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High-quality crystalline (Cr,Sb)-doped Bi,Ses (Cr-BSS) films were synthesized using molecular beam epitaxy
(MBE). The effect of Cr- and Sb-doping on the transport and magnetic properties of Cr-BSS films was
systematically investigated. The sheet carrier density Nop was found to be reduced to ~6 x 102 cm™2 in
this quaternary compound at room temperature. This has not previously been observed in a Cr-Bi,Ses-

based magnetic topological insulator (Tl). Moreover, owing to the Sb dopants, the weak localization
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(WL)-like positive magnetoconductance

in  magnetic Cr-Bi,Ses (Cr-BS) was enhanced. The

enhancement is attributed to the emergence of ferromagnetism, as evidenced from the field-dependent
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Introduction

During the past decade, the discovery of a new class of materials
called topological insulators (TIs) has triggered considerable
research, particularly in the field of spintronics, owing to their
exotic surface states. They are primarily narrow-gap semi-
conductors that are insulating in the bulk, but exhibit metallic
Dirac surface states with linear dispersion.”® The nontrivial
surface properties originate in high spin-orbit coupling (SOC)
and are preserved by time reversal symmetry (TRS)."” The
prototype TIs, such as Bi,Ses, Bi,Tez, Sb,Tes, and (Bi; _,Sb,),Te;
alloys, have been extensively studied. The theoretical band
structures calculated from first-principles demonstrated that
Bi,Se; has the greatest band gap (~0.3 eV), which is larger than
that of Bi,Te; (~0.25 eV) at room temperature.® The Dirac point
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Hall resistance and magnetic moment. The obvious tunable electrical and magnetic properties by the Sb
dopant in this system are well suited for applications based on magnetic Tl devices.

of Bi,Se; is located in the bulk band gap, whereas in Bi,Tes, it is
imbedded in the valance band. Hence, exploring the transport
devices in Bi,Se; is a promising direction for realizing room
temperature operated TI-based spintronic devices.

In addition, magnetic TI systems have received wide atten-
tion. In these systems, various new phenomena are observed
and possible applications are anticipated, such as the quantum
anomalous Hall effect (QAH), axion electrodynamics, and
topological quantum computing.’ In particularly, Chang et al.”
experimentally observed QAH in Cr-doped (Bi,Sb),Te; at 30 mK,
which realized the dissipation less edge states that do not
require any magnetic field. QAH was also observed in Cr- or V-
doped (Bi,Sb),Te; by other research groups.*® However, in all
these studies, QAH was observed at 7 < 0.5 K. To achieve high
temperature QAH systems, large surface-gap size is required
because stronger ferromagnetism is expected. Angle-resolved
photoemission spectroscopy (ARPES) studies on Fe-doped
Bi,Se; have shown large surface-gap size around 60 meV.*
Nevertheless, the Fermi level Ex was always found in the bulk
conduction band. By co-doping Fe and Ca into Bi,Se;, Li et al.
successfully tuned the carrier from n- to p-type in ferromagnetic
Bi; g4 xFeo.16Ca,Ses. However, the bulk ferromagnetism was
found to originate from the Fe,Se, cluster in the crystal.** Cr-
doped Bi,Se; is another promising candidate that has been
proposed as an insulating and ferromagnetic system by first-
principle calculations.” Experimentally, Cr-doped Bi,Se;
exhibits the surface-gap opening-up at room temperature, as
shown by ARPES." Nevertheless, in most of the studies, the
embedded Fermi level Er was observed inside the bulk
conduction band in Cr-doped Bi,Se;. Consequently, tuning Eg
inside the surface gap and its corresponding transport and
magnetic properties are worth exploring.
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Many approaches have been adopted for tuning Er in various
2D materials, such as the electrostatic (field effect tran-
sistor)'**® and chemical doping methods.’”*®* Chemical doping
is of special interest, as it could induce band structure engi-
neering, which may have strong influence on the transport and
magnetic properties.'”*® Both the magnetism and tuning of Eg
in Cr-doped Bi,Se; haves been studies in Chang et al.,* utilizing
the chemical doping method. In that case, the chemical
potential u of Cr-doped Bi,Se; was tuned by Mg-doping. The gap
size increased with the addition of Mg, and the midgap energy
E, reached —208 meV, which is near the conduction band
minimum (CBM) measured at 150 K. However, at room
temperature, E, became —280 meV, implying that u lies within
the bulk conduction band.” Recently, the strong topological
surface state (TSS) in MBE-grown, Sb-doped Bi,Se; films was
demonstrated by ARPES and transport measurement.'® In this
study, Er was tuned far below CBM, where N,p, of ~6 x 10
cm~ > was measured at room temperature, by co-doping Sb and
Cr into Bi,Se;. Moreover, (Cr,Sb)-doped Bi,Se; films exhibited
more pronounced weak localization-like positive magneto-
conductance and enhanced magnetism in comparison to Cr-
Bi,Se; at the same Cr-doping level. The enhancement may be
attributed to the shifting of Er inside the bulk gap. The possible
underlying mechanism is also discussed.

Experimental

The (Bi;_,_,Cr,Sb,),Se; films were grown on a sapphire (0001)
substrate by MBE in an ultrahigh vacuum chamber (base pres-
sure was less than 2 x 10~ '° Torr). Highly pure Bi (99.99%), Se
(99.999%), Sb (99.999%), and Cr (99.99%) were evaporated by
a Kundsen cell, and the flux was double calibrated in situ using
a quartz crystal micro-balance and beam flux monitor (BFM)
close to the substrate holder. The substrate was kept at ~270 °C
during the growth, and the deposition rate was controlled at
a typical value of 0.2 to 0.3 QL min~". In situ reflection high
energy electron diffraction (RHEED) was used to monitor the
crystalline and thickness of the films. The concentration of the
doping element could be well monitored by BFM. In the present
study, the Bi/Se/Cr flux ratio was 1 : 15 : 0.15 (A min~*), which
resulted in a Cr concentration of y = 0.07, measured by TEM-
EDS. Angle-resolved photoemission spectroscopy (ARPES) was
used to investigate the effect of Cr and Sb-doping on the elec-
tronic structure of Bi,Se;. The ARPES experiment was per-
formed at the National Synchrotron Radiation Research Center
in Hsinchu, Taiwan, using the U9-CGM spectroscopy beamline.
Before conducting the ARPES measurements, the Se capped TI
films were annealed at ~180 °C for about 50 min in an UHV
environment to remove the capping layer. The spectra were
measured at 80 K at a base pressure of ~6.1 x 10~ ' Torr. A
series of (Cr,Sb)-doped Bi,Se; films were then prepared in which
the Cr concentration was fixed (y = 0.07), whereas the Sb-doping
level was varied (x = 0, 0.05, 0.1, 0.2, 0.27, and 0.35 measured by
energy dispersive spectroscopy (EDS)). The thickness of the
films was 20 QL, as determined by X-ray reflectivity (XRR).
Crystal structural characterization was performed by X-ray
diffraction (XRD) and the surface morphology was detected by
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atomic force microscopy (AFM) (Fig. S1t). Magnetoconductivity
(MC) and Hall resistance were measured by a physical property
measurement system (PPMS) where the magnetic field was
applied perpendicularly to the sample plane. In the electrical
and magnetoconductivity measurements, TI films with a Se
capping layer (~2 nm) were prepared and patterned into Hall
bar geometry using photolithography, allowing the measure-
ment of longitudinal resistance (R,,) and Hall resistance (R,y).

Results and discussion

The crystal quality of (Bi;_,_,Cr,Sb,),Se; films was examined
using TEM, RHEED, AFM, and XRD measurements, as shown in
Fig. 1. Fig. 1(a), (d) and (i) show the high resolution trans-
mission electron microscope (HRTEM) results of the Cr-doped
Bi,Se; (Cr-BS) and (Cr,Sb)-doped Bi,Se; (Cr-BSS) films, respec-
tively. The corresponding RHEED and AFM images are shown at
the lower panel. Both samples exhibited TI quintuple-layered
structure and sharp RHEED pattern with streak-line diffrac-
tion, demonstrating the high crystalline quality of the doped
films. AFM analysis also showed smooth surfaces with rough-
ness ~1 nm for both samples, where the terrace structures were
preserved without noticeable segregation. Fig. 1(e)-(h) and (m)-
(p) show the TEM-EDS mapping of all elements. The Cr dopants
were found uniformly distributed throughout the film for both
Cr-BS and Cr-BSS. As shown in Fig. 1(q), the film orientation was
further confirmed by XRD. The spectra exhibited rhombohedral
structure with c-axis orientation (0 0 n) peaks of Bi,Se;. The right
figure clearly shows the shift of peak (0 0 21) towards high 2-
theta angle for the Cr-doped samples. Because the Cr atom has
considerably smaller ionic radius than the Bi, Se, and Sb atoms,
lattice shrinkage may be induced by substitution of Bi with Cr
dopant, leading to the shift in XRD peaks.

To investigate the doping effect of Cr and Sb in Bi,Ses,
electrical transport properties at room temperature (RT) were
measured. Fig. 2(a)-(c) and (d)-(f) show the Sb concentration-
dependent carrier density (N,p), sheet resistance (R;), dimen-
sionless conductivity (kpl), and mean free path [ for (Bi;_,-
Sb,),Se; and Cr-doped (Bi;_,Sb,),Se; films, respectively.
Fig. 2(a) shows the results obtained from the Hall effect
measurement. Below x = 0.35, the carrier density reached the
minimum (1.154 x 10" ecm™?), and it rapidly increased for x =
0.4. The same was observed as R increased to ~4 kQ. Fig. 2(b)
shows that kr/ gradually diminished as x increased, where kyl =
o/(e*/h), o is sheet conductance, kg is the Fermi wave vector, and
lis the mean-free path. At a concentration of x = 0.35, where kgl
is ~6.635 = 1, the material remained metallic, implying trans-
port well within the quantum diffusive regime.

Therefore, the maximum Sb-doping concentration was fixed
at x = 0.35 in studying the (Cr,Sb)-doped Bi,Se; system. One
notable feature in Fig. 2(d) is that the carrier density dropped
from 9.36 x 10" em ? to 6.26 x 10" cm™? at x = 0.35. This
indicates a shift of Er towards CBM and lower carrier density in
the Cr-Bi,Se; system. This is due to the Sb-doping and has not
previously been observed. The transport properties were further
analyzed by calculating kgl as shown in Fig. 2(e). R increased up
to ~23 kQ, and kgl reached ~1.13 at x = 0.35 (kg ~2 at 2 K. See

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a—q) HRTEM, AFM, RHEED, EDS mapping images and XRD of (Bi;_,,Cr,Sb,),Ses: (a—h) Cr-doped Bi,Sez (Cr-BS), (i-p) (Cr,Sb)-doped
Bi,Ses (Cr-BSS) MBE films, and (q) X-ray diffraction spectra of the films for (i) x =0, y = O; (i) x = 0.35,y = 0; (iii) x = 0, y = 0.07; (iv) x = 0.35, y =

0.07. Right side shows a zoomed-in view of the (0021) peak.

Fig. S271). According to Maryam Zhang et al.,*® heavy doping of
Sb into Bi,Se; (x = 0.8) could induce topological phase transi-
tion (TPT), owing to the smaller SOC strength of Sb. This critical
concentration was verified by transport measurement, where
metal-insulator transition occurred at kgl = 1, which is consis-
tent with the Ioffe-Regel criterion.”®* This shows kgl > 1,
implying that the material remained a topological nontrivial
system.

Subsequently, magnetoconductivity (MC) was performed at 2
K to elucidate the effect of Sb-doping on the TRS breaking
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phenomenon in Cr-Bi,Se;. As shown in Fig. 3(a), pure Bi,Ses
and Sb-doped Bi,Se; exhibited negative MC, which is a typical
behavior of high SOC materials, called weak anti-localization
(WAL). Crossover from negative MC to positive was observed
when Cr was doped to TI, as indicated by a sharp positive cusp
in the low-field region. This phenomenon is characteristic of
weak localization (WL) and could be attributed to the magnetic-
dopant induced magnetization in the sample.>**
Interestingly, Sb-doped (Bi,Cr),Se; (at x = 0.35) exhibited
enhanced positive MC, as indicated by larger values of Ag.
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Fig. 2 Transport properties for (Bi;_,Sby).Ses and Cr-doped (Bi;_,Sb,),Ses with different x measured at room temperature: ((a and d)) carrier
density (solid squares, left axis) and sheet resistance (open circle, right axis) vs. x, ((b and e)) kel vs. x, and ((c and f)) mean free path [ vs. x.
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(a) Magnetoconductivity measured at 2 K. Lower half shows that the pure Bi,Ses and (Bi,Sb),Ses films possess typical negative MC,

a characteristic of WAL. The upper half shows the positive MC of Cr-doped Bi,Ses that was increased by doping Sb impurities. (b) and (c) show the
MC of Cr-doped Bi,Ses and (Cr,Sb)-doped Bi,Ses films, respectively, measured at various temperature.

According to the MC formula derived for massive Dirac
fermions, crossover from WAL to WL is expected as a result of
surface the gap opening 4, which is tunable by the TRS breaking
gap size and the position of Er.***> WL will dominate over WAL
as the 4/Ex ratio increases. The MC curves of all samples shown
in Fig. 3(a) can be well fitted using the Hikami-Larkin-Nagaoka
(HLN) formula (See Fig. S31). The Fig. 3(a) shows the extracted
alpha « for various samples. The non-Cr-doped TIs (y = 0)
exhibited « values around —0.5, which is the typical value for
gapless topological insulators. However, transition from nega-
tive to positive « was observed when TI was doped with Cr (y =
0.07), where the maximum value ~0.5 was observed for the Sb-
doped Cr-BS. Such a transition might indicate the onset of
ferromagnetism in Cr-doped TIs. Notably, « of Cr-BS tended to
increase with Sb-doping. As shown in the Hall measurement,
Cr-BSS exhibited N,p, that was significantly lower than that of
the other samples, indicating that Er was located inside the
bulk gap. Large reduction of N,p would lead to higher 4/Er,
resulting in larger values of «. However, the value of the
extracted o for Cr-Bi,Se; was not as expected, as it was quite
large, namely, around 0.4. Such a large « obtained in high
carrier concentration Cr-Bi,Se; may indicate the bulk states
contribution to the positive MC, which is a characteristic of field
induced magnetization resulting in negative magnetoresis-
tance.?* As the Ey of Cr-BSS is located inside the bulk electronic
bandgap, the positive MC is better described by HLN for this
sample. For the subsequent measurements, Cr-BSS was used for
studying magnetism at this surface-dominated regime.

The dominance of positive MC in (Cr,Sb)-doped Bi,Se; was
further investigated by studying the temperature-dependent MC

47792 | RSC Adv., 2017, 7, 47789-47795

measured from 2 K to 50 K. Qualitatively, both Cr-BS and Cr-BSS
exhibited MC with similar temperature evolution, as shown in
Fig. 3(b) and (c). The low-field MC was negative at high
temperature, whereas it was positive as the magnetic field
increased. This trend demonstrated the phenomenon of field
induced magnetization of the sample, relating to the enhance-
ment of the degree of TRS breaking at high magnetic field.>* The
main difference between Cr-Bi,Se; and (Cr,Sb)-doped Bi,Ses
was that positive MC was still observed at high field and per-
sisted up to 30 K for (Cr,Sb)-doped Bi,Se;. By contrast, consid-
erably stronger suppression of positive MC in Cr-Bi,Se; was
observed, where crossover of positive to negative MC occurred
slightly above 10 K.

To investigate the underlying mechanism for the enhance-
ment of positive MC in Sb-doped (Cr,Bi),Se;, the Hall resistance
R,, was measured for the samples with varying Sb content. In
Fig. 4(a), R,y is plotted as a function of external magnetic field. All
samples exhibited negative dR,,/dH in the high-field linear
region, indicating the n-type carrier as the major transport carrier
in this system. The high-field slope increased as the Sb content
increased, which is consistent with previous data, where Sb-
doping could reduce the carrier density in Cr-Bi,Se;. Further-
more, the low-field region exhibited nonlinear R,,, resembling
the anomalous Hall contribution of magnetic materials. For
a magnetic material, the Hall resistance is given by*®

ny = RNH + RAHM(T,H)

where RyH is the ordinary Hall resistance, and Ry;M(T,H) is the
anomalous Hall contribution owing to the magnetization M of

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Field-dependent R, of Cr-BSS and Cr-BS films. Inset shows
the proposed schema of the band dispersion of Cr—Bi,Sez, where the
TRS is broken and opens a surface gap 4. The dashed line indicates the
location of E¢ before and after Sb-doping.; (b) Ferromagnetic ordering
is observed after the background subtraction (ordinary high-field linear
Hall curve) for the Cr-BSS sample (open symbols).

the material. The anomalous Hall term can be obtained by
extrapolating the high field linear Hall curve to zero field,
where the y-intercept R, is extracted. For Cr-Bi,Se;, negative
R;’y was obtained, which is consistent with previous results,
where absence of long range ferromagnetic ordering has been
reported in this system.'®?>?° The negative curvature reflects
that AHE is attributed to the field induced magnetization in
paramagnetic materials without spontaneous magnetization.*
On the contrary, Sb-doped Cr-Bi,Se; exhibited positive
RY,, where the ferromagnetic ordering manifested itself after the
subtraction of the high-field normal Hall component as shown
in Fig. 4(b). Ry, changed sign from negative to positive with Sb-
doping, exhibiting the same trend as in the positive MC shown
in Fig. 3. Here, it is suggested that the enhanced positive MC in
Sb-doped (Cr,Bi),Se; could be attributed to the emergence of
ferromagnetism in these Sb-doped samples. This could also
account for the retention of positive MC at higher temperature
for the Sb-doped samples. To confirm the magnetism of these
samples, direct dc magnetization measurement was performed
using SQUID. As shown in Fig. S4,1 a nonlinear magnetization
curve (M — H) was observed, demonstrating that the recorded
AHE was indeed induced by magnetism. The result is
surprising, as Sb is a non-magnetic element. However, positive
R, emerged with decreasing carrier density, reminiscent of the
surface states mediated ferromagnetism,” whereas Er was
shifted into bulk gap (inset of Fig. 4(a)). Nevertheless, other
possible explanations should, such as the redistribution of Cr
ions in such quaternary compounds, may not be ruled out;
however, this may require additional experimental and theo-
retical verification.

Finally, ARPES measurements were performed to study the
change of electronic structure in the (Bi;_,_,Cr,Sb,),Se; system.
Fig. 5 shows the ARPES and the corresponding energy
distribution curves (EDCs) (bottom panel) for the Bi,Ses,
(Bio.65Sbo.35)25€3, (Big.03Cro.07)25€3 and (Biy.55Cro.07Sbg 35)25€5.
Topological surface state is clearly observed in pure Bi,Se; and
(Bi,Sb),Se;, as shown in Fig. 5(a) and (b). Sb-doped Bi,Ses
exhibited a similar dispersion except that the position of Ex was
shifted toward the Dirac point. Fig. 5(c) shows the expected
surface gap opening owing to Cr-doping, which is consistent
with previous studies.’***** The extracted surface gap from

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 ARPES gray-scale band maps (a—d) and the corresponding
EDCs (e—h) for the Bizseg, (Bio_655bo_35)gse3, (Bio_93cr0_o7)zse3, and
(Bio.58Cro.07Sbo.35)25€e3, respectively, taken at 80 K.

ARPES was around 0.07 eV. Interestingly, when Sb was doped
into (Cr,Bi),Se;, the surface gap increased to ~0.15 eV
(Fig. 5(d)). This shows the consistency of magneto-transport
measurement. In magneto-transport measurement, the Sb-
doped (Cr,Bi),Se; enhanced magnetism, as indicated by the
positive MC and anomalous Hall results. Such a surface-gap
opening enhanced by a non-magnetic dopant in Cr-Bi,Se;
was also reported by Chang et al.,”® where the gap size increased
with decreasing electron donation resulting from Mg-doping.
According to their first-principle calculations and STM
analysis, the charging of electrons into the Cr multimers might
result in the suppression of ferromagnetism.®* The charged/
discharged electrons could cause significant structural distor-
tion that may weaken/strengthen the ferromagnetic coupling of
the neighboring Crions." The Sb-doped Cr-Bi,Se; system of the
present study exhibited even lower Er, and this could account
for the enhancement of the surface gap opening in this
quaternary compound.

Even though the exact mechanism for the codoping-enhanced
surface gap and magnetism is presently unclear, this study
demonstrates a versatile method in which the MBE-grown, Sb-
doped Cr-Bi,Se; exhibits great potential for gate-tuning of
transport and magnetism. In comparison to other Bi,Se;-based
quaternary magnetic systems, such as Mg-doped (Cr,Bi),Se; and
Bi; g4 1Fep.16Ca,Ses,'* the results of this study more promising,
as lower carrier densities (~6 x 10'* cm™?, ie., below bulk
conduction band) and enhanced ferromagnetism with pure
phase were obtained.

Conclusions

The doping effect of Cr and Sb in epitaxy Bi,Se; thin films was
systematically studied by structural, electrical, and magnetic
properties measurements. The results demonstrated that owing
to the Sb-doping, the films of (Cr,Sb)-doped Bi,Se; exhibited
enhanced weak localization-like positive magnetoconductivity
and ferromagnetism. Large tunability in electrical transport and

RSC Adv., 2017, 7, 47789-47795 | 47793
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magnetic properties could be the main ingredients for future
field-effect and applications of spintronic devices.
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