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Thin Films of Magnetically Doped Topological Insulator
with Carrier-Independent Long-Range Ferromagnetic Order
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Li-Li Wang, Xi Chen, Xi Dai, Zhong Fang, Xiao-Liang Qi, Shou-Cheng Zhang,
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In recent years, topological insulators (TIs), as a class of new
concept quantum materials, have received substantial research
interests from not only condensed matter physics but also
material science.l'? A TI has its bulk band gapped at Fermi
level, the same as usual insulators, but hosts gapless, Dirac-
type, and spin-split surface states at all of its surfaces which are
protected by the time reversal symmetry (TRS). The special kind
of surface states is expected to exhibit various unique quantum
phenomena which may bring revolutionary developments in
low power electronics and topological quantum computation.!2
A large portion of the quantum phenomena results from
breaking of the TRS of TIs by, say, introducing ferromagnetism
in them.-® For example, a thin film of a ferromagnetic T1, no
matter three-dimensional (3D) or two-dimensional (2D) one,
with perpendicular magnetic anisotropy is predicted to show
quantum Hall (QH) effect without needing external magnetic
field, very high quality of samples, and even low temperature,
because the special QH effect does not depend on the forma-
tion of well-defined Landau levels.3-®! This kind of easy access
QH effect, known as quantized anomalous Hall (QAH) effect,
has been sought after for decades since its realization would
open the possibility of applying the novel QH effect into real
devices.’-10

Doping magnetic impurities is a convenient approach to
bring long-range ferromagnetic order in T1s, as demonstrated by
the success of diluted magnetic semiconductors (DMSs).[1113]
Ferromagnetism has been realized in several Bi,Se; family
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TIs!'*17] doped with impurities of 3d metals.['®1°] Observation
of magnetically induced gap-openingl®?% in the Dirac surface
states, a sign of broken TRS, has been reported.?"?2l However
for the realizations of the QAH effect and other novel mag-
netoelectric phenomena in a magnetically doped TI, a crucial
point is that the ferromagnetism should survive the insulating
regime, that is, independent of bulk carriers, because Dirac sur-
face states always locate in the bulk gap.>-®l This requirement
rejects the RKKY-type carrier-mediated ferromagnetic coupling
dominating conventional DMSs as an applicable mechanism
for the ferromagnetism in magnetically doped TIs to show
QAH effect. Recently it has been predicted that long-range fer-
romagnetic coupling free of carriers is possible in magnetically
doped Bi,Se; family TIs due to the large van Vleck magnetic
susceptibility resulting from their inverted band structures.” In
this work, in molecular beam epitaxy (MBE) grown thin films
of Cr-doped ternary TI material (Bi,Sby_,),Tes 2% the electro-
chemical potential of which can be efficiently controlled by both
Bi:Sb ratio and electrical field effect, we have experimentally
realized long-range ferromagnetic order independent of car-
riers. Furthermore, an unusually large anomalous Hall (AH)
effect has been observed in these films when the carrier den-
sity is reduced to a very low level, which represents a firm step
towards the realization of the QAH effect.

With standard MBE co-evaporation method,'®**% we have
prepared Cr-doped (Bi,Sby_,),Te; thin films on several kinds
of substrates: sapphire (0001), Si(111), and SrTiO; (111) sub-
strates, to meet the different requirements of various experi-
ments. During growth, the substrates are kept at a relatively
low temperature (~180 °C). This way, higher Cr doping level
can be achieved compared to the thermodynamically stable bulk
phase.["®! To observe QAH effect in a ferromagnetic TI film, the
film thickness should be as thin as possible, to minimize the
conduction contribution from side surfaces, on the condition
that the gap induced by hybridization between top and bottom
surface states? is smaller than exchange energy of ferromag-
netism (around several meV for the Curie temperature of ~30K
of the present samples), to ensure only one pair of spin sub-
bands inverted.*! Therefore we choose 5 QL thick films for the
present studies, since the hybridization gap is less than 1 meV
at this thickness.[?8l

Figure la shows a typical scanning tunneling microscope
(STM) image of the surface morphology of a 5QL Cr ,,Sb; 75Te;
film. Atomically flat terraces can be observed in large scale
without traces of clusters or inhomogeneous regions, which
indicates uniform distribution of Cr atoms in Sb,Te; matrix.
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upper panels (Figures 2a-2d) show the grey scale bandmaps
(the 2nd differentiated data are used to highlight the features),
and the lower ones (Figures 2e-2h) show the corresponding
momentum distribution curves (MDCs) to display the spectra
in more detail. Two linearly dispersed bands crossing Fermi
level are observed in the spectra for Cr,,,Sby 75Tes (Figures 2a
and 2e), which have little difference with that of pure Sb,Te;
and can be attributed to the Dirac surface bands.?®31 The
Dirac point locates above Fermi level due to p-doping of
the sample. Doping Bi has little influence on the Dirac sur-
face bands, but shifts the Fermi level upwards, from below
the Dirac point (Figures 2b and 2f for x = 0.1) to near the
charge neutral point around x = 0.25 (Figures 2c and 2g),
and then to above the Dirac point (Figures 2d and 2h for
x = 0.4). It is similar to the observation of p-n crossover in
(BiySby_,),Te; without Cr doping, 23] except for shift of the posi-
tion of charge neutral point to Bi,Te; side, due to extra holes
brought by Cr. The variation of carriers from p-type to n-type
is mainly caused by the change in the relative density of dif-
ferent types of defects, acceptor or donor, in different chemical
environments: in Bi,Te;, donor defects (Te on Bi antisite) have
lower formation energy and dominate the film,Bl while in
Sb,Te;, acceptor defects (Sb vacancies and Sb on Te antisite) are
energetically favored.?? The existence of Dirac surface bands
in all the samples suggests that the materials are still 3D TIs
even at a rather high Cr doping level (>10%), without experi-
Figure 1. Surface morphology and structure of Cr-doped Sb,Te;. a) STM  encing any topological phase transition. Magnetically induced
image (100 nm x 100 nm) of the surface morphology of Cro2;Sby 73Tes.  gap-opening at Dirac point is not observed, since the TRS still

b) STM image (25 nm x 25 nm) showing Cr impurities in Sb,Te; matrix. 14¢ in paramagnetic phase at the measurement temperature
The inset displays a high-resolution STM image near a single Cr impurity. of ARPES.J

c) Atomic structural model indicating the position of a Cr impurity in
Sb,Te; lattice.
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Cr impurities manifest themselves in STM
images as randomly distributed triangle-
shaped dark features on the surface, as
shown in Figure 1b (a sample with lower
Cr doping level is used here to resolve each
impurity more clearly.). Each triangle is com-
posed of three dark spots on the positions of
topmost Te atoms (see the high-resolution
image in the inset of Figure 1b). Since all the
triangles point to the same direction, they
are unlikely Cr “trimers” but single Cr atoms
occupying subsurface Sb sites, reducing the
local density of states of the three above Te
atoms (see the structural model shown in
Figure 1c).?l Uniform Cr doping is also seen
in other Cry,,(Bi,Sby_,);7sTes films with dif-
ferent Bi contents and confirmed by the
structure and composition analyses based on

cross-sectional high resolution transmission L @ W .
electronic microscopy (HRTEM) (see Supple- 01 00 01
mentary Information). ki (A7)

Figure 2 displays the band structures near i 2. The Di face states of SQL Crgsy(BiuSby_),reTes fl d by ARPES

. . igure 2. The Dirac surface states o ro22(BiSbi)1.78Tes films measured by .

Fermi .level. of SQL Cro.22(Bi,Sby )1 75 Tes a—d) ARPES grey-scale bandmaps of Crg,,(Bi,Sby_,)1.78Tes films with x =0 (a), x=0.1 (b), x =

films with different Bi conte.nt.(x) measured 0.25 (c), and x = 0.6 (d). e-h) ARPES MDCs corresponding to a—d). The blue empty circles are

by angle-resolved photoemission spectros-  data points; the black solid lines are fitting results with double Lorentz peak; the red triangles
copy (ARPES) at room temperature. The indicate the fitted peak positions.
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Figure 3. Transport results of 5QL Crg,, (Bi,Sby_,)1 78Tes films grown on sapphire (0001). a—f) Magnetic field dependent Hall resistance of the films with
x=0 (a),x=0.15 (b), x=0.2 (c), x=0.25 (d), x=0.35 (e), and x=0.5 (f) measured at different temperatures. g—I) Temperature dependent longitudinal
resistance R,, of the films with x =0 (g), x=0.15 (h), x=0.2 (i), x=0.25 (j), x=0.35 (k), and x = 0.5 (I).

Figure 3 shows the transport measurement data of 5QL
Crg,2(BiSby_)1.7sTes films grown on sapphire (0001) substrates
with different Bi contents. The upper panels (Figures 3a—3f)
display the magnetic field (uyH) dependent Hall resistance (Ry,)
measured at different temperatures. The lower ones (3g—3l) dis-
play the temperature dependent longitudinal resistance (R,). The
total Hall resistance of a magnetic sample is expressed as:[1*)

The first term is the ordinary Hall (OH) resistance (Roy)
responsible for the linear Ry, at high field with the slope Ry,
known as Hall coefficient, determined by the type and den-
sity of carriers of the sample. The second term is the AH
resistance (Rap), reflecting the magnetization reversal of the
sample at low field (below the saturation field).!%! For all the
films, the Ry-UoH curves measured at 1.5 K (the thicker ones
in Figures 3a—3f) show nearly square-shaped hysteresis loops
at low field, suggesting good long-range ferromagnetic order
with the easy magnetization axis perpendicular to the sample
plane. Meanwhile with the increasing Bi content (x), the slope
of the linear background at high field evolves from positive to
negative, indicating the change of the dominating carriers from
p- to n-type at around x = 0.2 ~ 0.25, consistent with the above
ARPES observations. The temperature dependent R, curves
of all the films (Figures 3g-3l) exhibit a typical insulating
behavior. Among them the samples with x = 0.2 and 0.25 show
the largest values, both exceeding 20 kQ at 1.5K, which can
be attributed to their low carrier densities near p-n crossover
region. So we can see that the ferromagnetism of Cr-doped
(BiySb;_y);Tes; always holds despite of the significant change in
carrier density and type induced by different Bi concentrations.
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The ferromagnetism has also been confirmed by direct magnet-
ization measurements with SQUID magnetometer (see Sup-
plementary Information), which shows similar hysteresis loops
with those of AH effect. The magnetic moment per Cr ion, esti-
mated from the SQUID data, is ~3 ug, which is basically that of
a Cr* ion and varies little with Bi content. The moment value
is quite reasonable since 3+ is the most stable oxidation state of
Cr and the above STM result have demonstrated Cr substitu-
tion for Sb** ions.

We can estimate the Curie temperatures (Tcs) of the
Crg.2,(Bi,Sby_y)1.78Te; films through temperature dependent Ry,
which is defined as Ry, at zero field'” and reflects the sponta-
neous magnetization of the samples. Figure 4a plots the Tcs of
the samples of different Bi contents. The corresponding carrier
densities estimated by OH effect are shown as the tick labels of
the top axis. It is to note that the carrier density values can only
be treated semi-quantitatively, especially near the charge neu-
tral point, because the slope of OH effect can be influenced by
AH effect and magnetoresistance (MR).3¥ From Figure 4a, one
can see that T¢ experiences little variation with carrier density
and type, always around 30K~35K, even in the rather insulating
samples around p-n crossover region (blue area), which clearly
indicates carrier independence of the ferromagnetism.

The AH effect, on the other hand, exhibits a dramatic and
systematic change with Bi doping. R,y is only 148 Q at 1.5 K for
x =0 (note that the data shown in Figure 3a are multiplied by 5),
but abruptly increases to 1.4 kQ, about one order of magnitude
larger for x = 0.15. The value is further enhanced to 2.8 kQ at
x = 0.2, and 2.9 kQ at x = 0.25, respectively. But as x reaches
0.35, Rpy rapidly drops to 900 Q, and then to only 72 Q at x =
0.5. The evolution of R,y with Bi content and carrier density
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Figure 4. Ferromagnetism and AH effect of Crq,,(Bi,Sby_,)1.78Tes films at different carrier density and type. a) Dependence of Curie temperature (T¢)
on Bi content (x) (bottom axis) and carrier density (top axis). Error bars represent the temperature spacing in Ryy-T measurements. b) Dependence
of AH resistance (Ran) (red solid squares) and longitudinal resistance (R,,) (blue solid circles) at 1.5 K on Bi content (x) (bottom axis) and carrier
density (top axis). c) Magnetic field dependent Hall resistance Ry, of a 5QL Crg 5, (Big,Sbo )1 7sTes film grown on SrTiO; (111) at different back-gate
voltages measured at 250 mK. d) Dependence of Ray (red solid squares) and R,, (blue solid line) of the SQL Crg,,(Big,Sbgs)q.78Tes film grown on

SrTiO;(111) substrate on back-gate voltages at 250 mK. e) Dependence of

Ran/R« on Bi content (x) (bottom axis) and carrier density (top axis). Black

solid diamonds represent the data obtained from Figure 4b. The red star represents the value obtained from a Hall measurement at 250 mK, 15 Tesla
on the Crg;,(Big2Sbgg)1.78Tes film grown on SrTiO; (111) with back-gate voltage 35 V. The blue areas in a, b, d, and e indicate the approximate p-n

crossover regions.

is summarized in Figure 4b. A maximum occurs near the p-n
crossover region (blue area), with R,y about 40 times larger
than the minimum value. Evolution of R,, with Bi content is
also plotted here, exhibiting a similar maximum with Rpy, but
with smaller relative variation than that of Ray. Figure 4e dis-
plays the Rpp/R, ratio, i.e. tangent of the AH angle, for dif
ferent Bi contents (black solid diamonds). The ratio is only
about 0.02 for high carrier density samples but increases by
more than 5 times near the crossover region.

To further demonstrate the dependence of ferromagnetism
and AH effect on carriers, we have studied the transport prop-
erties of the films under the electrical field effect. SrTiO; (111)
is applied as the substrate whose huge dielectric constant at
low temperature can be utilized to realize carrier density vari-
ation of ~3 x 10”cm™ with back-gate voltage (V,) between
4210 V for typical substrate thickness of 0.5mm.B* Figure 4c
shows the AH hysteresis loops of a 5QL Crg 3,(Big,Sbgg)1.7sTe3
film grown on SrTiOj; (111) measured at 250 mK with different
Vgs. Ray changes dramatically with V,, from 660 Q at —210 V
to 6.1 kQ (the maximum) at 35 V, as summarized in Figure 4d.
R, also exhibits a peak of ~30 kQ at 80 V. The Rpy/R,, ratio
corresponding to Ryy = 6.1 kQ is ~ 0.2 (the red star shown in
Figure 4e), indicating an unusually large AH effect.'% Mean-
while the coercivity and the shape of the hysteresis loops are
nearly unchanged with V,, suggesting little variation in the fer-
romagnetism. The sheet carrier density around Rpp = 6.1 kQ,
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determined by the slope of OH effect measured with a magnetic
field up to 15 Tesla that is high enough to saturate AH resistance
and MR, is ~4 x 10'2 cm™2. So the field effect experiment also
demonstrates the carrier independent ferromagnetism and the
greatly enhanced AH effect with the decreasing carrier density.
In most magnetically doped semiconductors/insulators
the ferromagnetic coupling is mediated by itinerant carriers
through the RKKY-type mechanism; thus the ferromagnetism
in these materials is very sensitive to the variation in the density
and type of bulk carriers.’'!3] The magnetic TI studied here
however shows a robust ferromagnetism with nearly constant
Curie temperature in both n- and p-doped regimes and also
in the very insulating crossover region in between. The lowest
n,p accurately estimated with OH effect is ~4 x 1012 cm™2, cor-
responding to a bulk carrier density of 8 x 10'® cm™3, which
is too low a carrier density level to form RKKY-type ferromag-
netic coupling.'* Magnetic clusters can contribute to ferromag-
netism independent of the carriers. However this possibility
can be safely ruled out by the above experimental results: the
uniform crystalline structure and homogeneous Cr distribution
revealed by STM and HRTEM, the similar magnetic properties
obtained by magnetic and transport measurements, and the
large average magnetic moment of Cr ion (~3mg) which is well
consistent with the STM observation of random Cr substitution
for Sb/Bi*" ions. Furthermore, the AH resistance of Cr-doped
(BiySby_,),;Te; can reach an unusually large value close to the

Adv. Mater. 2013, 25, 1065-1070
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order of QH resistance (h/e?). Although magnetic clusters can
also lead to AH effect in the matrix material through “extrinsic”
mechanism like skew scattering and side jump,!*”! such extrinsic
AH effect cannot contribute to so strong AH resistance near
QH regime.?%3”] The skew scattering and side-jump mecha-
nisms can be further excluded by the observations of quadratic
relation between Rpy and Ry, (see Supplementary Information)
and enhanced R,y with decreasing carrier density.[%

The doping independent ferromagnetism can be explained
naturally by a novel mechanism unique to the magnetically
doped 3D TIs. The bulk band structure of the TIs is inverted
by the strong spin-orbit coupling so that the valence and
conduction bands near Fermi level have similar component
(p,)" As discussed theoretically,”) this unique band structure
contributes to the large matrix element of spin operator, and
thus leads to a large magnetic susceptibility of valence electrons
through the van Vleck mechanism even when the Fermi level
lies in the gap. Hence, the spins from different magnetic impu-
rities can be coupled through the large magnetic susceptibility
of the valence electrons without needing itinerant carriers. The
van Vleck mechanism will lead to linear relationship between
Curie temperature and concentration of magnetic impurities,?!
which has been observed in our samples (see Supplemen-
tary Information) as well as in Cr-doped Sb,Te; in a previous
study.'® So the carrier-independent ferromagnetism observed
in Cr-doped (Bi,Sb;_,);Te; is very likely contributed by the van
Vleck mechanism.

The thin films of magnetic TIs with insulating ferromag-
netism are expected to show the QAH effect if the Fermi level
is tuned into the magnetically induced gap opened at the Dirac
point.3-% The rapidly increasing Rny with the decreasing
carrier density is in accord with the theoretically predicted ten-
dency of AH effect approaching the QH plateau.l>®! The max-
imum R,y obtained in this work has reached 6.1 kQ, nearly
one fourth of the QH resistance. The corresponding bulk AH
resistivity (pap) is about 3 mQ-cm, among the largest pay ever
reported. Furthermore, the tangent of AH angle R,y/R,, also
grows rapidly with the depletion of bulk carriers, to an unusu-
ally large value of 0.2 in the bulk insulating regime, which is
an order of magnitude larger than that of most ferromagnetic
materials.'% In the QAH regime the ratio should be infinite,
just like in conventional QH effect, due to the dissipationless
QAH edge states. Although so far samples still show a rather
large longitudinal resistance, implying that bulk carriers still
significantly contribute to the transport result, the greatly
enhanced Rpp/R,, with the reduced carrier density suggests
that the influence from the QAH edge states is becoming more
and more important. As far as the current data have shown,
Rpy and Rpy/Ry still keep growing with the decreasing car-
rier density. The failure of Rjy to reach QH plateau should
be mainly due to the remaining bulk carriers not completely
depleted yet (see Supplementary Information for the discus-
sion). Inhomogeneous chemical potential distribution, band
bending, and impurities of the films all can contribute to the
bulk carriers. By optimizing the film thickness, growth para-
meters, and fabricating the films into devices of micrometer or
sub-micrometer size with dual-gate structure, it is promising
to further reduce the bulk carrier density of the films to reach
the QAH regime.
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In summary, we have observed robust ferromagnetism in
thin films of Cr-doped 3D TI (Bi,Sb,_,),Te; against the varia-
tion in both carrier density and type, suggesting that the van
Vleck mechanism due to the valence electrons with inverted
band structure is responsible for the ferromagnetism. The AH
resistance reaches an unusually large value of one quarter of
QH resistance as the carriers are depleted by doping or gating,
manifesting the system as a promising one for realizing the
QAH effect and other TI-based magnetoelectric phenomena.
The realization of ferromagnetism in samples of both p- and
n-doped and in different doping levels also provides a new plat-
form for spintronic applications.

Note added: During peer review of our paper we became
aware of related work by Joseph G. Checkelsky et al.l’’]

Experimental Section

MBE growth and measurements of STM and ARPES were carried out in
one UHV system with the base pressure ~1 x 107'% mbar. The Cr-doped
(Bi,Sby_,),Tes films were grown by co-evaporating Bi (99.9999%), Sb
(99.9999%), Cr (99.999%), and Te (99.9999%) from standard Knudsen
cells to commercial sapphire (0001), Si(111), or SrTiO;3 (111) substrates.
The growth was kept in Te-rich condition with the substrate temperature
set at ~180 °C. The thicknesses and the compositions of the films are
determined by growth time and the fluxes of Cr, Bi, and Sb sources.
The fluxes of Sb and Bi are calibrated by the growth rates of Sb,Te;
and Bi,Te; thin films, through RHEED oscillation or quantum-well state
peak positions in ARPES, respectively. The flux of Cr is calibrated by the
atomic percentage in Cr-doped (Sby_,Bi,);Te; samples measured with
inductively coupled plasma - atomic emission spectra (IRIS Intrepid II,
Thermo Scientific). The typical growth rate is about 0.125 QL/minute.
In ARPES measurements, photoelectrons are excited by unpolarized
He-la light (21.21 eV) generated by a Gammadata VUV 5000 helium
discharging lamp and collected by a Scienta SES-2002 analyzer. A
20 nm-thick amorphous and insulating Te capping layer was deposited
on the top of each film before it is taken out of the UHV chamber for
transport measurements. Transport properties are measured in the Hall
bar geometry with ac lock-in method.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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