsorbates, surface-related spectral features may get
quenched in intensity and possibly shifted in energy. This be-
havior is found in our measurements. Momentum distribution
curves (MDCs) along the T' M direction at a constant energy
of E — Er = —50 meV are displayed in Fig. 3(b). While for
B the spectral intensity is reduced to about 43%, y retains
approximately 72% of its intensity upon residual-gas adsorp-
tion. This behavior is attributed to the different character of
Tamm- and Shockley-type states. Note that no information
can be gained from « due to its overall small intensity.

In addition to the SOC-induced mixing of Tamm and
Shockley states, SOC is predicted to lift the spin degeneracy
of the surface states, as already shown in Fig. 2(f). This is
confirmed by our DFT calculations shown in Fig. 4(a). The
sizes of the red and blue dots denote the intrinsic spin expecta-
tion values (Rashba component) of the surface-state branches:
blue («), red (B and y) for positive k; values and reversed for
negative k values. Our SARPES data for § ~ +5 and —5°
prove the expected opposite spin character of the « and 8
branches as well as their reversal upon a sign change in 6 [see
Fig. 4(b)]. In contrast, the spin polarization of y is opposite to
the prediction of the intrinsic spin polarization. Considering
the transition matrix element including initial and final states

ho =24V
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FIG. 4. (a) DFT calculation of the Re(0001) surface along T’ M.
Red (blue) dots indicate the intrinsic spin expectation value (Rashba
component) for spin-up (spin-down) electrons of the surface states.
(b) Experimental spin-resolved energy distribution curves (EDCs)
for p-polarized light with iw = 24 eV for selected electron emission
angles 0. (c) Calculations including matrix elements with free-
electron-like final states to model SARPES results with ziw = 24 eV.
The dot size is a measure of the expected spectral intensity. The
approximate “paths” of the energy distribution curves within the
E (k) plot are marked by green lines in (a) and (c).

changes the expected spin polarization for y but not for o and
B as presented in Fig. 4(c). This is one more example that the
spin polarization detected by SARPES does not always reflect
the intrinsic spin polarization of the initial state in the presence
of mixed orbital symmetries [36-39].

In conclusion, we revealed the origin of a double W-shaped
surface band on Re(0001). Its E(k;) dispersion and spin
texture is traced back to a spin-orbit-induced mixing of a
Tamm- and a Shockley-type surface state, which appear in two
different gaps of the surface-projected bulk band structure.
We developed criteria for theory and experiment to distin-
guish between the two paradigmatic surface-state types: type
of gap, behavior at real and ideal surfaces, layer-dependent
charge densities, and sensitivity to surface contamination. By
means of high-resolution SARPES experiments, TB model
calculations, as well as DFT calculations including the pho-
toemission process, we provide a consistent picture of the role
of SOC for the interplay between different types of surface
states.
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