Massive Dirac Fermion on the
Surface of a Magnetically
Doped Topological Insulator
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In addition to a bulk energy gap, topological insulators accommodate a conducting, linearly dispersed
Dirac surface state. This state is predicted to become massive if time reversal symmetry is broken,
and to become insulating if the Fermi energy is positioned inside both the surface and bulk gaps.
We introduced magnetic dopants into the three-dimensional topological insulator dibismuth triselenide
(Bi,Se3) to break the time reversal symmetry and further position the Fermi energy inside the

gaps by simultaneous magnetic and charge doping. The resulting insulating massive Dirac fermion
state, which we observed by angle-resolved photoemission, paves the way for studying a range of
topological phenomena relevant to both condensed matter and particle physics.

that may serve as a platform for both fun-
damental physics phenomena and tech-
nological applications, such as spintronics and
quantum information processing. Since their dis-
covery in two-dimensional (2D) HgTe quantum

Topological insulators are a state of matter

Fig. 1. Electronic band structure of undoped
Bi,Se; measured by ARPES. (A) The bulk conduc-
tion band (BCB), bulk valence band (BVB), and
surface-state band (SSB) are indicated, along with
the Fermi energy (E¢), the bottom of the BCB (),
and the Dirac point (Ep). (B) Constant-energy
contours of the band structure show the SSB
evolution from the Dirac point to a hexagonal
shape (green dashed lines). (C) Band structure
along the K-T"-K direction, where I is the center of
the hexagonal surface Brillouin zone (BZ), and the
K and M points [see (D)] are the vertex and the
midpoint of the side of the BZ, respectively (14).
The BCB bottom is ~190 meV above Ep and 150
meV below E. (D) Photon energy—dependent FS
maps (symmetrized according to the crystal
symmetry). Blue dashed lines around the BCB FS
pocket indicate their different shapes.

wells (Z, 2), topological insulators have been at
the core of a very active research area (3—17). Re-
cently, a class of 3D compounds—Bi, Tes, BiSes,
and Sb,Tes—were identified (/2—74) with the
surface state consisting of a single Dirac cone.
The conducting surface states of topological in-
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sulators are immune to localization as long as
the disorder potential does not violate time rever-
sal symmetry (TRS) (4, 5, 9), and one way to
destroy this robust surface metallicity is to break
the TRS by introducing magnetic order (5). In
the bulk, a topological insulator doped with mag-
netic impurities can have a long-range magnetic
order both in the metallic (/5, /6) and insulat-
ing (/7) phases; on the surface, such a long-range
magnetic order can also be formed independent
of the bulk magnetic ordering, as the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction induced
by the Dirac fermions is generally ferromagnetic
when the Fermi energy (£F) is close to the Dirac
point (/8). Both effects can lead to the breaking
of TRS, resulting in a gap opening at the Dirac
point that makes the surface Dirac fermion mas-
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sive; indeed, we find that the Dirac gap can be
observed in magnetically doped samples with or
without bulk ferromagnetism (/9). Furthermore,
if Ef can be tuned into this surface-state gap, an
insulating massive Dirac fermion state is formed;
this state may support many striking topological
phenomena, such as the image magnetic mono-
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pole induced by a point charge (20, 21), the half
quantum Hall effect on the surface with a Hall
conductance of ¢*/2h, and a topological contribu-
tion to the Faraday and Kerr effects (5). In addi-
tion, this state is a concrete realization of the “0
vacuum” state of axion physics in a condensed
matter system (35), and thus has implications for
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partticle physics and cosmology (22). Finally, a
tunable energy gap at the surface Dirac point pro-
vides a means to control the surface electric trans-
port, which is of great importance for applications.

The insulating massive Dirac fermion state is
challenging to realize, because there are two crit-
ical requirements that must be simultaneously
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Fig. 2. (A and B) A nonmagnetically doped topological insulator with a Dirac
point connecting the upper and lower Dirac cones as in the undoped case. (C)
Band structure along the K-I"-K direction of undoped Bi,Ses. Left and right
subpanels show the ARPES spectral intensity plot and a stacking plot of the
energy distribution curves (EDCs), respectively. The red curve in the right
subpanel indicates the EDC at the I" point. Inset: EDC at the T" point (red),
fitted with a Lorentzian peak (green) on the Shirley background (black); the
total fitting function is shown in blue. The same convention is used in (D),

Fig. 3. Realization of the insulat- A B C

ing massive Dirac fermion state by
simultaneous magnetic and charge
doping. (A) Gap formation at the
Dirac point (caused by magnetic
impurities on the surface) and the
in-gap E: position. The occupied and
unoccupied Dirac cones are shown
in blue and gray, respectively; A is
the energy difference between the
top of the occupied Dirac cone and
Er. (B) ARPES spectra intensity plot
of the band structure along the
K-T'-K direction of Mn-doped sam-
ple (Bip.g9Mngo1),Se3 showing the
Er inside the surface Dirac gap. Inset: close-up
of the dispersion in the vicinity of Ef, indi-
cating a gap between the leading edge of the
SSB and E;. Vertical white dashed line shows
the location of the EDC plotted in (C). (C) Comparison between the I" point
EDC (blue) and E; shows a leading-edge gap of 7 meV (EDC on the full energy
scale is plotted in the inset). A reference EDC from a polycrystalline Au sample
whose leading edge, as expected, coincides with Er is shown in red.
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(G), and (H). (D) Band structure for a Tl-doped sample, (BiyoTly1),5€s. The
Dirac point remains continuous. (E and F) A magnetically doped topological
insulator with a broken Dirac point and a gap separating the upper and
lower Dirac cones. (G and H) Band structure of two Fe-doped samples
from two growth batches with melt composition (Big ggFeg.12),5€3.7 and
(Big g4Feg.14)25€3.7, respectively. At the Dirac point, the reduced spectral
intensity (left subpanels) and the twin-peak structure in the EDCs (right
subpanels) indicate a gap formation.
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satisfied: (i) A gap should open at the Dirac
point of the topological surface state (as a result
of the breaking of TRS); (ii) the £ of the system
must reside inside both the surface and bulk gaps.
We report the realization of this state with simul-
taneous fulfillment of both requirements in the
topological insulator Bi,Se; by introducing an
exact amount of magnetic dopants to break the
TRS and precisely controlling the Ep position.
We performed angle-resolved photoemission
spectroscopy (ARPES) to investigate the electronic
structures of intrinsic, nonmagnetically doped, and
magnetically doped Bi,Se; (/9). Figure 1 illus-
trates the measured band structure of undoped
Bi,Se;. Similar to BiTe; (/4), besides the Fermi
surface (FS) pocket from the surface-state band
(SSB), there is also a FS pocket from the bulk
conduction band (BCB) (Fig. 1, A to D) due to
the Se deficiencies and the Bi-Se intersite defects.
The bottom of the BCB is located at 190 meV
above the Dirac point (Fig. 1, A and C), indicat-
ing a direct bulk gap (/9). The in-gap Dirac point
makes Bi,Se; a better candidate for realizing
the insulating massive Dirac fermion state than
Bi, Tes, in which the Dirac point is below the top
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Fig. 4. Full-range control of
E: position by surface or bulk
doping. (A) Different carrier
type regions: n-type (region
), bulk insulating (region I1),
Dirac transport and p-type (re-
gion Ill) determined by the
E; position. (B) Evolution of
the band structure (along the
M-I"-M direction) by photon-
assisted surface doping with
0,, where the unit Langmuir
(L) corresponds to an expo-
sure of 107 torr+s (19). The
blue dashed line traces the
upshift of the Dirac point with
the O, doping. Green dashed
lines indicate the dosages
that separate the three dop-
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of the bulk valence band (BVB) (/4), thus de-
manding a much larger surface energy gap for £
to reside inside both the surface and bulk gaps.
The cross-sectional plot of the band structure (Fig.
1B) shows how the SSB evolves from the Dirac
point to a hexagonal shape at Er. Unlike the
Bi,Tes band structure, where the SSB FS starts
being warped at energies close to the BCB mini-
mum (/4) and becomes a concave hexagram, the
SSB FS of Bi,Se; remains convex hexagonal even
in the presence of the BCB. This difference will
be reflected in other experiments, such as scanning
tunneling microscopy/spectroscopy (STM/STS),
where the surface quasi-particle interference around
defects can be suppressed in BirSe; but not in
Bi,Tes, where the concave SSB FS shape favors
such scattering along specific directions (23—27).

The surface nature of the hexagonal SSB FS
was confirmed by the photon energy—dependent
ARPES (Fig. 1D), where its nonvarying shape
with different excitation photon energies indicates
its 2D nature. By contrast, the shape and the ex-
istence of the inner BCB FS pocket changes
markedly because of its 3D nature with strong
k, dispersion.

Region (Ill)

Region (I1)

Region (Ill)

ing regions shown in (A): At 0.95L O, dosage, the BCB bottom reaches E; at 3.6L, the Dirac point reaches
Er; and beyond 3.6L, the Dirac point is above E¢. (C to F) Bulk doping: the FS and the band structure of (C)
nominally undoped Bi,Ses, showing the coexistence of BCB and SSB FS pockets; (D) Se-rich sample (melt
composition Bi, ;Ses 3) with only an SSB FS, and E¢ residing inside the bulk gap (Ez — Ep = 145 meV); (E)
Mg-doped (Big.999Mgo.001)25€3 sample with a point-like FS and E precisely at the Dirac point; and (F)
more richly Mg-doped (Big 99sMgo.002)25€3 sample driven into p-type, with a p-type FS and the Dirac point

above Eg.
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In the presence of TRS, the SSB of Bi,Ses is
degenerate at the Dirac point, which connects the
upper- and lower-surface Dirac cone (Fig. 2B)
even if the system is perturbed by nonmagnetic
dopants (Fig. 2A). This is confirmed by the ARPES
measurements (Fig. 2, C and D), where the band
structures of an intrinsic sample and a nominally
10% TI-doped sample are shown, respectively.
In both cases, the continuity at the Dirac point is
indicated by the strong spectral intensity (left sub-
panels) and the single-peak structure of the energy
distribution curve (EDC) at the Dirac point (right
subpanels). In Fig. 2D, the charge doping effect
of Tl is clearly shown by the marked shift of Er
into the bulk gap (Er — Ep = 160 meV). None-
theless, the topology of the SSB remains the same
with a continuous Dirac point (/9).

The TRS protection of the Dirac point can
be lifted by magnetic dopants (Fig. 2E), result-
ing in a gap that separates the upper and lower
branches of the Dirac cone (Fig. 2F). This is il-
lustrated in the band structure (Fig. 2, G and H) of
two Fe-doped samples. Unlike nonmagnetically
doped samples, for both Fe-doped samples, the
SSB dispersion at the Dirac point is broken, as
indicated by the suppressed intensity regions in
the spectral density plots (left subpanels) and the
twin-peak structure around the Dirac point in the
EDC plots (right subpanels). The data have suf-
ficient k-space sampling density to reveal the
qualitative difference between the nonmagnetic
and magnetic dopants: One always finds a single-
peak structure in as-grown and nonmagnetically
doped samples, whereas the twin-peak structure
is present only in magnetically doped samples
(19). By fitting the twin-peak structure with two
Lorentzian peaks (insets in EDC plots of Fig. 2,
G and H), the gap size can be acquired, showing
a larger value (~50 meV) in Fig. 2H than that
(~44 meV) in Fig. 2G. This trend (/9) is consist-
ent with the increase of the magnetic moment upon
increasing the magnetic dopant concentration.

The SSB gap formation at the Dirac point
with broken TRS is the first step in realizing the
insulating massive Dirac fermion state; the second
step is to tune the Ef into this gap. In the Fe-
doped Bi,Ses, however, E£r was found to always
reside above the Dirac point (similar to undoped
Bi,Ses;), making the material n-type (Fig. 2, G
and H). To remove these excess n-type carriers
while maintaining the magnetic doping effect, we
changed the dopant from Fe to Mn, another mag-
netic material with one less valence electron than
Fe. Indeed, Mn dopants not only introduce mag-
netic moments into the system, but also naturally
p-dope the samples. The measurements on an
optimally doped sample (/9) show Ef residing
just inside the SSB gap (Fig. 3B). By comparing
the leading edge of the EDC at the I' point to Ep
(Fig. 3C; also shown is an Au reference spec-
trum), we found a 7-meV difference, indicating a
SSB Dirac gap of at least 7 meV (Fig. 3A). Such a
gap suggests a ferromagnetic order of the Mn dop-
ants on the surface, which can be induced by the
ferromagnetic spin-spin interaction mediated by the
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surface states (/8). This optimally doped sample
thus fully realizes the insulating massive Dirac fer-
mion state and provides a model system for study-
ing striking topological phenomena (3, 20-22).

To maintain this insulating massive Dirac fer-
mion state at higher temperatures requires a fur-
ther increase of the Dirac gap (while keeping Er
inside it). However, because of the hole-doping
effect of Mn dopants, one cannot simply increase
the Mn concentration in (Bi;_sMns),Ses to acquire
a larger Dirac gap, as the system will become
p-type before the gap magnitude increases appre-
ciably (/9). However, we found that it was pos-
sible to introduce many Fe dopants into Bi,Ses to
increase the gap size without substantially al-
tering the Er position relative to the undoped
Bi,Se;; if we can then move Ef into the gap by
introducing additional p-type dopants, we can
achieve a larger gap while preserving the in-
sulating nature of the state.

Figure 4 demonstrates the full range of Ex
tuning by introducing such p-type doping, with
three doping regions and the topological trans-
port point (where Eg coincides with the Dirac
point) shown in Fig. 4A. By either surface dop-
ing [Fig. 4B and (19)] or bulk doping (Fig. 4, C
to F), we were able to tune the Er to any of the

regions defined in Fig. 4A. The ability to convert
the original n-type sample to p-type by surface
doping (Fig. 4B, region III) is critical for ap-
plications requiring both types of carriers or p-n
junctions. On the other hand, full-range bulk dop-
ing (Fig. 4, C to F) has advantages over surface
doping in bulk applications.
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Quantum Correlations in Optical
Angle—Orbital Angular
Momentum Variables
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Entanglement of the properties of two separated particles constitutes a fundamental signature of
quantum mechanics and is a key resource for quantum information science. We demonstrate strong
Einstein, Podolsky, and Rosen correlations between the angular position and orbital angular momentum
of two photons created by the nonlinear optical process of spontaneous parametric down-conversion.
The discrete nature of orbital angular momentum and the continuous but periodic nature of angular
position give rise to a special sort of entanglement between these two variables. The resulting
correlations are found to be an order of magnitude stronger than those allowed by the uncertainty
principle for independent (nonentangled) particles. Our results suggest that angular position and
orbital angular momentum may find important applications in quantum information science.

proposed a Gedanken experiment that was
intended to show that quantum mechanics is
incomplete (/). Their proposal supposes the exis-
tence of two spatially separated particles that are
perfectly correlated in both position and momen-

In 1935, Einstein, Podolsky, and Rosen (EPR)
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tum. Measurement of the position (or alternatively
the momentum) of one particle would then deter-
mine instantaneously the position (or momen-
tum) of the second particle. The ability to infer
either the position or the momentum of the sec-
ond particle from a distant measurement on the
first seems to imply that both of these quantities
must have been predetermined. However, quan-
tum theory (and specifically the uncertainty prin-
ciple) does not allow the simultaneous, exact
knowledge of two noncommuting observables,
such as position and momentum, as seems to be
required for the second particle. A demonstration
of EPR correlations establishes either that quan-

tum mechanics is incomplete, in that systems
possess additional hidden variables, or that quan-
tum mechanics is nonlocal, in that measurement
of the position or momentum of either particle
results in an instantaneous uncertainty of the mo-
mentum or position, respectively, of both (2).

In 1964, Bell deduced an inequality that dis-
tinguishes the predictions of quantum theory from
those of any local hidden variable theory (3, 4).
Since that time, many experiments have been
performed that have decided strongly in favor of
quantum theory (3, 6). These Bell-type tests apply
only to discrete state-spaces, originally of two
dimensions or, more recently, to three or higher
dimensions (7-9). In contrast, EPR correlations
provide a demonstration of entanglement both for
discrete and continuous variables, such as energy
and time (/0), position and linear momentum
(11), spatial modes (12, 13), and images (/4).

In addition to linear momentum, light may
also carry angular momentum. The spin angular
momentum is manifest as the polarization of
light and is described completely within a two-
dimensional Hilbert space. However, light beams
can also carry a measurable orbital angular mo-
mentum that results from their helical phase
structure. This phase structure can be described by
exp(i £ ¢)(15, 16), where ¢ is the azimuthal angle
and ¢ can take any integer value, corresponding to
an orbital angular momentum in the direction of
propagation of L, = ¢h per photon, where 7 is
Planck’s constant / divided by 2n. For restricted
subspaces of two or three dimensions, the orbital
angular momentum variable has previously been
shown to be an entangled property of down-
converted photon pairs (/7, 18) and to violate a
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