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parameters is found for other types of NPs (Ag,
Zr0,, TiO,, and In,03) (fig. S6). These results show
that to first approximation, and in agreement
with MD simulations (75), the microscopic de-
tails of the NP surface only weakly influence the
solvent restructuring. However, it is possible that
the spread of data points in Fig. 2B, which in-
creases for increasing alkyl chain length, indicates
an additional role for particle shape, surface re-
structuring, or differences in capping agent. Our
model of restructuring for ethanol at the surface
of a ZnO NP decorated with citrate and hydroxyl
groups of capping ligands is illustrated in Fig. 3.
The surface coverage of NPs with organic ligand
molecules is sufficient to prevent agglomeration
but in fact is unexpectedly small according to
neutron PDF data (19) and nuclear magnetic
resonance (NMR) studies (20). MD simulations
(15, 21, 22), in agreement with experimental
evidence from NMR (20), suggest that the vast
majority of ZnO surface sites are terminated by
hydroxyl groups. These could form a hydrogen-
bonded network with adjacent solvent molecules.

Because of the shift in the oscillation with the
solvent size, we conclude that the alcohol mole-
cules tend to align perpendicular to the NP sur-
face. Their hydroxyl groups form hydrogen bonds
with the ligand molecules and hydroxyl groups.
The alkyl chains of the solvent point away from the
NP surface. The next- and second-next-neighboring
molecules align so that hydrogen bonds can be
formed within the solvent, which results in al-
ternating layers of methyl groups and hydroxyl
groups, building layers of decreased and enhanced
electron density, as depicted in Fig. 3. Adjacent
molecules within such a layer would orient in
parallel, as observed for liquid films (23). The
extent of restructuring depends on the solvent
size and packing ability. Here, the packing ability
is comparable for our alcohols because the hy-
droxyl group is always in a terminal position
and the alkane chain is not branched. A second-
harmonic generation (SHG) study on the inter-
action of organic solvent and solute molecules
with hydroxylated silica surfaces supports our
hydrogen bonding model (24). This study also
showed that nonpolar solvents rearrange at hy-
droxylated surfaces, which supports our obser-
vation that the nonpolar n-hexane restructures
at the NP surfaces. However, SHG is only sensi-
tive to broken symmetry at interfaces, whereas
it cannot provide information on the decay of
the restructuring into the bulk liquid, as evi-
denced by our dd-PDFs.
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Observation of Fermi arc surface
states in a topological metal
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The topology of the electronic structure of a crystal is manifested in its surface states.
Recently, a distinct topological state has been proposed in metals or semimetals

whose spin-orbit band structure features three-dimensional Dirac quasiparticles. We

used angle-resolved photoemission spectroscopy to experimentally observe a pair of
spin-polarized Fermi arc surface states on the surface of the Dirac semimetal Na3Bi at
its native chemical potential. Our systematic results collectively identify a topological
phase in a gapless material. The observed Fermi arc surface states open research frontiers
in fundamental physics and possibly in spintronics.

he realization of topological states of mat-
ter beyond topological insulators has become
an important goal in condensed-matter and
materials physics (I-15). In the topological
insulators BiySb, and Bi,Se; or topological
crystalline insulators such as Pb,,Sn,Te(Se), the
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bulk has a full insulating energy gap, whereas the
surface possesses an odd or even number of spin-
polarized surface or edge states (3, 14-18). These
are symmetry-protected topological states (19).
Very recently, the possibility of realizing new
topological states in materials beyond insula-
tors, such as metals or semimetals, has attracted
much attention (7-13). Semimetals are materials
whose bulk conduction and valence bands have
small but finite overlap; the lack of a full band-
gap implies that any topological states that might
exist in a semimetal should be distinct from the
topological states studied in insulating materials.
Theory has proposed two kinds of topological
semimetals: the topological Dirac and Weyl semi-
metals (2, 7-12). Their low-energy bulk excitations
are described by the Dirac and Weyl equations,
respectively. For both types, the bulk conduction
and valence bands are predicted to touch at mul-
tiple discrete points in the bulk Brillouin zone
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(BZ) and show linear behavior in the vicinity of
those points (2, 7-12). For topological Dirac semi-
metal material candidates (9, 10), theoretical cal-
culations (9-11) show that the surface states are a
pair of Fermi arcs (Fermi arc surface states) that
connect the bulk bands at the energy of the bulk
Dirac nodes, which can be realized at the sam-
ple’s native chemical potential. These double
Fermi arc surface states are disjoint on the sur-
face, and they connect to each other through the
bulk bands. Moreover, they are predicted to show
a wide range of exotic properties, such as unusual
polarization (13), Friedel oscillations in tunnel-
ing experiments (6), and novel quantum oscilla-
tions in transport (12). However, they have not
yet been observed in real materials.
Experimentally, a number of compounds have
been identified to be three-dimensional (3D) Dirac
semimetals (or 3D analogs of graphene), such as
BiTI(So.55€0.5)2s (Bio.94INo 06)25€3, Bi1.Sby, NagBi,
and CdzAs, (20-25). Only the latter two are theo-
retically believed to be topologically nontrivial (2),
but existing experimental data (20-25) are insuf-
ficient to prove their topological nature. We exper-
imentally uncovered the nontrivial topological
nature of the semimetal NasBi. We achieved this
by observing a pair of spin-polarized Fermi arc
surface states at the native Fermi level on the
surface of our samples using high-resolution angle-

SCIENCE sciencemag.org

resolved photoemission spectroscopy (ARPES).
Our observation of Fermi arc surface states lays
the foundation for studying fundamentally new
physics in nontrivial metals and may also have
potential for device applications (1, 2, 4-15).
NagBi is a semimetal that crystalizes in the
hexagonal P6;/mmc crystal structure with a =
5448 A and ¢ = 9.655 A (26). First-principles
bulk band calculations (9) show that its lowest
bulk conduction (Na 3s) and valence (Bi 6p,,,.)
bands possess a band inversion of about 0.3 eV
at the bulk BZ center I" (9). The strong spin-orbit
coupling in the system can open up energy gaps
between the inverted bulk bands, but because
of the protection of an additional threefold rota-
tional symmetry along the [001] crystalline direc-
tion, the bulk bands are predicted to touch in two
locations (Dirac nodes), even after spin-orbit
coupling is considered (Fig. 1F, blue crosses).
At the (001) surface, because the two bulk Dirac
nodes project onto the same point in the surface
BZ (Fig. 1F), Fermi arc surface states are not pos-
sible at the (001) surface. On the other hand,
at the (100) surface, the two bulk Dirac nodes
are separated on the opposite sides of the (100)
surface BZ center I' (Fig. 1F). Consequently, the
Fermi arc surface states connecting the bulk
Dirac nodes are found in the (100) surface elec-
tronic structure calculation (Fig. 1H). In order to

Fig. 1. Observation of Fermi arc surface states.
(A) Fermi surface map of the NasBi sample at
photon energy 55 eV. BDP1 and BDP2 denote the
two bulk Dirac points. (B) ARPES constant energy
contours as a function of binding energy at photon
energy 55 eV. The dotted lines indicate the
momentum space cuts shown in (C). (C) ARPES
dispersion cuts a, B, and y as defined in (B) at
photon energy 55 eV. (D) Schematic Fermi surface
of NazBi. The red shaded areas and the orange
lines represent the bulk and surface states,
respectively. (E) Calculated band structure along
cut Band cut a(y). (F) The bulk BZ and surface BZs
of the (001) and (100) surfaces. Bulk Dirac nodes
are marked by blue crosses. (G) First-principles
bulk band calculation for NasBi. GGA+SO means
that the calculations are based on the generalized
gradient approximation (GGA) method in the
presence of spin-orbit (SO) coupling. (H) First-
principles calculation of the (100) surface
electronic structure.

experimentally search for the Fermi arc surface
states and to probe the topological number for
the Dirac semimetal state in NasBi, we system-
atically studied its electronic structure and spin
polarization at the (100) side-surface.

Figure 1A shows the ARPES-measured Fermi
surface of our NagBi sample at its native Fermi
level. The measured Fermi surface consists of two
Fermi “points” along the %oy direction and two
arcs that connect the two Fermi points. We then
studied the evolution of constant energy contour
as a function of binding energy Ey (Fig. 1B). As we
moved Eg below the Fermi level, the two bulk
Dirac points were found to enlarge into contours
(hole-like behavior), whereas the two surface Fermi
arcs shrank (electron-like behavior). In Fig. 1C,
we show the energy dispersion for important
momentum space cut directions (Fig. 1B). Surface
states with a surface Dirac crossing are clearly
observed near the Fermi level in cut . On the
other hand, for cuts a and v, no surface states
are observed but the bulk linear band is seen to
cross the Fermi level (Fig. 1E). All these ARPES
results regarding the band behavior (Fermi sur-
face, electron- or hole-like behavior for each band,
and energy dispersion cuts) are in qualitative agree-
ment with the theoretical prediction (9). There-
fore, our ARPES data demonstrate that the Fermi
surface of NagBi is described by two Fermi arc
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surface states that connect two bulk Dirac nodes
at our samples’ native chemical potential.

In order to further confirm the 2D surface
nature for the double Fermi arc surface states
and the 3D bulk nature for the two bulk Dirac
bands, we present Fermi surface maps at differ-
ent incident photon energies. The double Fermi
arcs are observed at all photon energies, whereas
the bulk Dirac nodes are pronounced only at 55 to
58 eV (Fig. 2, A to C). Furthermore, we show the
dispersion along cut 8, which also confirms that
the surface state spectra do not depend on photon
energy (Fig. 2D). In contrast, the bulk Dirac bands
disperse strongly in photon energy (Fig. 2E). The
systematic photon energy (k.)-dependent data
in Fig. 2 clearly demonstrate that the electronic
states at the Fermi level are localized at the sur-
face (2D surface state nature) everywhere around
the Fermi surface contour, except at the locations
of the two bulk Dirac nodes, where the states dis-
perse strongly in all three dimensions (3D bulk
band nature).

Next, we studied the surface spin polariza-
tion along cut B, where a surface Dirac crossing
within the bulk bandgap is observed. Figure 3,
B and C, show the in-plane spin-resolved intensity
and net spin polarization. The direction of spin
polarization is reversed upon going from S-cut

SCIENCE sciencemag.org

Topo. semimetal SOC

Topo. Insulator

<t Il
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1to S-cut 2 (defined in Fig. 3A), which shows the
spin-momentum locking property and the singly
degenerate nature of the Fermi arc surface states
along the cut B direction.

‘We used the observed electronic and spin struc-
ture for the (100) Fermi arc surface states to
obtain the topological number for the Dirac semi-
metal state in NagBi. Because of the existence of
the two bulk nodes (slices 2 and 6), our ARPES
data (Fig. 3, D and E) show that the bulk band-
gap closes and reopens as one goes across each
bulk node (slice 2 or 6). We carefully examined
the ARPES electronic structure for all 2D-% slices,
where the bulk is gapped (slices 1, 3 to 5, and 7). It
can be seen from Fig. 3, E and F, that slices 1 and
7 are gapped without any surface states; slices 3
and 5 do have surface states, but the surface
states are gapped and do not connect across the
bulk bandgap; however, for slice 4 (koo = 0),
our data show gapless Dirac surface states that
span across the bulk gap. Therefore, our data
indicate that slice 4 has a nontrivial 2D topo-
logical number. Because slice 4 (the koo = O
plane) is invariant under the time-reversal ope-
ration, it is possible for slice 4 to have a nonzero
2D Z, number vop = 1 (2, 14, 15). If that is the
case, then slice 4 can be viewed as a 2D quan-
tum spin Hall-like system, and one would expect

Fig. 4. Comparison between a trivial 3D Dirac
semimetal achieved by fine tuning and a topo-
logical Dirac semimetal. (A) A 3D Dirac semimetal
state with only one bulk Dirac cone can be realized
by tuning a system to the critical point of a topo-
logical phase transition between a band insulator
and a topological insulator. (B) Schematic band
structure of BiTl(SpsSeqs),, which is at the critical
composition of the topological phase transition sys-
tem (20). (C) A topological Dirac semimetal phase
is realized in an inverted band structure and is stable
without fine tuning because of additional protection
by crystalline symmetries. (D) Schematic band struc-
ture from the (100) surface of a topological Dirac
semimetal. In this schematic, only surface states at
the bulk Dirac point energy are plotted. Surface
states at other energies are not shown. (E and F)
Schematic Fermi surface of NasBi and Bi>Ses. In
Na3Bi, each Dirac node (the blue shaded area) can be
viewed as a composite of two degenerate Weyl nodes
(yellow and green areas). The orange arrows note the
spin polarization according to our spin-resolved ARPES
measurements. The inset of (C) shows the ARPES-
measured Fermi surface.

a Dirac surface state with a helical spin texture
connecting the bulk conduction and valence bands.
Indeed, this is what we observe in our ARPES
(Fig. 3E) and spin-ARPES (Fig. 3, A to C) data.
Therefore, our data demonstrate that NagBi is
a topological Dirac semimetal that features a
2D topological number v,p, = 1 for the &pgo1; = 0
plane, which is consistent with the prediction
in (2). Further elaborations regarding the topo-
logical properties of NasBi are presented in the
supplementary materials (figs. S1 and S2). Figure 4,
A to D, shows schematically the difference be-
tween a trivial and topological Dirac semimetal.
Our observations of topological surface states,
the way in which they connect to the bulk Dirac
cones, and their spin momentum locking dem-
onstrate the topology of a Dirac semimetal in
line with the theoretical prediction (2). The ob-
served Fermi arc surface states represent a type
of 2D electron gas that is distinct from that of
the surface states in a Z, topological insulator
(27). In a typical topological insulator such as
Bi,Ses, the surface states’ Fermi surface is a closed
contour. In sharp contrast, the Fermi surface in
NazBi consists of two arcs, which are bridged
by the two bulk nodes (Fig. 4, E and F). Therefore,
as one goes along the surface Fermi arc and
reaches a bulk node, the wave function of the
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surface state gradually loses its surface nature
and becomes a bulk band. Such exotic behavior
does not exist in surface states of Bi,Se; or any
known topological insulator. In surface electri-
cal transport experiments at high magnetic field,
it would be interesting to study how the surface
electrons wind along the arc and enter the bulk
singularity as considered by a recent theoretical
work (%), if the chemical potential can be placed
precisely at the bulk Dirac node so that the bulk
carrier density is vanishingly small (5). Finally,
it would be interesting to introduce supercon-
ductivity or magnetism in these new topological
metals (9, 10, 28). In particular, breaking time-
reversal symmetry via magnetism can split the
Dirac nodes into Weyl nodes (Fig. 4E).
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