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With angle-resolved photoemission spectroscopy, gap opening is resolved at up to room temperature in
the Dirac surface states of molecular beam epitaxy grown Cr-doped Bi,Se; topological insulator films,
which, however, show no long-range ferromagnetic order down to 1.5 K. The gap size is found decreasing
with increasing electron-doping level. Scanning tunneling microscopy and first-principles calculations
demonstrate that substitutional Cr atoms aggregate into superparamagnetic multimers in the Bi,Se; matrix,
which contribute to the observed chemical-potential-dependent gap opening in the Dirac surface states

without long-range ferromagnetic order.
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Time-reversal (TR) invariant topological insulators (TIs)
are a new class of topological matters whose topologically
nontrivial property is induced by spin-orbit coupling and
protected by TR symmetry [1]. A three-dimensional (3D)
TI is characterized by gapless surface states with Dirac-
cone-shaped band dispersion around TR invariant points
of surface Brillouin zone [2]. Ferromagnetic ordering can
break the TR symmetry of a 3D TI and open a gap at
the Dirac point of the surface states [3]. Many novel
quantum phenomena predicted in 3D TIs, e.g., topological
magnetoelectric effect, image magnetic monopoles, and
quantum anomalous Hall effect [3-6], result from the
magnetically gapped Dirac surface states (DSS).

Doping magnetic impurities is a convenient approach to
induce long-range ferromagnetic order in a semiconductor
or insulator if exchange coupling between impurities far
from each other could be built [7-10]. Many experimental
studies, from angle-resolved photoemission spectroscopy
(ARPES) to transport measurements, have been devoted
to magnetically doped Bi,Se; family TIs: Bi,Ses, Bi,Tes,
and Sb,Te;, which are by far the most popular T materials
[11-16]. The experimental results, however, are inconsistent
between different materials and measurement methods.
In magnetically doped Bi,Te; and Sb,Tes, transport and
magnetization measurements have shown clear long-range
ferromagnetic order in several cases [12,13], which leads to
the observation of the quantum anomalous Hall effect, a
representative quantum phenomenon predicted in magnetic
TIs [6]. Magnetically induced gap opening at DSS, however,
could not be resolved by ARPES in these materials due to the
low Curie temperature (7-) and small gap size. Bi,Ses is
presumably the most studied TI material for its large
bulk gap and standard DSS [11]. Magnetic-doping-induced
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gap opening at DSS has been reported in several ARPES
studies on magnetically doped Bi,Se; with gap size
varying from several tens to a hundred meV, implying a
strong ferromagnetism [14,15]. However, transport and
magnetization measurements could only show very small
or no magnetic hysteresis in the systems, making the
existence of long-range ferromagnetic order questionable
and hindering further progress to various quantum effects
[14-16]. In this Letter, aiming at solving the puzzle in
magnetically doped TIs, we have investigated the relation
between magnetism and surface state gap in molecular
beam epitaxy (MBE)-grown Cr-doped Bi,Se; by combin-
ing ARPES, transport measurements, scanning tunneling
microscopy (STM), and first-principles calculations. Our
results demonstrate that substitutional Cr atoms in Bi,Se;
form superparamagnetic multimers, each with rather
high T but without long-range ferromagnetic order as a
whole. It leads to gapped DSS observed in ARPES without
macroscopic ferromagnetism shown in transport and
magnetization measurements.

Cr-doped Bi,Se; films are prepared by MBE on
graphene-terminated silicon carbide (0001) (for ARPES
and STM measurements) or sapphire (0001) substrates (for
transport measurements) [17]. In situ ARPES measure-
ments are taken with a Scienta SES-2002 analyzer and a
Gammadata helium discharging lamp producing unpolar-
ized He la photons (hv = 21.218 eV). STM experiments
are performed at 4.2 K with a Unisoku low-temperature
STM system. The density functional theory calculations
are carried out using the Vienna ab initio simulation
package (VASP) with Perdew-Burke-Ernzerhof type
generalized gradient approximation for exchange and
correlation [17-19].

© 2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.112.056801
http://dx.doi.org/10.1103/PhysRevLett.112.056801
http://dx.doi.org/10.1103/PhysRevLett.112.056801
http://dx.doi.org/10.1103/PhysRevLett.112.056801

PRL 112, 056801 (2014)

PHYSICAL REVIEW LETTERS

week ending
7 FEBRUARY 2014

We mainly use 8 quintuple (QL) thick films in this study.
Such a thickness is more than enough for a Bi,Se; film
to enter the 3D TI regime since the gap induced by
hybridization between top and bottom DSS can only be
observed in 5 QL and thinner films [20]. On the other
hand, compared with thicker films, the surface state peaks
of 8 QL films are better resolved in ARPES due to more
uniform thickness and quantization of bulk bands into
quantum well states [20]. The phenomena shown in this
Letter observed from 8 QL films are also seen in thicker
samples [17].

Figure 1 displays ARPES gray-scale band maps (upper
panels) and the corresponding energy distribution curves
(EDCs) (lower panels) of an 8 QL Bi,Se; film and an 8 QL
Bi; 96Crg4Ses film measured at room temperature (RT).
In the spectra for the Bi,Se; film [Figs. 1(a) and 1(c)],
the DSS and parabolic quantum-well states are clearly
observed. The Dirac point manifests itself as a distinct
protrusion in the spectrum around I" point [indicated by a
red arrow in Fig. 1(c)], exhibiting the gapless nature of
DSS. With a small amount of Cr impurities doped in Bi,Se;
(2% of the cations) [Figs. 1(b) and 1(d)], the spectrum
near Dirac point changes from a protrusion into a dip
[indicated by a red arrow in Fig. 1(d)], clearly indicating a
gap opened here with the gap size ~75 meV. The gap
becomes larger with increasing Cr concentration, see
Supplemental Material [17].
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FIG. 1 (color online). ARPES gray-scale band maps (along the
I'-K direction) (a),(b) and the corresponding EDCs (c),(d) of an 8
QL Bi,Se; film (a),(c) and an 8 QL Bi; ¢4Cr( 4Sesfilm (b),(d)
taken at RT.

The 75 meV gap observed at RT suggests a rather strong
ferromagnetism with 7'~ above RT induced by Cr doping.
However, it is not supported by transport measurements.
Figures 2(a) and 2(b) display magnetic field (xoH) depend-
ence of the Hall resistance (R,,) and longitudinal conduc-
tivity of an 8 QL Bi; 94Cr ¢4Ses film, respectively, at varied
temperature. Above 10 K, R, exhibits a linear relationship
with yoH and the magnetoconductance experiences a weak
antilocalization behavior, both of which are characteristics
of a TI with TR symmetry [21]. Below 10 K, a nonlinear
Hall effect gradually develops, accompanied by the evo-
lution of magnetoconductance to weak localization behav-
ior. The observation implies breaking of TRS [22] by some
magnetism which is also supported by direct magnetization
measurement [17]. However, long-range ferromagnetic
order is absent since no hysteresis is observed.

To probe the origin of the gap opening of DSS in the
absence of long-range ferromagnetic order, we have sys-
tematically studied chemical potential (1) dependence of
the gap size (A) [1], because different magnetic coupling
mechanisms have different 4 dependence of their exchange
energy which determines A [8—10]. The u of Bi,Se; can be
tuned by doping Mg impurities [14,23] and by taking
ARPES measurements at different temperatures through
surface photovoltage effect [20,24]. Figures 3(a)—(c) show
the ARPES EDCs of 8 QL Bi; gsMg,Cry 4Ses3 films with
different Mg concentrations (y) measured at 150 K. In the
film without Mg doping [Fig. 3(a)], the midgap energy (E)
is —303 meV, and A is about 59 meV. The value of A is
estimated by fitting the spectrum near the gap at I'point with
double Lorentzian peaks, as shown in the inset of Fig. 3(g).
Doping Mg to y = 0.0015 shifts E, to —275 meV with A
increased to 85 meV [Fig. 3(b)]. As y is increased to 0.003
[Fig. 3(c)], E, is further shifted to —208 meV, whereas A is
enhanced to 146 meV. Figures 3(d)—(f) show the ARPES
EDC:s of an 8 QL Bi; 94Cry o4Se; film measured at different
temperatures. At 80 K [Fig. 3(d)], the film is heavily
electron doped with E; = —403 meV due to photoinduced
electron doping [20,24]. The gap becomes so small that
the surface states almost return to a gapless Dirac cone.
At 150 K [Fig. 3(e)], with alleviative photoinduced doping,
E, is shifted to —303 meV, whereas A is increased to
59 meV. At RT [Fig. 3(f)], E reaches —280 meV, whereas
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FIG. 2 (color online). Hall traces (a) and magnetoconductivity
(b) of a 8 QL Bi, 9¢Cry ¢4Ses film measured at varied temperatures.
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FIG. 3 (color online). (a)-(c) The ARPES EDCs of 8 QL
Bi; g¢Mg,Cry ¢4Se; films taken at ~150 K with y =0 (a), y =
0.0015 (b), and y = 0.003 (c). (d)—(f) The ARPES EDCs of an 8
QL Bi; 96Crg4Ses film taken at ~80 K (d), ~150 K (e), and
~300 K (f). (g) The relation between A and |E,| obtained from
different ARPES measurements. The inset shows the fitting result
of the T point spectrum of an 8 QL Bi ¢4Cry4Se; film with
double Lorentzian function.

A becomes ~75 meV. We have performed many ARPES
measurements on samples with the same Cr doping level
but different Mg concentrations at different temperatures.
The data of A and |E,| obtained from the measurements
(not limited to the spectra shown above) are plotted in
Fig. 3(g). It is clear that A increases monotonically with
decreasing |E,|, regardless of the method applied to tune .

A sufficiently high Cr doping level can induce a
transition of Bi,_,Cr,Se; from a TI to a topologically
trivial insulator phase, which will destroy the DSS and
ferromagnetism of van Vleck mechanism [25]. The
Cr concentration of the samples studied here, however, is
far below the critical value for such a topological phase
transition (x ~ 0.15). The surface bands in the present
samples still exist, only gapped around Dirac point, instead

of being completely removed in topologically trivial phase
[25]. Thus the above observations cannot be attributed to
topological phase transition induced by Cr doping.

The measured x dependence of gap size looks consistent
with the Ruderman-Kittel-Kasuya-Yosida (RKKY)-like
magnetic coupling mediated by DSS [9]. This surface
RKKY ferromagnetism is enhanced when Fermi level
approaches the Dirac point, and may not be detected by
bulk-sensitive transport measurements since it only exists
near the surface region. However, the T above RT is too
high for RKKY-type ferromagnetism of a diluted magnetic
system [9]. Surface-sensitive magnetic optic Kerr effect
measurements also fail to detect any ferromagnetic signal
from the Cr-doped Bi,Se; films down to 10 K. Surface
RKKY ferromagnetic coupling requires that the interim-
purity distance be at least near the Fermi wavelength of
the DSS. Longer distance leads to an exponential decrease
of T [9]. From the ARPES data, the Fermi wavelength of
DSS of Bij 96CrggsSes film is around 1 nm. As we will
show below, it is much shorter than the average distance
between Cr impurities (~6 nm). Therefore, the observed u
dependent gap opening cannot result from surface RKKY
ferromagnetism.

We have performed STM measurements on Cr-doped
Bi,Se; to identify the configuration of Cr impurities in
Bi,Se; matrix. Figure 4(a) shows a typical STM image of
an 8 QL Bi; 94Cr(04Se; film, The terrace is scattered with
defects (dark regions) resulting from Cr doping. Figure 4(b)
shows a high-resolution STM image around one of the
defects, which exhibits a polygonal shape in register with
the surrounding lattice of Se atoms. The minimum-sized
defects observed have an equilateral triangle shape cover-
ing three Se atoms, as shown in Fig. 4(c) (indicated by a
black centered triangle). Similar to the look of magnetic
impurities observed in Mn-doped Bi,Te; and Cr-doped
Sb,Tes; [12,13], the triangle-shaped defect can be attributed
to a single substitutional Cr atom occupying subsurface
Bi site (the center of the triangle), reducing the local density
of states (DOS) of the three above Se atoms (the corners of
the triangle). Larger defects can thus be attributed to
multimers of several substitutional Cr atoms aggregated
together. For example, the defect shown in Fig. 4(b) is
composed of 8 substitutional Cr atoms, as indicated by
8 black centered triangles. It is different from Mn-doped
Bi,Te; and Cr-doped Sb,Te; in which most impurities are
triangle-shaped single substitutional defects away from
each other [12,13].

We have used the first-principles calculations to inves-
tigate the properties of the multimers of substitutional
Cr atoms. The simulated multimers contains three substitu-
tional Cr atoms (trimers). There are two possible configu-
rations of Cr trimers which are hereafter referred as C; and
C,, respectively, depending on the type of Se atoms locating
in their centers [see the structural models shown in Figs. 4(d),
4(e), 4(h),and 4(i)]. In a Bi,Se; QL, Bi, and Se atomic layers
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FIG. 4 (color online).
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(a)—(c) STM images of (50x50) nm (a), (3.8 x3.8) nm (b), and (4 x4) nm (c) taken from an 8 QL

Bi; 9¢Crg 04Se; film. (d),(e),(h),(i) Top (d),(h) and side (e),(i) views of the geometrical structures of C; (d),(e) and C, (h),(i) in a Bi,Ses
QL, respectively. (),(g),(),(k) Simulated (f),(j) and measured (g),(k) STM images of C; (f),(g) and C, (j),(k), respectively. ()-(n) PDOS

of Sel, Se'!, and Cr atoms in C;.

stack in the sequence of Sel-Bi-Se2-Bi-Sel along the [111]
direction [11]. C| and C, indicate the Cr trimers centered on
Se atoms from Se2 [Se' atom in Figs. 4(d) and 4(e)] and Sel
layers [Se' atom in Figs. 4(h) and 4(i)], respectively. The
two types of trimers have distinct charge density distribu-
tions in real space [as shown in Figs. 4(f) and 4(j)], both of
which are observed by STM [see Figs. 4(g) and 4(k)].

The calculated formation energies of C; and C, trimers
under Se-rich condition (the usual condition in MBE
growth of Bi,Se;) are 1.155 and 1.158 eV, respectively,
both much lower than that of isolated Cr substitution
(1.323 eV) [17]. It explains why substitutional Cr atoms
favor aggregation over dispersed distribution in Bi,Ses.
The calculated projected DOS of Se'4p, Se''4p, and Cr3d
orbitals of C; are shown in Figs. 4(1)-4(n), respectively.
Because of crystal-field splitting, Cr3d orbitals are split into
f, and e, states: three electrons occupy the localized 1,,
states and the unoccupied e, state strongly hybrids with
the p, orbitals of Se' and Se" atoms. The strong p-d
hybridization can induce ferromagnetism in each trimer,
as observed in Cd;_,Mn,Te; [26] and Zn,_,Cr, Te; [27],
through ferromagnetic superexchange mechanism [28].
C, has the similar situation with Cy [17]. Energy-mapping
analysis [29] shows that the ferromagnetic coupling
strength between neighboring Cr ions is 24 and 29 meV
for C, and C,, respectively, corresponding to 7'~ near RT
[30]. T¢ above RT is expected in larger multimers. The
calculated magnetic moment is 3 up per Cr ion, consistent
with SQUID measurements. The calculated magnetic
anisotropy is perpendicular to film plane with the
energy K ~7.06 x 10° erg/cm?>.

It is difficult for the multimerized Cr impurities to build
long-range ferromagnetic order because the intermultimer
distance is too long for ferromagnetic coupling between
them, no matter of surface RKKY or van Vleck mechanism.
It means a superparamagnetic system composed of
independent ferromagnetic multimers. The Hall traces in

Fig. 2(a) indeed exhibit a typical superparamagnetic
behavior with Tp ~ 10 K. From the T3 and the calculated
magnetic anisotropy energy (K ~ 7.06 x 10° erg/cm?), the
average size of multimers is estimated to be ~1 nm [27,31],
in good agreement with the STM observations.

In superparamagnetism, the moment of a magnetic par-
ticle keeps flipping due to thermal fluctuation. However,
the strong perpendicular magnetic anisotropy guarantees the
magnetization of the Cr multimers perpendicular to the
surface most of the time, no matter in spin-up or spin-down
states. The DSS can be gapped near the Cr multimers in
both of the spin states. Because of inhomogeneous magnetic
doping, the DSS gap is not randomly distributed in real
space, but with a finite correlation length. By using the
effective disorder model (see the simulated result in
Ref. [17]), we found that in the disorder configuration with
afinite correlation length the total DOS is suppressed around
Dirac point, which corresponds to the gap opening at DSS
observed in ARPES.

Charging electrons into the Cr multimers can suppress
their ferromagnetism according to our calculations [17] and
reduce the gap size as observed by ARPES. For Cy, the
charged electrons mainly locate at Se! and Cr atoms and,
due to Coulomb repulsion, induce a significant structural
distortion: the bond lengths of Cr-Se! and Cr-Se!! increase
from 2.67 and 2.61 A to 2.93 and 2.63 A, respectively,
and the bond angles of Cr-Se'-Cr and Cr-Se!'-Cr change
from 94.6° and 97.6° to 86.8° and 99.7°, respectively. This
distortion weakens the ferromagnetic coupling between
neighboring Cr ions from 24 to 16 meV, similar to the
Zn;_,Cr,Te; case [27]. For C,, the distribution of charged
electrons is less localized and the induced Coulomb
repulsion is not so strong; thus the ferromagnetism shows
weaker u dependence. Cr multimers larger than trimers
usually contain at least one C; [17]. Therefore, y depend-
ence of gap opening can always be observed from the
Cr-doped Bi,Se; films.
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Gapped DSS in the absence of long-range ferromagnetic
order is a general phenomenon in magnetically doped Bi,Se;
that has long puzzled the researchers of TIs [14—16]. The
present study demonstrates that the seeming contradiction
comes from the short-range ferromagnetic order formed
by aggregated magnetic dopants. The model proposed here
can be directly applied to address magnetic doping in most
chalcogenide TIs, a large class of the known TI materials
[32]. Inhomogeneous magnetic doping is a common and
crucial issue in traditional magnetic semiconductors and
insulators, but has not yet received as much attention in
magnetically doped TIs. This Letter first demonstrates how
inhomogeneous magnetic doping influences and is influ-
enced by the electronic properties of the host TI, which will
help with the understanding of the existing and future
experimental results on magnetically doped TIs. The mag-
netic nanodots embedded in a TI shown in this Letter also
represents a new class of low-dimensional magnetic system
in which the topological electronic properties of host material
can be tuned by chemical potential via magnetism of
nanodots. It promises new concept field effect devices for
future electronic and spintronic applications.
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