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Spin-Polarized Dirac-Cone-Like Surface State with d Character at W(110)
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The surface of W(110) exhibits a Dirac-cone-like state with d character within a spin-orbit-induced
symmetry gap. As a function of the wave vector parallel to the surface, it shows a nearly massless energy
dispersion and a pronounced spin polarization, which is antisymmetric with respect to the Brillouin zone
center. In addition, the observed constant energy contours are strongly anisotropic for all energies. This
discovery opens new pathways to the study of surface spin-density waves arising from a strong Fermi
surface nesting as well as d-electron-based topological properties.
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Spin manipulation without external magnetic fields is a
key requirement to revolutionize the functionalities of
current electronic devices. Spin-split energy-band
structures induced by strong spin-orbit coupling in non-
magnetic materials such as Rashba systems and topologi-
cal insulators have attracted a great deal of attention for
their promising dissipationless spin current transport [ [—4].
In particular, spin characters of surface states have been
discussed in detail. New fascinating ideas are based on
helical spin structures connected to Dirac-cone-like
surface states [5]. So far, sp-electron materials with a
single Dirac cone have been extensively studied.
Although Ir oxide has been predicted to have nontrivial
d-derived states [6], it has not been confirmed experimen-
tally so far. Thus, a material with d-derived topologically
nontrivial states remains yet to be explored. Possible strong
correlation effects among d electrons in topological insu-
lators could be important scientific targets. Angle-resolved
photoemission spectroscopy (ARPES) with spin resolution
has been proved to be the most powerful tool to character-
ize the spin-split energy bands of the low-index surfaces of
metals and topological insulators [5,7-10].

Tungsten is well known as the prototype material for
spin-orbit coupling effects appearing, e.g., in spin-
polarized low-energy-electron diffraction, which has been
utilized for analyzing the electron spin polarization for
decades [11]. The substantial spin-orbit coupling of the
tungsten substrate promotes a chiral magnetic order in the
adsorbed Mn lattice through Dzyaloshinsky-Moriya
interaction as demonstrated by spin-polarized scanning
tunneling microscopy [12]. There have been extensive
ARPES studies on surface states of clean and hydrogen-
covered W(110) [13-19]. In the latter case, Rashba-type
spin-split bands were observed [17].

In this Letter, we show the first experimental evidence of
nearly massless and strongly spin-polarized surface states
in a spin-orbit-induced symmetry gap of W(110). Our spin-
and angle-resolved ARPES study reveals that the spin
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polarization is antisymmetric with respect to the I" point.
The constant-energy cuts of this Dirac-cone-like state are
found to be strongly flattened compared with what has
been observed in the sp-electron-based surface Dirac
cone at the (111) surface plane of some Bi-based chalco-
genides [20-22]. These findings can be a platform for
future studies on strongly correlated d-electron-based
topological insulators.

A clean surface of W(110) was obtained by repeated
cycles of heating in an oxygen atmosphere (2 X 107 to
2 X 1077 Pa) at 1500 K and a subsequent flash to 2300 K.
During the flash, the pressure stayed below 5 X 1077 Pa.
This cleaning procedure was effective to remove contam-
inants such as carbon and oxygen from the surface as
confirmed by Auger electron spectroscopy as well as a
very sharp (1 X 1) low-energy-electron diffraction pattern.
The ARPES experiment was performed by using linearly
polarized undulator radiation on the beam line (BL-1) of
the Hiroshima Synchrotron Radiation Center. The electric
field vectors can be switched between parallel (p polariza-
tion) and perpendicular (s polarization) to the plane
spanned by the surface normal and photoelectron propa-
gation vectors as schematically shown in the left part of
Fig. 1(a) The overall experimental energy and angular
resolutions were set to 15 meV and 0.1°, respectively.
The spin-resolved ARPES experiment was performed
with a high-flux He-discharge lamp and with a home-built
Mott-type spin polarization detector attached to a commer-
cial hemispherical electron-energy analyzer [23]. Total
energy and angular resolutions were set to 100 meV and
2°, respectively. The geometry of the spin-resolved
ARPES experiment is described in the right part of
Fig. 1(a). The angle of light incidence was 50° relative to
the lens axis of the electron analyzer. The spin polarimeter
can measure the spin component normal to the plane
spanned by two vectors directed along light propagation
and photoelectron emission. The photoelectron emission
angle 6 is measured from the surface normal. The sign of 8

© 2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.108.066808

PRL 108, 066808 (2012)

PHYSICAL REVIEW LETTERS

week ending
10 FEBRUARY 2012

(a) Experimental geometry
ARPES (BL-1)

s-polarized ,
Synchrotron 4 _p-polarized /

Spin-resolved ARPES

unpolarized

O
photoelectron ¥

spin- down

hv=225evV S (¢) I hv=43eV §

(b) X

2.0
05 0 05 10
ky(A')
(e) : e
09F
R ~ 1.0F O exp.
% ?\3 --------- linear
> > L
%D %D 1.1
5 =
g w 12F ]
o %D - 220meV
5 E
E 5 L3F
D,
s 1.5 L)

02 0 02 04 T02 0 02 04
(A k(A
FIG. 1 (color online). (a) Schematic illustration of experimen-
tal geometries for ARPES using synchrotron radiation (left) and
spin-resolved ARPES using a He-discharge lamp (right). (b),
(c) Energy-band dispersion curves of W(110) along I'S mea-
sured with p-polarized synchrotron radiation light of hv = 22.5
and 43 eV. (d) Magnified ARPES energy dispersion curve with
enhanced momentum resolution for the crossing point of S.
(e) Intensity maxima plot for one branch of §; obtained from
momentum and energy distribution curves in (d). The hatched
area shows the bulk continuum states outside the symmetry gap.

is defined as positive (negative) when the surface normal is
moved toward (away from) the light propagation vector.
All measurements have been performed at a sample tem-
perature of 100 K.

The energy dispersion curves taken at hy = 22.5 eV
along the T'S line [Fig. 1(b)] show four characteristic
surface states (A, B, S, and S’, ). As interpreted in a former
ARPES study, the surface states A and B originate from the
surface dangling bonds [16]. We proved their surface
character by exposing the surface to small amounts of
adsorbates, which caused the states to disappear. The pres-
ence of these states thus confirms the surface cleanliness in
the present work. We note here that the surface band S,
appears (partly near S') for hv = 43 eV, while it is absent
for hy = 22.5 eV.

Figure 1(d) shows the ARPES energy dispersion curve
measured with enhanced momentum resolution for S,
and Fig. 1(e) highlights its intensity maxima plot of one
branch of §; obtained from momentum and energy distri-
bution curves in the limited momentum space. The hatched
area in Fig. 1(e) marks the bulk continuum states outside
the symmetry gap. The surface state S; shows almost
massless (linear) energy dispersion around the I' point
(—01A "= ky=0.1 A" ") and a Dirac-point-like band
crossing at 1.25 eV. It starts to deviate from the linear
behavior from 1.1 eV above the crossing point (upper
branch), and it touches the bulk continuum states at
1.4 eV for the lower branch. Note that the linear band
dispersion is persistent in the wide energy region of
~220 meV (1.14-1.36 eV). This situation is even larger
than the most studied topological insulator Bi,Ses
(~ 150 meV) [24].

It is found that the binding energy (Ep) of S; does not
change as a function of incident photon energy, which
confirms its two-dimensional nature and is consistent
with the previous normal-emission result [13]. In addition,
the previous work suggests that this band S| exists in the
symmetry gap of the projected bulk band induced by spin-
orbit interaction. The present work is focused on this
surface state S, which exhibits a Dirac-cone-like band
dispersion.

To unravel the spin characters of these nearly massless
energy dispersions, we have performed spin-ARPES mea-
surements. Figures 2(a) and 2(b) show the spin-resolved
energy distribution curves (EDCs) in the region of Ey =
0-2.7eVfor0° =60 = +14° and 0° = 6 = —13°. Here,
the spin-up and spin-down spectra are plotted with tri-
angles pointing up and down, respectively. In the EDC
for normal emission, three features are observed at binding
energies (Ep) of 1.8 eV, 1.25 eV, and just below the
Fermi level (Ef) in both spin channels. The broad feature
centered around 1.8 eV shifts to higher Ej as |6] increases,
while the feature at E does not shift for |§| = 4°. Since
these features are broad and almost spin degenerate and
change as a function of hv (see the ARPES results), they
can be assigned to bulk continuum states. For the promi-
nent peak S, the spin-up and spin-down features appear at
the same Ep (= 1.25 eV), yet with different intensities, at
6 = 0°. More importantly, the spin-up peak shifts to lower
Ep with increasing 6 from 0° to 8°, while the spin-down
peak shifts to higher Ep [Fig. 2(a)]. For negative angles,
we observed the same E(k)) dispersion but with opposite
spin polarization [Fig. 2(b)]. This result clearly shows
that the S; band is spin-split and the spin orientation is
antisymmetric with respect to the I" point, which is remi-
niscent of the surface Dirac cones of 3D topological
insulators.

Letus now take a closer look at the §; band. In going from
0° to +8° (— 8°), the spin-down (spin-up) intensity gets
gradually smaller and is merged into the bulk state, and its
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(a),(b) Spin-resolved EDCs of W(110) for positive and negative emission angles along the T'S line excited with

unpolarized He-1,, light (hv = 21.2 eV). Spin-up and spin-down intensities are marked with triangles pointing up (red) and down
(blue). (c) ARPES results obtained by p-polarized synchrotron radiation light (hv = 22.5 eV). The contour plot is superimposed by
triangles pointing up and down indicating the spin character of the corresponding spectral features, as derived from spin-resolved
spectra in (a) and (b). Here, the non-spin-polarized peaks are denoted by squares (black). (d) Schematic E vs k dispersion of S| and B

states without and with spin-selective hybridization.

spin polarization is weakened. The spin-up (spin-down)
component shows small intensity until # reaches +8°
(— 8°), and the intensity is enhanced at +10° (— 10°)
(see peak S at Ez = 0.4 eV) and approaches E as shown
in Figs. 2(a) and 2(b). In Fig. 2(c), we have assigned spin
characters to the dominant spectral features in the contour
plot of Fig. 1(b) by up and down triangles. The assignments
are based on the dominant spin polarization of the features
in Figs. 2(a) and 2(b).

Now we remark on the photoemission intensity of S;.
In the spectra obtained with unpolarized light, the spin-
down intensities are larger than the spin-up intensities for
|6] < 8°, in particular, for & = 0°. This spectral intensity
modulation is consistent with that in the spin-integrated
measurements. To find out the reason for this intensity
asymmetry, we performed ARPES measurements with
p- and s-polarized light (hy = 22.5 eV). The result for
s-polarized light (not shown here) exhibits comparable
intensities for both branches, whereas one branch (predomi-
nantly spin-down) has much larger intensity for excitation
with p-polarized light [Fig. 2(c)]. It is known that
the use of different light polarizations (s or p) and/or differ-
ent light incidence angles for unpolarized light results in
different photoemission intensities. These experimental pa-
rameters enter the matrix elements for the optical transi-
tions. The square of the matrix elements, in turn, determines

the experimentally observed intensity [25,26]. We thus
conclude that the asymmetric intensities with respect to I’
in Figs. 2(a) and 2(b) originate from the matrix-element
effects as a consequence of the experimental geometry.

We notice from Figs. 1(c) and 2(a)-2(c) that there is a
spin-dependent hybridization between the S, and the B
bands near kj = 0.3 A~ (Eg = 0.85 eV) as schematically
shown in Fig. 2(d). At low Ep far from the hybridization
point, the state B does not show spin polarization. B moves
to higher E with increasing || and, depending on the sign
of #, acquires negative or positive spin polarization for
|6] > 8°, where the S, and B bands cross each other.
Since the upper cone of §; shows only one spin component
for each k) direction, only one spin component of B can
hybridize. Consequently, the other spin component of B
does not hybridize with S, [see Fig. 2(d)]. As a result of the
avoided crossing and the hybridization-gap formation in
one spin component, two peaks appear at Ez = 0.4 (S)) and
1.0eV (S)in the spin-up and spin-down channel for § = 8°
and —8°, respectively [see the spin-resolved EDCs at
6 = *8° in Figs. 2(a) and 2(b)]. A careful analysis of the
intensity behavior of S; with increasing |6| shows decreas-
ing intensity upon approaching the hybridization gap, fol-
lowed by a transfer of intensity to the S} branch. A similar
case of spin-selective hybridization was reported for
quantum well states in Bi/Ag(111) [27].
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FIG. 3 (color online).
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ARPES results obtained with p-polarized synchrotron radiation light (hv = 43 eV). (a),(b) Energy dispersion

curves along 'S and TH. (c) Constant energy contours at several energies from 0 to 300 meV above the crossing point. (d)—(f) Selected

constant energy contours at 300, 200, and 100 meV.

The present interpretation is supported by previous re-
ports on the H-covered W(110) surface. Once the dangling
bonds are terminated by H atoms, both surface states A and
B disappear. The former report shows that §; becomes
connected to the surface band S/ in the absence of hybrid-
ization with state B [19]. A further photoemission study on
H-W(110) employed spin resolution [17]. It was shown that
the surface states on the hydrogen-covered surface were
indeed spin split and spin polarized by the spin-orbit
interaction in association with the loss of inversion symme-
try near a surface. The spin polarization was measured for
two different bands corresponding to §; and S, in our
present notation yet modified by hydrogen adsorption as
described above. Because of the limited momentum and
energy resolution (~ 300 meV) at that time, the spin polar-
ization at the lower branch was hardly resolved. In addition,
a linear dispersion behavior was not identified in the former
work. In the present work, the distinct spin polarization at
both upper and lower branches is clearly revealed [see
Figs. 2(a)-2(c)], as well as a linear dispersion behavior
with a crossing point at I'. Both observations provide clear
evidence of Dirac-cone-like states at the clean W(110)
surface.

Two-dimensional slices in k space (— 0.87 A™! =< k,,
k, = 0.87 A1) at several constant energies starting from
the crossing point at Ez = 1.25 eV are shown in Fig. 3.
The whole set of images has been acquired within 1 h in
order to avoid a possible energy shift by charge transfer
from adsorbates as observed in other systems [28]. In fact,
we have observed an energy shift of up to 100 meV for S,
when the sample was measured in ultrahigh vacuum for
more than 6 h. A diamond-shaped constant energy contour
is observed at 200 meV above the crossing point. Upon
approaching the crossing point, the size of the contour
becomes smaller. At higher energy from the crossing point,
we find a distorted hexagon in the constant energy contour;
see Fig. 3(d) at 300 meV. This shape reflects the twofold
symmetry of the W(110) surface. There are pairs of paral-
lel lines in the constant energy contours along the I'S
direction. The shape of the constant-energy contour is
highly suggestive of spin-density-wave formation derived
from strong nesting as discussed for Bi,Te; and Bi,Ses
[24,29]. Moreover, we find quite anisotropic group veloc-
ities of v, = (1.4 = 0.1) X 10° and (1.6 = 0.1) X 10° m/s
around the crossing point (— 0.1 A™' =k, = 0.1A7")

066808-4



PRL 108, 066808 (2012)

PHYSICAL REVIEW LETTERS

week ending
10 FEBRUARY 2012

along T'S and T'H, respectively. Both of them are almost
half compared to those in the sp-like surface states of Bi
chalcogenides [5,22,28].

In summary, a nearly massless energy dispersion curve
formed by d electrons at the W(110) surface has been
observed by high-resolution ARPES. The two-dimensional
constant energy contours clearly show strongly anisotropic
features whose size and shape change as a function of
energy. This anisotropic Dirac cone on the W(110) surface
is found to be strongly spin-polarized with antisymmetric
spin polarization with respect to the surface Brillouin zone
center by spin-resolved measurements. With increasing
ky, this spin-polarized massless surface band shows
spin-selective hybridization with a nonpolarized surface
resonance; i.e., a hybridization gap opens for one spin
component only. The discovered anisotropic Dirac cone
on the W(110) surface paves the way to the study of
peculiar topologies in k space with interesting spin tex-
tures. The present system provides information beyond
normal s p-type Rashba systems and topological insulators
because of the d character of the involved electronic states.
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