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ABSTRACT Breaking the time-reversal-symmetry of topological
insulators through magnetic doping has led to exotic physical discov-
eries. Here, we report the gate-dependent magneto-transport measure-
ments on the Cr-doped (Bi,Sh, _,),Tes thin films. With effective top-gate
modulations, we demonstrate the presence of both the hole-mediated
RKKY coupling and carrier-independent van Vleck magnetism in the
magnetic Tl systems. Most importantly, by varying the Cr doping
concentrations from 2% to 20%, we unveil the interplay between the
two magnetic orders and establish the valid approach to either enhance
or suppress each individual contribution. The electric-field-controlled
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ferromagnetisms identified in the Cr-doped Tl materials will serve as the
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fundamental step to further explore the TRS-breaking Tl systems, and it may also help to expand the functionality of Tl-based device for spintronics

applications.
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he strong spin—orbit coupling and
Ttime—reversal—invariant symmetry give
rise to a new class of materials known
as the topological insulators (Tls).'~” Fea-
tured by the unique massless Dirac fermions
on the boundaries, Tls are anticipated for
dissipationless spin-dependent transport
even at relative high temperatures. As a
result, huge progress in recent years has been
focused on the time-reversal-symmetry (TRS)
protected Tl systems.®~'" Alternatively, if ad-
ditional ferromagnetic orders are introduced,
the original topologically nontrivial state
will be driven into the TRS-breaking realm.'?
Associated physical phenomena like quantum
anomalous Hall Effect (QAHE) and exotic par-
ticles (dyons, axions and majorana fermions)
are anticipated."*=%2 All of such discoveries
will further broaden the research and applica-
tion scopes of topological insulators.
Introducing magnetic impurities to the
surface or bulk of topological insulators has
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been proven to be an effective way to open
a gap of the surface states.'>*>~?” To under-
stand the magnetic origin, it has been
proposed that in magnetic Tl systems,
ferromagnetic moments can be developed
through two major mechanisms: the van
Vleck mechanism and the Ruderman-
Kittel-Kasuya-Yosida (RKKY) coupling.'®*2®
In the former case, due to the large spin
susceptibility of the valence electrons in the
band-inverted Tl materials, the magnetic
ions can thus be directly coupled through
these local valence electrons without the
assistance of the itinerant electrons. Conse-
quently, this “bulk ferromagnetism” is inde-
pendent of the carrier density.'* On the
other hand, neighboring magnetic ions
can also be coupled through the mediation
of conduction carriers and this kind of cou-
pling is referred to as the carrier-mediated
RKKY interaction.”*~>' Recently, these two
magnetic mechanisms were independently
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observed in Mn-doped Bi,(TeSe); and Cr-doped
(BiSb),Tes thin films.3%33 However, there still remains
ambiguity regarding the interplay between the surface
and bulk magnetizations.

In this article, we report the study of electric-field-
controlled magnetisms in the Cr-doped (Bi,Sb;_,),Tes
thin films. From the top-gate-modulated magneto-
transport measurements, we demonstrate the pre-
sence of both the hole-mediated RKKY coupling and
the carrier-independent bulk van Vleck magnetism.
Significantly, we are able to separately operate on each
interaction mode through the alteration of Cr doping
level and electrical gating. These unique magneto-
electric responses identified in the Cr-doped Tl materi-
als will serve as the fundamental step to further explore
the TRS-breaking Tl systems and expand the function-
ality of Tl-based device for spintronics applications.

RESULTS AND DISCUSSION

We start the experiment with the preparation of Cr-
doped (Bi,Sb,_,),Tes thin films on the insulating GaAs
substrate using molecular beam epitaxy (MBE). With
the surface-sensitive real-time high-energy electron
diffraction (RHEED) technique, in situ growth dynamics
is monitored.>* Figure 1a shows the as-grown RHEED
patterns taken at t = 0, 30, and 65 s successively. Both
the sharp 2D streaky lines and the bright zero-order
specular spot persist during the entire growth process,
indicative of the single-crystalline feature of the
sample.®> The smooth surface morphology is later
confirmed by atomic force microscopy (AFM) as shown
in Figure Tb where typical Tl triangular terraces are
preserved without any Cr aggregations or clusters.
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Meanwhile, by fitting the RHEED oscillation periods in
Figure 1c, the growth rate is extracted to be around 1
quintuple layer (QL)/min. More importantly, since the
RHEED patterns directly reflect the in-plane atom
morphology in the reciprocal k-space,*® we can thus
inspect the as-grown surface configuration by using
the d-spacing evolution between the two first-
order diffraction lines as shown in Figure 1a. From
Figures 1c,d, it can be seen clearly that the d-spacing
shrinks quickly as soon as the growth starts, and the
surface transition from the pristine GaAs to the Cry-
(Bi,Sby_,),Tes has completed immediately after the
formation of the first QL. In addition, the degree of
the d-spacing change (ie, —6.8%) corresponds to a
Bi/Sb = 1 in the grown Tl compound material.

After the sample growth, an energy dispersive X-ray
(EDX) spectrometer is employed to perform elemental
mappings. A thin layer of Pt is deposited during the
Focused ion beam (FIB) process in order to protect the
Tl thin film. Figure 2a displays a typical high angle
annular dark field (HAADF) image of the cross-section
Cr-doped Tl film from a heuristic perspective. The white
contrast from the Tl film clearly indicates that the
Cry(Bi,Sb;_,);Tes film is composed of much heavier
atoms compared with the GaAs substrate. Specifically,
the colored EDX maps collected from both the Tl (Bi, Sb,
Cr, and Te) and substrate (Ga and As) are illustrated
individually in Figure 2b—g. The distribution of every
component (especially Cr) is uniform and there is no
substitutional or interstitial doping/diffusion from the
GaAs substrate, therefore leaving the bottom Tl surface
intact. To elaborate the detailed structural character-
istics of the epitaxial film, high-resolution scanning
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Figure 1. (a) RHEED patterns along [1120] direction of the surface of Cr-doped(Bi, _,Sb,),Te; thin film taken at 0, 30, and 65 s
successively during growth. The surface configuration transits quickly from GaAs to Tl layer. A Sharp 2D pattern with a bright
specular spot can be observed during the growth. (b) AFM image of the Cr-doped Tl thin film with the size of 0.3 um x 0.3 um.
(c) RHEED oscillations of intensity of the specular beam. Inset: the growth rate of 1 QL/min is determined from the oscillation
period. (d) d-spacing evolution of the surface lattice during growth. After 1 QL growth, the surface configuration from GaAs to
Cr(Bi,_,Sb,),Tes has completed. Both arrows in (c) and (d) indicate the beginning of thin film growth.
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Figure 2. (a) HAADF image of the cross-section Cr-doped (Bi; _,Sb,),Tes film grown on the GaAs substrate. (b—g) Distribution
maps of each individual element: Bi (b), Te (c), Cr(d), Ta(e), Ga(f), and As (g). Cr dopants distribute uniformly inside the Tl layer.
(h) High-resolution cross-sectional STEM image, showing the epitaxial single-crystalline Crq 5(Big.455b0.45)>Tes thin film with
sharp TI—GaAs interface. (i) Zoom-in STEM to demonstrate typical quintuple-layered crystalline structure of tetradymite-type
materials. Neither Cr segregations nor interstitial defects are detected. (j) EDX spectrum to examine the chemical element
compositions. The Cr doping concentration is estimated to be 10%.

transmission electron microscopy (HRSTEM) investiga-
tion is performed. As shown in Figure 2h, single-crystal-
line Cry(Bi,Sb; _,),Tes film with a sharp interface can be
clearly seen on top of the GaAs substrate. At the same
time, the corresponding zoom-in HRTEM image in
Figure 2| manifests the typical Tl quintuple-layered
structure. It is also identified that the van der Waals
interactions between adjacent quintuple layers indeed
induce a larger gap compared with the neighboring
Bi/Sb—Te covalently bonded sheets. Most importantly,
the highly ordered hexagonal configuration also con-
firms that there is no Cr interstitial defects or second
phase separation inside the Tl thin film. Combined with
Figure 2d and the theoretical anticipations,®” it may
suggest that the Cr dopants prefer the stable substitu-
tion formation inside the host TI matrix. Furthermore,
from the overall EDX spectrum in Figure 2j, the chemi-
cal composition of the Cr-Tl film is calculated to be
Cro.(Big.45Sbo.45),Tes, consistent with the d-spacing
estimation in Figure 1d. From these data, we may
conclude that high-quality Cr-doped Tl thin films with
low defects, well-defined surfaces, and uniform Cr
distribution have been prepared by MBE.

The main objective of the following study is to
investigate the prevailing magnetisms in the Cr-doped
Tl materials. We first discuss the low-temperature
magneto-transport measurements on the 6 QL Crqo,-
(Big.49Sbo 49)2Tes thin film with a nominal Cr doping
concentration of 2%. Top-gated Hall bar devices of
micrometer-scale are fabricated as shown in Figure 3a.
The carrier density of this Crg 94(Big.495b0 49)2T€3 sample
is obtained tobe 1.1 x 10'2cm~2at 1.9 Kand the Fermi
level Er without gate bias is already within the surface
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band gap (see Supporting Information Figure S3). As a
result, the electric field provided by top gate (12 V)
can effectively tune Er across the surface band gap
(50 meV), and therefore change the carrier type, as
illustrated in Figure 3c. The gate-dependent anoma-
lous Hall effect (AHE) is shown in Figure 3b. The total
Hall resistance is expressed as R,, = RoH + RaM(H)
where the ordinary Hall coefficient Ry is inversely
proportional to the Hall density, and the anomalous
Hall coefficient Rn is affected by intrinsic/extrinsic
scatterings.3®3° After subtracting the linear ordinary
Hall component (i.e., RoH), the nearly square-shaped
hysteresis loops suggest the well-developed ferromag-
netic order with the easy magnetization axis out-of-
plane. More importantly, the magnetic hysteresis be-
havior varies dramatically when the sample is biased
from p-type to n-type. Related with the ambipolar
effect of the longitudinal resistance R,, in Figure 3c,
the change of the coercive field H, (red hollow circles)
can be divided into two distinct regions as illustrated in
Figure 3d where the green and yellow parts represent
the p-type and n-type regions, respectively. Particu-
larly, when the Fermi level is below the surface band
gap (—12V < Vg4 < =2 V), H. steadily reduces from 120
Oe down to 55 Oe, indicating a hole-mediated RKKY
coupling signature (see details in Supporting Informa-
tion S4). On the contrary, once the dominant conduc-
tion holes are depleted when Vy > 0V, H. slowly stops
decreasing, and finally approaches to its minimum
value around 40 Oe when E; is far above the surface
band gap. Similarly, the Curie temperature T (i.e., blue
solid squares in Figure 3d) which is determined from
the temperature dependent R,, curves (see Supporting
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Figure 3. (a) Top-gated Hall bar device structure used for exploring the electric-field-controlled anomalous Hall effect. The
effective size is 10 um (L) x 40 um (W). (b) Gate-dependent anomalous Hall effect at 1.9 K in 6 QL Crg 04(Big.495b0 .49)2Tes thin
films with the Cr doping levels of 2%. (c) Top-gate modulations in the 6 QL Crg g4(Big.49Sb0.49)2Tes sample. The observed
ambipolar effect of R, (red solid lines) indicates that the Fermi level can be effectively tuned across the surface band gap. The
Hall density (blue) determined from the linear R, curve at high field changes sign accordingly. (d) The changes of coercivity
field H. at 1.9 K (red hollow circles) and Curie temperature T, (blue solid squares) with applied top-gate voltages. Both of them
gradually decrease when the sample is biased from p-type to n-type, indicating the hole-mediated RKKY interaction

signature.

Information Figure S5) also follows the reduction-and-
saturation behavior by gate modulation, namely,
T decreases from 7.5 K (Vg = —12 V) down to 4.7 K
(Vg > 5 V). Given the fact that the hole-mediated RKKY
interaction is completely suppressed in the region
where E; is far above the bulk valence band, both the
remaining gate-independent H. and T, in the n-type
region strongly support the presence of additional
ferromagnetic contribution where the robust magnetic
order is formed without the assistance of the itinerant
carriers. We therefore may attribute the electric-field-
independent magnetization to the bulk van Vleck
ferromagnetism.'*'”3* Accordingly, we may conclude
that the gate-controlled AHE results in the 6 QL Crgg4-
(Big.49Sbo 40)2Tes sample reveal the coexistence of both
hole-mediated RKKY and van Vleck mechanisms.

Our next step is to analyze the interplay between the
above two magnetisms in the Cr-doped (Bip sSbg s)>Tes
materials. By controlling the Cr doping levels during MBE
growth, we have prepared additional Cr,(Bi,Sb,)>Tes
samples, all of which have the same Bi/Sb ratio of
1 and film thickness d = 6 QL, but different Cr doping
levels. Figure 4a—d summarizes the electric-field-
controlled AHE results of four samples with Cr% = 5%,
10%, 15%, and 20%, respectively. Although increasing
the Cr doping concentration introduces more carriers
(i.e., the 2D Hall density n,p varies from 1.2 x 1021022 x
10" cm™2 at 1.9 K), such defects are acceptable to
maintain E¢ inside the bulk band gap.**~** From the
extracted H. — V curves in Figure 4e—h, we observe
that in the moderate doping region (5%, 10%, and
15%), the Cr-doped (Big sSbg s)>Tes thin films all exhibit
the hole-mediated RKKY coupling behaviors in the
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sense that the anomalous Hall resistance R,, loops
show a quick decrease of their coercivity field (H.)
when the majority of holes are depleted. When the
samples are further biased deep into the n-type region
(i.,e > 50 meV above the surface gap), H. gradually
saturates at finite values of 150 Oe (5%), 375 Oe (10%),
and 685 Oe (15%), respectively. On the contrary, when
the Cr doping concentration increases up to 20%
in Figure 4d, even though the surface Fermi level
has been effectively adjusted by 50 meV (inset of
Figure 4h), the hysteric window (H,) remains a constant
of 1000 Oe and does not show any change with
respective to the gate bias (Figure 4h).

From the detailed comparison of the AHE differ-
ences in Figure 4, we now understand the effect of Cr
doping on the two magnetic origins discussed above.
When the Cr concentration is smaller than 15%, the
bulk van Vleck mechanism and the hole-mediation
both exist in the system and contribute to the net
magnetizations. With effective gate tuning, the carrier
type and density can be adjusted, and the magnetic
moment from the carrier-mediated RKKY exchange is
therefore modulated. Given the fact that the density of
states (DOS) of the Cr*" ions is distributed majorly
below the Dirac point, the long-range RKKY coupling in
the p-type region thus introduces much more robust
ferromagnetic moments over the weaker bulk van
Vleck term; it therefore becomes the dominant com-
ponent in the magnetic Tl samples with moderate Cr
doping. We should point out here that it is difficult to
further distinguish the mediating itinerant carriers
since the topological surfaces are entangled with
the bulk contribution in our uniformly Cr-doped TI

A N N S
VOL.7 = NO.10 = 9205-9212 = 2013 @L%N J\kj

WWwWW.acsnano.org

9208



dos

a L15% cr -20% Cr,
0.2
~ 0.1
¢
< 0.0
&
-0.1
0.2
-0.38 ;
-1000 1000 -1000 1000 -1000 1000 -1000 1000
B (Oe) B (Oe) B (Oe) B (Oe)
1000 [p - 1000 - f == 7 -]1000 -8 1000 ~Hp———
8o | . 800 V 800 800 |
g 600f- 600 A1 600 600 - -
= ' . .............
T a00} 400 _& 400 400 V
200 _\¥ 200 200 200} “
0 1 1 1 1 1 0 1 1 1 1 1 1 1 [l 0 1 1
40 5 0 5 10 40 5 0 5 10 10 5 0 5 10 40 5 0 5 10
Vg (V) Vg (V) Vg (V) Vg (V)

Figure 4. Gate-dependent AHE resutls for 6 QL Cr-doped (Bi, _,Sb,),Tes thin films with different Cr doping concentrations (a)
Cr = 5%, (b) Cr = 10%, (c) Cr = 15%, and (d) Cr = 20%. (e—h) Gate-modulated coercive field changes for these four samples,
respectively. Inset: lllustration of the Fermi level position as adjusted by the top-gate voltages ranging from —12Vto +12 V.
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Figure 5. Gate-dependent Magneto-resistance (MR) for Cr-doped (Bi,_,Sb,),Tes thin films with different Cr doping
concentrations (a) Cr = 5%, (b) Cr = 10%, (c) Cr = 15%, and (d) Cr = 20%. The measurements are carried out at 1.9 K with
applied magnetic field out-of-plane. All of the four devices show the double-split butterfly MR curves. (e) Top: weak-
localization behaviors when samples in (a) to (d) are biased in the n-type region where the magnetization is dominated by the
bulk van Vleck term. With more Cr dopants, the positive WL cusp becomes sharper, indicating more deviation from the
7-Berry phase. Bottom: WL/WAL weight factors o, and o; extracted from MC curves in (e).

samples. As more chromium atoms are incorporated in
the Tl system, on the one hand, the bulk van Vleck-type
magnetism is expected to becomes more pronounced
due to the stronger out-of-plane magnetic moments
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M, from the Cr ions. On the other hand, however, since
excessive Cr atoms promote the formation of n-type
Bir. antisite defects,>” they therefore force the Fermi
level Er “pinned” far above the surface band gap. Under

VOL.7 = NO.10 = 9205-9212 = 2013 ACINJAN(C)

WWwWW.acsnano.org

9209



such circumstance, the hole-mediated RKKY coupling
becomes diminished or even completely suppressed,
leaving only the bulk van Vleck responses in heavily
Cr-doped Tl samples.'”? As a result, by designing the
Cr doping profile and electric-gating strategy, we
demonstrate the valid approach to either enhance or
suppress the magnetic contributions from different
magnetisms.

Additionally, these magneto-electric effects can also
be illustrated through the magneto-resistance (MR)
results. Figure 5a—d gives the electric-field-controlled
three-dimensional normalized MR maps for the same
samples studied in Figure 4. Like hysteresis AHE curves,
the butterfly shaped double-split MR peaks are pre-
sent, indicative of the remnant field generated by the
ferromagnetic orders3? Meanwhile, the peak shifts
with respect to the applied gate voltages also confirm
the hole-mediated RKKY mechanism in the Cr-doped
Tl samples. Beside the hysteric signals shown in the
MR maps, the correlated magneto-conductance (MC)
curves which are defined as 0y, = R/ (Ry + nyz) atlow
magnetic field provide us additional piece of informa-
tion about the Cr-doped Tl conduction behaviors in the
quantum diffusive region.?>**** Generally speaking,
the quantum interference of surface Dirac fermions
depends on the Berry phase ¢. In the magnetically
doped TI systems, the formed magnetic moment M,
forces the surface states open a band gap A, and thus
drives the Berry phase to deviate from its original
m-state to ¢ = (1 — A/2E).*> The corresponding weak
localization (WL) behaviors are studied in Figure 5e
where the MC curves of Cr-doped (Biy sSbg5),Tes thin
film with Cr doping concentrations ranging from 2% to

EXPERIMENTAL METHODS

MBE Growth. Thin-film growth was performed using an ultra-
high vacuum Perkin-Elmer MBE system. Semi-insulating (p >
10° Q-cm) GaAs (111) substrates were preannealed in the
growth chamber at up to 580 °C to remove the native oxide.
High-purity Bi (99.9999%), Te (99.9999%), Cr (99.99%) and Sb
(99.999%) were evaporated by conventional effusion cells and
cracker cells. During the growth, the GaAs (111) substrate was
maintained at 200 °C (growth temperature). Epitaxial growth
was monitored by an in situ RHEED technique, and digital
images of the RHEED were captured using a KSA400 system
built by K-space Associates, Inc.

Characterizations. HRSTEM. High-resolution STEM experiments
were performed on a FEI TITAN Cs-corrected STEM operating
at 200 KV and the HAADF images were acquired using a Fischione
HAADF detector.

Magneto-Transport Measurements. Four-point Hall mea-
surements were conducted using the Quantum Design physical
property measurement system (PPMS). We are able to system-
atically alter several experimental variables such as tempera-
ture, magnetic field, measurement frequency, and external gate
bias. Multiple lock-in-amplifiers and Keithley source meters
were also connected with the PPMS system, enabling compres-
sive and high-sensitivity transport measurements for the top-
gated Hall bar and capacitor devices.

Device Fabrication. The Cr-doped (BigsSbos);Tes thin films
were patterned into a micrometer-scale Hall bar geometry
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20% are presented (we deliberately shift the magnetic
peaks from H, to the zero-point for direct comparison).
With the increase of Cr dopants, it can be clearly seen
that the negative MC cusps at low magnetic field
become sharper, indicating the larger surface gap A
induced by the stronger magnetic order. Following the
modified two components Hikami-Larkin-Nagaoka
(HLN) theory that Ao(B) = 3o (aue*/mh){yI[(3/F5) +
1/2] — In(f3/5)} where v is the digamma function,*>*
Is = [A/(4e|B))]""? is the magnetic length, and I is the
phase coherent length, we realize that the extracted
WL weight factor o increases from 0.3 (Cr% = 2%) to
0.48 (Cr% = 20%) and gradually approaches the ideal
value of 0.5 (i.e., A/2E = 1 and ¢ = 0). On the contrary,
the weak antilocalization factor o is almost zero in all
the Cry(Bi,Sb,).Te; samples. Accordingly, the system-
atic changes of the MC phenomena observed in
Figure 5e are consistent with the AHE results, again
verifying the correlation between the robust magne-
tizms in the Cr-doped Tl thin films.

CONCLUSIONS

In summary, we demonstrate the realization of gate-
independent van Vleck magnetism and carrier-
mediated RKKY interaction in Cr-doped (Bi,Sb;_,),Tes
systems. The understanding of the interplay between
these two mechanisms may provide a suitable plat-
form to further studies of exotic TRS-breaking topolo-
gical physics. Additionally, the manipulation of electric-
field-controlled magnetism through varied magnetic
doping may also facilitate the extension of Tls to
practical low-power-dissipation electronics and spin-
tronics applications.

using conventional optical photolithography with subsequent
CHF3 dry etching of 18 s. A 20 nm thick high-« Al,O3 dielectric
layer was deposited by atomic layer deposition (ALD) at 250 °C.
Hall channel contacts were defined by e-beam evaporation after
Al,05 was etched away in the contact areas. A metal stack of Ti/
Al (20 nm/100 nm) was directly deposited onto the exposed Tl
top surface. A top-gate metal scheme of Ti/Au (10 nm/90 nm)
was achieved by the second step of photolithography and
e-beam evaporation.
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from AHE effects, Hall resistance under high magnetic field,
temperature-dependent AHE effects in Cr-doped (Bi,Sb;_,),Tes
samples, hole-mediated RKKY interaction in Cr-doped
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