Magneto-optical effects of an artificially-layered ferromagnetic topological insulator
with T of 160 K
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Abstract: Magnetic topological insulator is a fertile platform to study the interplay between
magnetism and topology. The unique electronic band structure can induce exotic transport and
optical properties. However, a comprehensive optical study in both near-infrared frequency and
terahertz frequency has been lacking. Here, we report magneto-optical effects from a heterostructure
of Cr-incorporated topological insulator, CBST. We use 800 nm magneto-optical Kerr effect to reveal
a ferromagnetic order in the CBST film with a high transition temperature at 160 K. We also use
time-domain terahertz polarimetry to reveal a terahertz Faraday rotation of 1.5 mrad and Kerr
rotation of 5.1 mrad at 2 K. The calculated terahertz Hall conductance is 0.42 e¢?/h. Our work
shows the optical responses of an artificially layered magnetic topological insulator, paving the way
towards high-temperature quantum anomalous Hall effect via heterostructure engineering.
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Topological insulators (TIs), characterised by the in-
sulating bulk states and conducting topological surface
states, were originally proposed in time-reversal-invariant
systems [1-4]. The gapless topological surface states are
located in the bulk gap crossing at the Dirac point. In-
corporating ferromagnetism into TIs breaks time-reversal
symmetry and opens an exchange gap at the Dirac point
[4-6]. The interplay between magnetism and topology
has brought a plethora of exotic phenomena [4, 5, 7-10],
including the quantum anomalous Hall effect (QAHE)
[6], and the axion insulator states [11]. When the Fermi
energy lies in the exchange gap, the QAHE emerges due
to dissipationless chiral edge modes. In an ideal quan-
tum anomalous Hall state, the anomalous Hall resistance
is quantized at h/e?, while the longitudinal resistivity
vanishes. In order to realize a ferromagnetic T1 system,
the first attempt was doping nonmagnetic TIs with mag-
netic impurities, such as Cr- and V- doped (Bi,Sb),Tes
[6, 12, 13]. However, the inhomogeneity of the mag-
netic dopants suppresses the effective energy gap. It re-
sults in a low observation temperature of QAHE, usu-
ally below 100 mK. Following the magnetic impurity
doping method, the magnetic modulation doping tech-
nique increased the surface mass gap and improved the
homogeneity. The QAHE observation temperature was
raised to 2 K [14-18|. Recently, intrinsic magnetic TIs
with chemical formulas such as MnBiySe4 [19-21] have
received more attention with the report of 97% quan-
tization persist up to 6.5 K in a 5 septuple-layer (SL)
flake[20].

The tunability of the magnetic and topological prop-
erties of magnetic TIs have been investigated in various
ways, such as Sb doping [22, 23], hydrostatic pressure
[24, 25|, and surface engineering [26]. Another impor-
tant method is using nonmagnetic spacer layer [27]. For
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example, in the intrinsic MnBisTe, family, due to the
van der Waals nature, the magnitude of interlayer anti-
ferromagnetic strength can be suppressed by inserting
BisTes quintuple layers (QL) between MnBisTey SLs,
with the chemical formula MnBig, Tes,11. The elec-
tric band structure spontaneously changes with different
magnetic orders. For example, MnBisTey (n=1) [20] and
MnBiyTe; (n=2) [23] are reported to be antiferromag-
netic TIs, MnBigTe;3 (n=4) is predicted to be ferromag-
netic TI [28, 29]. With the boost of research interest
in the MnBis, Tes,,+1 family, replacing Mn with other
magnetic elements has been investigated as well. Den-
sity functional theory (DFT) calculations revealed that
certain elements can form stable XBisTey SL structures,
including X = Ti, V, Ni, Eu, etc [21]. But X = Cr, Fe,
and Co show instability to form SL structures [21].

Heterostructure engineering is a powerful tool to
tune the magnetic and topological properties of Cr-
incorporated TIs [27, 30-32]. In our work, we report
a heterostructure of Cr-incorporated topological insula-
tor, dubbed as CBST. The layer-by-layer epitaxial depo-
sition of each ShoTes, BisTes and CrTe was carried out
based on the Cr(Bi; /35by/3)6Te1o structure (Fig.1a). We
performed magneto-optical measurements in both near-
infrared (NIR) and terahertz (THz) frequencies. Ferro-
magnetic order is observed using magneto-optical Kerr
effect (MOKE). The magnetic transition temperature at
160 K is higher than any other Cr-incorporated magnetic
TIs. We also performed THz measurements in CBST
which exhibits a Faraday rotation of 1.5 mrad and Kerr
rotation of 5.1 mrad under 6 T at 2 K.

In the CBST film, the Cr(Bi;/3Sby/3)sTe1o structure
repeats twice, terminating at (Biy/pSby/5)2Tes (BST)
layer (Fig.la). The 6.5 nm-thick film is grown on a
1 em x 1 em Al,O3 (0001) substrate using a custom-
built molecular beam epitaxy (MBE) system (SVTA)
under a base pressure of 5 x 1071 Torr. High-purity
(99.999%) Bi,Sb, Te, and Cr were thermally evaporated
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FIG. 1: Structure and transport of CBST. a.
Layered structure of CBST. The 17-tuple layer
structure is repeated twice. The film terminates at BST
layer. b. Magnetic field dependence of Hall resistance
of CBST measured at 2 K.

using effusion cells, and all the source fluxes were cal-
ibrated in-situ by quartz crystal micro-balance and ex-
situ by Rutherford backscattering spectroscopy. We em-
ploy thin epitaxial CroOg3 as a buffer layer to assist the
topological layers in adhering to the Al,Ogz substrate,
and naturally oxidized amorphous CrO, as a capping
layer to suppress degradation and boost ferromagnetic
order [18, 27]. High-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM) im-
age has revealed that Cr is incorporated into the neigh-
boring SboTes layer instead of forming a van der Waals
gap between SbyTes layers [27]. The transport data at 2
K (Fig.1b) with single coercive field inicates that surface
states only form at top and bottom surfaces, suggesting
that the entire system is behaving as a single magnetic
TT layer.

We firstly utilize MOKE to probe the time-reversal
symmetry breaking in CBST. A mode-locked Ti:sapphire
laser with 800 nm centre wavelength, 80 MHz repetition
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FIG. 2: MOKE results of CBST at 800 nm. a.
Schematic of MOKE measurement from CBST. b.
Temperature dependent MOKE under field-cool. £+25
mT magnetic field is applied perpendicular to the
sample surface. c. MOKE Hysteresis loop measured at
3 K. d. MOKE hysteresis loops measured from 3 K to
160 K. e. Temperature dependence of the
field-symetrized 0 at 0 T.

rate and 50 fs pulse duration is used to measure the Kerr
rotation OX ! from the CBST sample [33]. X/ is the
polarization plane change in the reflection beam propor-
tional to the net magnetization along the laser propaga-
tion direction [34] (Fig.2a). We carried out temperature
dependent MOKE measurements under an out-of-plane
magnetic field at + 25 mT. As shown in Fig.2b, cool-
ing from 180 K to 10 K, O¥'F emerges around 160 K
and shows opposite signs under opposite magnetic fields.
Fig.2c and d show the magnetic field dependent MOKE
at 3 K and higher temperatures. ¥/% at 3 K shows a
hysteresis loop with the coercive field Ho at 70 mT and
saturates at 1 mrad. Above the saturation field, there is
no signs of spin-flip/flop transitions up to £+ 6 T, consis-
tent with the behavior from a ferromagnetic order. The
coercive field and MOKE signal monotonically decrease
with increasing temperature, and disappears at 160 K
(Fig.2d). Fig.2e shows zero-field MOKE
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under different temperatures. The high transition tem-
perature indicates an enhanced ferromagnetic order in
the CBST film, compared to other Cr-incorporated mag-
netic TIs (TABLE.I), achieved by the high Cr concentra-
tion from the layer-by-layer growth method and an active
capping layer CrO, [18, 27]. Note that our table does
not include other dopants to compare different growth
method and heterostructures [12, 35, 36] or heavily fer-
romagnetic doped bulk samples due to possible clustering
[4, 37] .

H Type ‘ Sample Tn/Tc H
MnDBi; Tes[38 41] 1525 K
Intrinsic MnBigTe10*[42] 13 K
MnBis Teys*[28] 10 K
. Cro.15(Bio.1Sbo.9)1.85Tes [6] 15 K
Unif .
domso Cro.22(Bio.2Sbo.s)rrsTes [13] 45 K
ping Cro,znglleeg [12] 59 K
Modulation| Cro.57(Bio.265Sbo.74)1.43Tes [43] 0K
doping Cro.05(Bio.325bo.68)1.05Tes [14] 80 K
layered heterostructure (this work) 160 K

TABLE I: Magnetic transition temperatures of
MnBiy,, Tes,, +1 family and Cr-incorporated magnetic
TIs.

Then we study the low-energy response of CBST film
by transmission time-domain terahertz (THz) polarime-
try from 0.2 THz (0.8 meV) to 1.2 THz (5.0 meV) [44].
A pair of photoconductive antennas are used to gener-
ate and probe THz radiations. A delay stage introduc-
ing time delay between THz emission and the detection
path enables the time-domain measurement. A THz po-
larizer mounted on a rotation stage is used to analyze
THz polarization transmitted through the CBST film.
In magnetic TIs, the exchange energy gap opening at the
TT surface is usually tens of meV [45, 46]. Thus inter-
band transition is prohibited under THz excitation. We
then measure the THz Faraday 6% and Kerr rotation
0% from CBST film. By definition, Faraday rotation
refers to the polarization change of the transmitted light,
while Kerr rotation is about the reflected light. In the
time-domain spectroscopy, the transmitted light is com-
posed of the main pulse and a series of echos which are
separated in time (Fig.3b). The main pulse is the di-
rectly transmitted THz wave (Fig.3a). The first echo is
firstly reflected at the substrate/TI interface, then re-
flected back at the substrate surface, finally transmitted
through the film (Fig.3a). Higher orders of echos ap-
pear later in time, and are not being considered here.
Therefore, the polarization change of the main pulse is
the Faraday rotation 6f%* (Fig.3a,b). The polarization
change of the first echo is the sum of Faraday rotation
and Kerr rotation ©7H= = gIHz 1 gIHz (Fig 3a,b). Here
we use the superscript "THz" to distinguish the THz ro-
tations with the NIR MOKE results in Fig.2. By fixing
the incident polarization (x direction), the THz rotation
angles can be calculated from the ratio of the perpendic-
ular component (E,) and the parallel component (E,).
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FIG. 3: THz result of CBST. a. Schematics of the
polarization state of the transmitted THz waves after
CBST. The incident THz polarization is parallel to
x-axis. b. Terahertz signals in time domain for the
CBST. The transmitted light is composed of the main
pulse and the first echo. They are separated in time
domain due to different light path. E, and E, are the
transmitted signals parallel and perpendicular,
respectively, to the incident polarization at 0 T. c.
Spectra of THz Faraday rotation at 2 K. d. Spectra of
©TH= the sum of THz Faraday rotation 611 and THz
Kerr rotation, at 2 K. The shaded area in ¢ and d are
error bars. e. Field dependence of ©TH% at 2 K. Each
data point is calculated from the average value in the
range 0.2 THz to 1.4 THz. f. Temperature dependence
of ©TH= (blue squares) and OFTE (black curve).

TH TH=z
OTHz and ©THz=,

To measure the field-dependence of and
the magnetic field is swept to 6 T to magnetize the film
before measurements. A sequence of 6 T — 4 T — 2
T—-0T—-6T—-4T —=-2T — 0T is followed
to apply the field. Fig.3c displays the field-symmetrized
THz Faraday and Kerr rotation spectra
_ HEHZ(—’—B) — egHZ(_B) (2)

2

at 2 K. A modest frequency dependence agrees with pre-
vious THz measurements in magnetic TIs [31, 43]. Un-
der 0 T, 6f1% shows an average value of 0.57 mrad. It
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FIG. 4: THz anomalous Hall conductance of
CBST. G, is the complex anomalous Hall
conductivity. a. and b. shows the real and imaginary
part of the 2K G, respectively. Shaded area is the
error bar.

increases monotonically with magnetic field and reaches
1.5 mrad under 6 T. Field-symmetrized spectra of 7>
in the range 0.3 THz (1.2 meV) to 0.76 THz (3.1 meV)
are displayed in Fig.3d. The more substantial frequency
dependence of ©TH% at high fields comes from the tem-
poral overlap between the main pulse and the echo [43].
The average value of @77 is 2.3 mrad under 0 T and 5.1
mrad under 6 T. The field and temperature dependence
of ©TH= are displayed in Fig.3e and f. A hysteresis loop
is observed in ©7#% and its temperature dependence
well agrees with O%/%. These observations corroborates
the magnetic origin of the THz rotations in CBST.

THz Faraday rotation is related to THz Hall conduc-
tance Gy via

ng+1
A

Gry = GEHZ (Gaa + ) (3)

Here G, is the longitudinal conductance, ng is the
refractive index of the substrate (3.1 for sapphire), and
Zy (=376.7 Q) is the vacuum impedance. We obtain a
small G, in the probing frequency range from the nearly
unity THz transmission T}, according to

ns+1 eiw(ns—l)AL/c
Gpz = -1 4
A @

Here c¢ is the speed of light, and AL is the thickness
mismatch between the CBST sample and reference sub-
strate. As shown in Fig.4a., the Hall conductance is
almost constant at 0.14 €2/h under 0 T. Under higher
magnetic fields, G5, decreases at higher frequencies. Un-
der 6 T, G, reaches a maximum value of 0.69 e¢?/h at
0.32 THz, and converges to 0.33 e¢2/h at 0.7 THz. The
average value of the 6 T spectrum is 0.42 e2/h. The
frequency dependence at high field might come from cy-
clotron resonances[47, 48]. A small but nonzero value in
the imaginary part of the complex G, (Fig.4b.) also
indicates the emergence of dissipation.

In the ideal QAHE state, G, vanishes to zero, while
Gy is quantized in unit of e*/h. The calculated THz

Faraday and Kerr rotations are tcm’l(?fil) = 3.67

mrad and tan~'(22:2) = 10.5 mrad, respectively
[31, 43, 47]. To account for the deviation between

experimental results and theoretical calculations, dif-
ferent reasons were proposed such as trivial bands
involvement [35, 49] and emergence of superparamag-
netic order [49, 50]. Further investigation in CBST
about the Fermi level and possible superparamagnetic
order are needed towards the realization of QAHE .
Looking forward, we hope this work generate interests in
realizing high-temperature QAHE at terahertz frequency.
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