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Three-dimensional (3D) topological Dirac semimetals (TDSs) represent a novel state
of quantum matter that can be viewed as “3D graphene”. In contrast to two-
dimensional (2D) Dirac fermions in graphene or on the surface of 3D topological
insulators, TDSs possess 3D Dirac fermions in the bulk. By investigating the
electronic structure of Na;Bi with angle resolved photoemission spectroscopy, we
discovered 3D Dirac fermions with linear dispersions along all momentum
directions. Furthermore, we demonstrated the robustness of 3D Dirac fermions in
Na;Bi against in situ surface doping. Our results establish Na;Bi as a model system
of 3D TDSs, which can serve as an ideal platform for the systematic study of
quantum phase transitions between rich topological quantum states.

The discoveries of graphene and topological insulators (TIs) have in-
spired enormous efforts in the search for materials with similar electron-
ic and topological properties (/—4). Graphene, a single sheet of carbon
atoms, hosts 2D Dirac fermions in its electronic structure (1, 2, 5); Tls
are materials with bulk energy gap but gapless surface states formed by
an odd number of Dirac fermions with helical spin texture (3, 4, 6-8). In
the course of this search, the following questions arose: Does a 3D coun-
terpart of graphene exist? Can materials other than insulators possess
unusual topology in their electronic structures?

In a class of materials called the topological Dirac semimetals both
of these questions are answered in the affirmative. There, the bulk con-
duction and valence bands touch only at discrete (Dirac) points and dis-
perse linearly along all (three) momentum directions, forming bulk (3D)
Dirac fermions — a natural 3D counterpart of graphene. Interestingly,
although similar electronic structure was discussed more than seven
decades ago (9), its topological classification was only appreciated re-
cently (/0-15), leading to the theoretical proposal of topological Dirac
semimetals (/2—16).

The distinct electronic structure of a topological Dirac semimetal not
only makes it possible to realize some exciting phenomena and applica-
tions of graphene (/7) in 3D materials, but also gives rise to many
unique properties, such as the giant diamagnetism that diverges loga-
rithmically when the Fermi-energy (Er) is approaching the 3D Dirac
point (16, 18, 19), quantum magnetoresistance showing linear field de-
pendence in the bulk (20, 2I), unique Landau level structures under
strong magnetic field, and oscillating quantum spin Hall effect in quan-
tum well structures (/5, 22). Interestingly, the 3D Dirac fermion in a
topological Dirac semimetal is composed of two overlapping Weyl fer-
mions (which are chiral massless particles previously studied extensively
in high-energy physics, e.g., as a description of neutrinos) (23) that can
be separated in the momentum space if time reversal or inversion sym-
metry is broken. This would result in a topological Weyl semimetal,

another novel topological quantum state
showing unique Fermi-arcs geometry
(12, 24), exhibiting pressure induced
anomalous Hall effect (25) and quan-
tized anomalous Hall effect in quantum
well structures (24).

Besides these unusual properties,
the topological Dirac semimetal is the
neighbor state to various states (Fig.
1A, B) (12-16, 26) ranging from regu-
lar band insulators to topological super-
conductors. This versatility makes the
topological Dirac semimetal an ideal
mother compound for the realization of
other novel states as well as a platform
for the systematic study of topological
quantum phase transitions.

The physical realization of the
topological Dirac semimetal is, howev-
er, challenging. In principle, it may be
realized through topological phase tran-
sitions, such as tuning chemical compo-
sition or spin-orbital coupling strength
to the quantum critical point through a
normal insulator - topological insulator
transition (Fig. 1B). Recently, it was
realized that the crystal symmetry can
protect and stabilize 3D Dirac points in
several stoichiometric compounds such
as P-cristobalite BiO, (/4) and A;Bi
(4=Na, K, Rb) family of compounds
(15). Because of the metastable nature of B-cristobalite BiO,, we chose
to study Na;Bi.

We performed angle resolved photoemission spectroscopy (ARPES)
measurements to investigate the electronic structures of Na;Bi (001)
single crystals. Further details of the sample preparation and ARPES
experiments are available in (27). The crystal structure of Na;Bi (Fig.
1C) is comprised of stacked ...Na - (Na/Bi) - Na... triple-layer groups,
with the adjacent triple-layers rotated by 60 degrees with respect to each
other. The 3D Brillouin zone (BZ) of Na;Bi is illustrated in Fig. 1D with
high symmetry points indicated. According to recent ab initio calcula-
tions (/5), a pair of 3D Dirac fermions are located near the I point in
each BZ (labeled as “D” in Fig. 1D), with linear dispersion along k,, ,,
and k, directions. Because a 3D Dirac fermion is a surface in four-

dimensional space ( E =V ~ka +V, kay +V, -kDZ, where V,, ¥, and

V, are the Fermi-velocities along x, y, and z directions, respectively; and
i, kD . and k°, represent the momentum measured from the Dirac
point), in Fig. 1E, we visualize it by using £°,, ° , and kP, as variables
and colors as representation of £ (the 4t dimension). The projections of
the 3D Dirac fermion onto two 2D momentum planes are shown in Fig.
1F, G. The figures reflect the calculated small in-plane and large out-of-
plane anisotropy (V= V, = 3.74x10° my/s, V. = 2.89 x10* m/s).

The overall electronic structure from ARPES measurements is sum-
marized in Fig. 2. The characteristic peaks of Na and Bi elements are
evident in the core-level spectra (Fig. 2A); the band dispersions (Fig.
2B) agree well with our ab initio calculations, represented by solid lines
[details of the calculations can be found in (27)]. The electronic structure
at the Dirac point is illustrated in Fig. 2C, showing a cone-shape with
linear dispersions [details on selecting k, positions and identifying Dirac
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points in momentum space can be found in (27)]. This Dirac cone dis-
persion results in a point-like Fermi-surface (FS) at T in the projected
2D BZ (Fig. 2D). Moreover, the constant energy contours of the Dirac
cone at different binding energies (Fig. 2E) demonstrate the small in-
plane anisotropy.

To demonstrate the 3D nature of the Dirac cone in Na;Bi, we need to
illustrate that the band dispersion is also linear along £ (as well as &, and
k,), which was achieved by performing photon-energy dependent
ARPES measurements (27, 28). By assembling the measurements under
broad range of photon energies (27), we obtained the band structures of
Na;Bi throughout the 3D BZ. Figure 3A illustrates the complete FS of
Na;Bi in a 3D BZ, showing a pair of point-like FSs in the vicinity of I' at
ke =k, = 0 and k., = £ 0.095 /A or + 0.29 w/c, where ¢ is the z-direction
lattice constant, which agrees well with our ab initio calculations that
predict two Dirac points at k., ==+ 0.26n/c (15). Note that in Fig. 3A(ii),
which shows the data for a Na-deficient sample surface, an additional
cylindrical FS appears and vertically crosses the whole 3D BZ (and thus
is dispersionless along k). This feature originates from the surface states
(27, 28) that emerge due to the loss of the surface Na atoms, which easi-
ly migrate away during the experiment (27).

Besides the 3D FS, we can investigate the band dispersion along all
three k-directions. Similar to Fig. 2C, the 3D electronic structure along
kDy-sz direction is illustrated in Fig. 3B, showing a clearly elongated
(along &7, direction) Dirac cone (corresponding to a much smaller V. -
see Fig. 3B, C). Furthermore, we can study the detailed dispersions
along each momentum direction (see schematics in Fig. 3D-F): for a 3D
Dirac fermion, ARPES measurements along any k-direction should yield
either linear or hyperbolic dispersions depending on whether the meas-
urement cuts through the Dirac point — this is different from the usual
parabolic dispersions of massive electrons.

In Fig. 3D-F (i-iv), we use four examples along each k-direction to
show typical ARPES dispersions on Na;Bi [for more measurements and
analysis see (27)]. Along each k-direction, the dispersion evolves from
linear [Fig. 3D-F (i)] to hyperbolic [Fig. 3D-F (ii~iv)] shape, as ex-
pected. Notably, to fit all of the ARPES measurements [including those
in (27)], we only need one set of 3D Dirac cone parameters (¥, = 2.75
eVeA or 4.17x10° m/s, ¥, = 2.39 eV+A or 3.63x10° nvs, and ¥, = 0.6
eVeA or 0.95x10° m/s). This excellent agreement proves that the bulk
band structure of Na;Bi forms 3D Dirac cones, with a large anisotropy
along the £, direction (V, = 0.25V,, see Fig. 3C).

To test the robustness of 3D Dirac fermion in Na3Bi, we deliberately
modified the sample surface (by in situ evaporating K-atoms, see Fig.
4A, B) and monitored the band dispersions’ evolution with the increase
of surface impurities. In addition, the K-doping can compensate the
charge loss caused by the surface Na-atom loss discussed above [and in
(27)]. In fact, we were even able to over-compensate the charge loss
with sufficient doping and observed the upper part of Dirac cone beyond
the Dirac point (Fig. 4C). With the increase of K-doping, the Ef shifts
upward (Fig. 4D-F), whereas the surface state band disappears (Fig. 4E,
F) owing to the deterioration of the sample surface by randomly deposit-
ed K-atoms. On the other hand, the bulk Dirac cone (both the linear dis-
persion and the Dirac point) persists despite such surface deterioration
(Fig. 4E, F), supporting the notion that the Dirac fermion is protected by
the bulk crystal symmetry (which is preserved during surface K-doping).

The topological Dirac semimetal Na;Bi realizes a 3D counterpart of
graphene, opening the door for the exploration of other 3D TDSs, some
of which may realize various exciting applications of graphene in 3D
materials. Furthermore, the extremely long Fermi-wavelength (which
diverges at the Dirac points) of the bulk conducting electrons in a topo-
logical Dirac semimetal can greatly enhance the Ruderman-Kittel-

Kasuya-Yosida interaction, making it possible to realize ferromagnetic
states by unusually dilute magnetic doping [similar to the Dirac surface
states in a topological insulator (29)] — which could make the topological
Dirac semimetal an ideal platform for spintronics applications.
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Bi 5d doublet peaks (blue curve). Features at low binding energy (Es< 21eV) were magnified 20 times to enhance the details
(red curve). Inset is the LEED pattern that clearly shows the hexagonal structure of NasBi (001) surface. (B) Comparison of
the valence band spectra between ARPES measurement (background) and ab initio calculations (solid lines) along the
M-T - M direction. The color of the lines represents different k. dispersions in the calculation. (C) 3D intensity plot of the
photoemission spectra at the Dirac point, showing cone-shape dispersion. (D) Broad FS map from ARPES measurements
that covers three BZs. The red hexagons represent the surface BZ; and the uneven intensity of the FS points of different BZ
results from the matrix element effect. (E) Stacking plot of constant energy contours at different binding energy shows Dirac
cone band structure. Red dotted lines are the guides to the eye that indicate the dispersions and intersect at the Dirac point.
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Fig. 3. Dispersion of the 3D Dirac fermion along all three momentum directions. (A) FS map across the
whole 3D BZ (top panel) and its projection to the surface BZ (bottom panel) on pristine (i) and Na-deficient (ii)
surfaces. An additional FS appears in panel (ii) [see text and (27) for details]. (B) 3D intensity plot of the
photoemission spectra (along the kDy-sz direction) shows the elongated (along the sz-direction) cone-shape
dispersion, indicating the large anisotropy between k, and k; direction. (C) The schematic of the kDy-sz Dirac
cone reconstructed from the experimental fit parameters: V, = 2.4 eV-A, and V, = 0.6 eV-A (27). (D-F)
Schematics show the dispersions (red curves) that slice through the 3D Dirac cones at different (kDX, kDy or
sz) momentum locations, showing either linear or hyperbolic shape. The Dirac velocity parameters obtained
from our experiments are: Vi = 2.8 eV-A, V, = 2.4 eV+A, and V, = 0.6 eV+A (27). D(i-iv) Measured dispersion
at k% =0, 0.04, 0.08 and 0.11 A", respectively. Red dotted lines show the fitted dispersions that agree well
with the experiments [see text and (27)]. E(i-iv) Experiment and fitted dispersions at kDy=O, 0.04, 0.08 and
0.11A7", respectively. F(i-iv) Experiment and fitted dispersions at k°=0, 0.08, 0.15 and 0.22 A", respectively.
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Fig. 4. Bulk Dirac fermion stability and Er tuning by surface doping. (A)
lllustration of the in situ surface K-doping. (B) Core level photoemission spectra
before and after the K-doping show the rise of the K3, core level peak (which can
be used to monitor the dosage level). (C) Stacking plot of constant energy
contours shows the upper Dirac cone after the in situ K-doping. White dashed
lines are the guides to the eye that trace the Dirac dispersions. (D-F) ARPES
intensity plots show the rising of the Er position with K-dosage. Acronyms: SSB,
surface state band; BCB, bulk conduction band; BVB, bulk valence band. (D):
Before in situ K-doping; (E) at K-doping needed to bring Er to the bulk Dirac point;
(F): further K-doping drives the system into n-type. Note that the SSB in (D) is
destroyed by the K-doping, and thus does not show in (E) and (F).
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