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Controlling the magnetotransport properties of magnetic topological insulator
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In this work we present a systematic in-depth study of how we can alter the magnetotransport properties
of magnetic topological insulator thin films by tuning the parameters of the molecular-beam epitaxy. First,
we show how a varying substrate temperature changes the surface morphology and, when chosen properly,
leads to a high crystal quality. Next, the effect of the chromium concentration on the film roughness and
crystal quality is investigated. Finally, both the substrate temperature and the chromium concentration are
investigated with respect to their effect on the magnetotransport properties of the magnetic topological insulator
thin films. It becomes apparent that the substrate temperature and the chromium concentration can be used to
tune the Fermi level of the film which allows to make the material intrinsically charge neutral. A very low
chromium concentration furthermore allows to tune the magnetic topological insulator into a regime where
strong superconducting correlations can be expected when combining the material with a superconductor.
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I. INTRODUCTION

Recently, magnetic topological insulators (MTIs) have
been proposed as a promising material for the realization of
scalable topological quantum computation based on braiding
of Majorana fermions [1,2]. MTIs are formed by incorpo-
rating magnetic adatoms, such as chromium or vanadium,
into a topological insulator lattice [3,4]. Compared to reg-
ular topological insulators, the magnetization gives rise to
topologically protected edge states [5] that make the use of
external magnetic fields for qubit applications obsolete [6].
As a hallmark of the presence of edge-channel transport,
the quantum anomalous Hall effect (QAHE) has been mea-
sured, which is characterized by a quantized Hall signal and
a vanishing longitudinal resistance [7–9]. To enter the field of
topological quantum computing, the MTI needs to be proxim-
itized by a superconducting electrode to achieve topological
superconductivity. Although induced superconducting corre-
lations in MTIs have already been shown [10], and even an
onset of a supercurrent has been measured in an MTI based
Josephson junction [11], inducing a hard superconducting
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gap into this material class remains a challenge. It should be
emphasized that in order to realize Majorana fermions and
topological superconductivity, the MTI does not necessarily
have to be in the quantum anomalous Hall regime [12]. In
fact, by performing tight-binding simulations, it was found
that a smaller magnetization of the film should result in a
larger induced superconducting gap and thus be beneficial
for proximitized MTI structures [13,14]. Here we present a
systematic in-depth study of the interplay between molecular-
beam epitaxy (MBE) growth and magnetotransport of MTI
thin films. The MTI material investigated in this work is
Crx(Biy Sb1−y)2−xTe3 and in the frame of this paper multiple
sets of thin films were grown. The study focuses mainly on the
effect of the growth temperature Tsub and the Cr concentration
on the crystal quality and the magnetotransport properties of
the MTI thin films. We will first explain the growth dynam-
ics and discuss how the material properties change for these
different MBE parameters. Then, the effect of substrate tem-
perature on the magnetotransport properties is investigated.
Finally, the effect of varying chromium concentration is stud-
ied in transport measurements and the results are discussed.
Further information on the structural characterization of the
films and the methods used for the electrical characterization
can be found in the Supplemental Material [15].

II. GROWTH OPTIMIZATION

To fabricate Crx(Biy Sb1−y)2−xTe3 thin films, the precise
stoichiometric composition of the base alloy (Biy Sb1−y)2Te3

which positions the Fermi level inside the bulk gap is crucial.
Previous findings [16–18] indicate the optimum stoichiome-
try to be Bi0.34Sb1.66Te3, having the Bi content at 17%. The
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FIG. 1. Identification of optimal parameters for the growth of the Crx (Biy Sb1−y )2−xTe3 thin films via MBE. (a) Search for optimal
growth temperature Tsub where the layer thicknesses are measured via XRR and (b) the crystal quality is assessed by the FWHM value of
the rocking curve via XRD measurements. (c) The rocking curve FWHM values as a function of growth rate with epilayers prepared at optimal
Tsub. The green area always denotes the optimum zone of the growth parameters. (d)–(h) Scanning electron microscopy (SEM) images of
Crx (Biy Sb1−y )2−xTe3 thin films for increasing substrate temperature. In the aforementioned optimum zone the films are visibly the smoothest.

incorporation of Cr into (Biy Sb1−y)2Te3 films results in Cr
atoms occupying the lattice sites of Bi and Sb. Moreover,
Cr, akin to Sb, promotes p-type doping in the crystal which
requires an increase in Bi content to offset the doping and
sustain the Fermi level inside the band gap. The ideal stoi-
chiometry for a quantum anomalous Hall insulator (QAHI), as
indicated by Chong et al.[19] is Bi0.8Sb1.2Te3, which elevates
the Bi content to 40%. Thus, in the preliminary stage of this
work, all individual beam fluxes are set to achieve the target
stoichiometry of Cr0.2(Bi0.4Sb0.6)1.8Te3.

A. Ideal substrate temperature

To determine the ideal growth temperature, the method
proposed by Jalil et al.[18,20] is employed, for which epilay-
ers with thin-film growth rates RTF of 10 nm/h and 15 nm/h are
deposited over a temperature range between 170 ◦C to 240 ◦C.
Based on the analysis, utilizing x-ray reflectometry (XRR) for
thickness measurement and x-ray diffraction (XRD) rocking
curve for assessing crystal quality, the entire Tsub range is
categorized into several zones, as illustrated in Fig. 1(a).

As the name indicates in the high defect-density zone,
the relatively low Tsub leads to the creation of high density
of grains and numerous structural defects, such as domains,
rotational twins, and translational-shear faults, which in turn
results in elevated values of the full width at half maximum
(FWHM) of the rocking curves. In the transition zone, the
rising Tsub contributes to enhanced crystal quality, resulting in
larger grain sizes and subsequently lower FWHM values. The

optimum zone yields exceptional crystal quality, featuring the
largest grain sizes among all epilayers and significantly fewer
structural defects, resulting in the FWHM values below 100
arcseconds. A further increase in Tsub, unlike the growth of
(Biy Sb1−y)2Te3 alloy [18], does not lead to an instant defor-
mation zone. Instead, the existence of an intermediate zone is
observed. As the substrate temperature Tsub increases beyond
the optimal range, the adsorption-to-desorption ratio of Sb and
Bi atoms decreases, which would typically lead to epilayer de-
formation. However, rather than inducing such a deformation,
the strong adsorption of Cr promotes the segregation of Cr
atoms from the Crx(Biy Sb1−y)2−xTe3 quintuple-layer struc-
ture. This segregation results in the formation of CrTex alloy
that leaves behind residual and structurally compromised
(Biy Sb1−y)2Te3 layers. CrTex is known to be an antiferromag-
netic material [21,22] and its presence can adversely affect
the desired topological properties. Therefore, its formation
should be carefully avoided. Further increases in Tsub push
the system into the deformation zone, where the adsorption-
to-desorption ratio drops sharply, eventually leading to the
complete evaporation of the layers. The influence of growth
temperature on the surface morphology of the films is also
evident in the scanning electron microscopy (SEM) images
shown in Figs. 1(d)–1(j).

B. Optimal growth rate

The findings of the previous section conclude that the op-
timal Tsub is 215 ◦C. While keeping Tsub constant at 215 ◦C,

124202-2



CONTROLLING THE MAGNETOTRANSPORT PROPERTIES … PHYSICAL REVIEW MATERIALS 9, 124202 (2025)

FIG. 2. The effect of increasing chromium concentration on the surface morphology and crystal structure. (a)–(f) AFM images of
Crx (Biy Sb1−y )2−xTe3 thin films with an increasing x from 1% to 15%. The scale bar is 2 µm. (g) rms surface roughness of the thin films
as a function of Cr concentration and (h) the FWHM values of the rocking curve, acquired at the Crx (Biy Sb1−y )2−xTe3 (0015) peak in epilayers
with increasing Cr contents.

the search for the optimal growth rate is initiated with epi-
layers being prepared at various RTF ranging from 5 nm/h
to 20 nm/h. Systematically decreasing RTF from 20 nm/h to
7 nm/h leads to continuous improvement in the crystal quality.
However, once RTF falls below 7 nm/h, the low adsorption-
to-desorption ratio of Sb and Bi, combined with the relatively
strong adsorption of Cr, results in the formation of CrTex, sim-
ilar to as observed in epilayers prepared at higher than optimal
Tsub [see Fig. 1(c)]. To prevent this and taking into account
the stability of the individual beam fluxes to reach the goal
of ultralow Cr compositions in this study, an RTF of 8 nm/h
is selected for all subsequent growths. The corresponding
elemental beam fluxes are as follows: Bi = 1.6 × 10−8 mbar,
Sb = 2.2 × 10−8 mbar, and Te = 7.6 × 10−7 mbar, keeping
the (Bi + Sb):Te ratio at 1:20 to reduce point defects. The Cr
beam flux is insufficient for precise measurement and there-
fore the temperature of the Cr effusion cell TCr is utilized to
identify any variations in Cr concentrations.

C. Chromium concentration

To obtain consistent thin films with Cr compositions
ranging from ultralow (<1%) to relatively high (15%), the
temperature of the chromium-effusion cell TCr is systemati-
cally adjusted while keeping the Bi:Sb flux ratio unaltered.
Setting TCr at 930 ◦C results in no Cr incorporation into
the epilayer, as the effective Cr flux is nearly absent.
The elemental compositions are measured using Rutherford
backscattering spectroscopy (RBS), as outlined in previous
research [16]. Starting at TCr = 945 ◦C, a systematic integra-
tion of Cr into the epilayer is observed, with TCr = 950 ◦C
resulting in 1% and TCr = 1030 ◦C yielding approximately
15% Cr contents in the epilayer.

Multiple epilayers containing various Cr concentrations
and thicknesses are prepared and systematically investigated
to detect any changes in texture, surface roughness, and crys-
tal quality. Observations indicate that in the absence of Cr, the
epilayers consistently initiated nucleation at the substrate step
edges, resulting in the development of relatively large grains
along the edge line. This, in turn, promotes the emergence of
unique linear texture. The integration of Cr leads to a signifi-
cant shift in dynamics, as the strong adsorption of Cr creates
additional nucleation sites. This not only alters the film texture
but also leads to smaller grains and a relatively diminished
crystal quality. The atomic-force microscopy (AFM) images
shown in Figs. 2(a)–2(f) reveal a unique change in the sur-
face texture as the Cr concentration increases in the epilayer.
Regarding surface roughness, all epilayers exhibit a root-
mean-square (rms) surface roughness of less than 0.85 nm.
However, a marginal increase was observed in the epilayers
with Cr contents beyond 6% [cf. Fig. 2(g)]. The rocking-curve
analysis reveals a steady decline in crystal quality as Cr con-
tent increases, mostly attributed to the reduction in grain sizes
[cf. Fig. 2(h)].

III. MAGNETOTRANSPORT MEASUREMENTS

In order to extract the essential magnetotransport prop-
erties of the thin films, the Hall resistance Rxy and sheet
resistivity ρ�

xx are determined for the complete range of mag-
netic field B by using the van der Pauw technique [23]. The
results are presented in an illustrative manner in Fig. 3 for an
MTI film grown at a substrate temperature of 205 ◦C and a
Cr cell temperature of 990 ◦C, resulting in a Cr concentration
of 6.5%. The Hall resistance Rxy is depicted in Fig. 3(a). The
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FIG. 3. Resulting curves from the van der Pauw measurements in an exemplary manner for one of the MTI films with a Cr concentration of
6.5%. (a) Hall resistance Rxy in units of h/e2 as a function of magnetic field. The arrows indicate the direction of the magnetic field sweep. The
dashed boxes highlight the anomalous part and the regular part of the Hall resistance, respectively. (b) Zoom into the longitudinal resistance
ρxx for small magnetic fields. ρxx exhibits a peak at the positive and negative coercive field. (c) Zoom into regular part of the Hall resistance.
The dashed line is a linear fit from which the two-dimensional charge-carrier density n2d is extracted. (d) Zoom into the anomalous part of the
Hall resistance. The dashed line is a sloped error-function fit to the data from which the coercive field Bc and the anomalous Hall resistance
RAH can be determined.

sweep direction of the magnetic field is indicated with arrows.
It is apparent that the Rxy curve consists of a hysteretic part
around zero field and shows a linear behavior on B at larger
absolute fields. In Fig. 3(b) the sheet resistivity ρ�

xx is shown
for a smaller range of magnetic fields. Two peaks are apparent
at the field B = ±Bc, with Bc called the coercive field, where
Rxy in Fig. 3(a) crosses through zero. The two-dimensional
charge-carrier density n2d of the material is extracted from Rxy

via a linear fit (dashed line) to data points at higher magnetic
fields where the magnetic hysteresis does not affect the shape
of the curve anymore [cf. Fig. 3(c)]. The slight offset of the
curves for the different sweep directions of the magnetic field
is most likely due to some charging effects. The sheet-carrier
density is given by n2d = 1/(eRH ), with RH being the Hall
coefficient which is equal to the slope of the linear fit. The
average of n2d for both sweep directions, as well as positive
and negative fields, gives the best representation of how many
charge carriers are present in the material. The mobility μ can
be calculated via μ = 1/[en2dρ

�
xx (B = 0)]. Here, ρ�

xx (B = 0)
describes the sheet resistivity at zero magnetic field which can
be extracted from the curve shown in Fig. 3(b). The anoma-
lous Hall resistance RAH and the coercive field Bc are extracted
from an error-function fit (dashed line) to the hysteretic part of
the Hall resistance, as illustrated in Fig. 3(d) [25]. The height
of the fitted error function is equal to RAH and the position
where the function is zero represents ±Bc, indicated by the
red dots.

A. Effect of substrate temperature

As mentioned above, the substrate temperature affects the
stoichiometry of the material due to changing surface dynam-
ics during MBE growth assuming that all other parameters
remain constant. Hence, even small variations in substrate
temperature are also expected to change the magnetotransport
properties of the film. The films presented in this section were
grown to be within the transition and optimum zone from
Fig. 1(a) with a constant Cr cell temperature of TCr = 1015 ◦C.

Figure 4 shows the four major transport parameters, i.e.,
qn2d , μ, RAH, and Bc, as a function of substrate temperature,
extracted from measurements of roughly 20 nm thick films at
4 K. Here, the q prefactor of the charge-carrier density stands
for the sign of the Hall slope. This means that for q = ±1
the dominant charge-carrier types contributing to transport are
holes or electrons, respectively. As can be seen in Fig. 4(a),
for substrate temperatures up to 210 ◦C, qn2d is negative, i.e.,
the transport is electron dominated. Up to 205 ◦C the carrier
concentration is relatively low, i.e., below 1 × 1013 cm−2. At
the highest substrate temperature of 215 ◦C the transport is
hole dominated. This means that the Fermi level shifts from
the conduction band to the valence band. The mobility as
a function of substrate temperature is shown in Fig. 4(b).
The highest mobility of about 85 cm2/Vs is observed for
Ts = 200 ◦C. For the two highest temperatures the mobility
is rather low, in the order of 20 cm2/Vs, most likely due
to the presence of charge puddles [26]. As can be seen in
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FIG. 4. Magnetotransport parameters of the thin (∼8 nm) Crx(Bi Sb)2−xTe3 films as a function of substrate temperature extracted from
measurements at 4 K. (a) Sheet-carrier concentration n2d multiplied by the sign of the slope of the Hall signal q = ±1 for hole- and electron-
dominated transport, respectively. (b) Mobility μ calculated from n2d and ρxx (B = 0). (c) Anomalous Hall resistance RAH and (d) coercive
field Bc as a function of substrate temperature determined via the error-function fit to Rxy at small magnetic fields. Note that in all subplots
some data points have error bars while others do not. This is because multiple films were grown for some substrate temperatures, so they were
combined into one data point.

Fig. 4(c), at 4 K none of these samples are close to being
quantized in Hall resistance, which is apparent from the value
of RAH always being smaller than 0.5 h/e2. Furthermore, the
coercive field Bc shown in Fig. 4(d) does not really show a
systematic dependence on the substrate temperature. It can be
summarized that the shape of the anomalous Hall resistance
curve, i.e., the height RAH and the width Bc, is not clearly
affected by the substrate temperature. In the next section, a
more direct way to change the material composition and hence
the magnetic properties is presented by means of changing the
Cr concentration of the MTI.

B. Effect of chromium concentration

To systematically vary the Cr concentration in the films,
the Cr cell temperature TCr was varied between 1015 ◦C and
1022 ◦C for the more strongly doped, both thicker and thin-
ner films, with Tsub = 200 ◦C resulting in Cr concentrations
between 11% and 15%. For the weakly doped thin films
TCr was varied between 950 ◦C to 1010 ◦C at Tsub = 205 ◦C
resulting in Cr concentrations between 1% and 11.5%. The
substrate temperature for the films with varying Cr contents
was chosen to be within the previously determined transi-
tion zone, as close as possible to the optimum zone, while
choosing substrate temperatures that are regarded most
promising due to the transport measurements from the pre-
vious section. Figure 5 shows once again the four major
magnetotransport parameters of the thinner and thicker films
with Cr contents from 11.5% to 15%, extracted from mea-
surements at 4 K. The thick films have a thickness of
approximately 20 nm and the thin films are roughly 8 nm
thick. As can be seen in Fig. 5(a), in the presented range of

Cr concentration, qn2d experiences a sign change for both the
thick and the thin samples from initially negative, indicating
electron-dominated n-type transport, to positive values, indi-
cating mainly hole-dominated p-type transport. For thicker
films, the carrier concentration is an order of magnitude
larger than for thinner films, since the surface-to-bulk ra-
tio is smaller. Therefore, Fig. 5(b) presents a closer look
into the dependence of qn2d on the Cr concentration x for
the set of thin films. We find a minimal value of qn2d =
−2.48 × 1013 cm−2 at x = 12.5% for the thick films and
qn2d = −8.5 × 1012 cm−2 at x = 11.5% for the thin films,
respectively. The switch from n-type to p-type transport for
an increasing x is expected since Cr is known to be a p-
type dopant for the underlying ternary topological insulator
(BixSby)2Te3. This means that increasing the Cr concentration
allows tuning the Fermi energy to the exchange-gap region
of the MTI, which is supported by previous findings [27].
With the Fermi energy located inside the exchange gap, the
contribution of the chiral edge state is largest compared to the
surface or bulk states.

Normally one would expect the carrier density to become
small as qn2d changes sign. However, here it seems more like
a divergence before the sign is changed, which is indicated
by large error bars for the thick samples with a Cr content of
11.5% in Fig. 5(a). The error bars result from the variation of
several different samples grown under the same condition. A
large error bar indicates that all samples at this Cr concentra-
tion have a Fermi level close to the charge-neutral point (CNP)
of the material. The CNP for gapped band structures describes
the position of the Fermi energy for which the material is
neither n-type nor p-type conductive and hence considered to
be charge neutral. Since the potential landscape of the sample
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FIG. 5. Transport parameters of thin (∼8 nm) and thick (∼20 nm) Crx (BiySb2−y )2−xTe3 films measured at 4 K as function of Cr
concentration. The values of the thick layers are indicated by blue squares, while the thin samples are represented by red circles. (a) Carrier
concentration n2d multiplied by the sign of the slope of the Hall signal q = ±1 for hole- and electron-dominated transport, respectively. (b)
Zoom into a smaller range of n2d to highlight the switch from electron to hole transport for the thin films. (c) Mobility μ for thick and thin
samples. (d) Anomalous Hall resistance RAH in h/e2 as a function of x. The thin samples reach much larger values. (e) Zoom into RAH for the
thicker samples. (f) Coercive field Bc.

can fluctuate due to disorder, when the Fermi energy is located
close to the CNP it can cut the surface-state conduction and
valence band, resulting in p-type and n-type charge puddles
[28,29]. Since electrons and holes contribute equally to trans-
port in this regime, a vanishing Hall slope is measured, leading
to apparent large-carrier densities. This effect is also notice-
able for the thin samples at 12% > x > 13.5% in Fig. 5(b).
For nonmagnetic materials, a two-channel model can be ap-
plied, which replaces the classical Hall analysis when two
different charge carriers are involved [26,30]. However, due
to magnetic hysteresis, such a two-channel model is difficult
to apply in our case.

Regarding the mobility μ we find that it is approximately
inversely proportional to n2d for both thick and thin sam-
ples, as shown in Fig. 5(c). It can be seen that the mobility
is generally smaller for the thinner samples compared to
the thicker ones which might be due to the larger relative
contribution of surface scattering for the thinner layers. The
maximum mobility μ = 60.7 cm2/Vs for the thin films is
found at x = 11% and the largest mobility for the thick films
is given by μ = 271 cm2/Vs at x = 12.5%. Another effect of
the thickness reduction is seen in RAH, which is presented in
Fig. 5(d). Due to the larger surface-to-bulk ratio, the height of
the magnetic hysteresis is a factor of up to three larger for the
thin samples compared to the thick ones. This results in the
thin samples being up to 40% of the quantized value in RAH at
4 K. The thick samples only reach anomalous Hall resistances
of around 0.11 h/e2 with no apparent trend as a function of
Cr content as shown in Fig. 5(e). Finally, the coercive field
Bc shown in Fig. 5(f) is not much affected by the thickness
reduction, although for the thin samples a systematic increase
with Cr concentration is observed. This is due to the presence
of more ferromagnetic Cr atoms in the film, which leads to a

larger exchange gap due to a stronger magnetization [31,32].
Therefore, an indirect indicator of the size of the magnetic-
exchange gap that is accessible from transport measurements
is the coercive field Bc.

Our findings, as well as previous studies, indicate that
one should be able to fine tune the coercive field to a small
desired value by fine tuning the Cr concentrations in a smaller
regime [27,33]. Therefore, the fourth set of samples with
smaller overall Cr concentrations was grown and investigated
by transport measurements. Figure 6(a) shows RAH for a range
of 1% > x > 11.5%. Although this data set was not optimized

FIG. 6. (a) Anomalous Hall resistance RAH and (b) coercive field
Bc determined at a temperature of 1.2 K as a function of the Cr
concentration x in a range of 1% to 11.5%.
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with respect to charge neutrality, RAH reaches more than
0.6 h/e2 for two different Cr concentrations. One of the con-
centrations is 6.5% which is comparable to Cr concentrations
in quantized samples [7]. However, the other high value of
RAH averaging around 0.5 h/e2 is found at a very low Cr con-
centration of only 2%. The coercive field Bc shown in Fig. 6(b)
only measures 18 mT at this Cr concentration. It is further
apparent that it is indeed possible to fine tune Bc by varying
the Cr concentration. At the lowest value of x, the films show
almost no magnetic properties anymore. Subsequently, the
coercive field increases almost linearly with Cr concentration.
A crucial finding is that it is possible to obtain low values
of Bc, and thus small magnetic-exchange gaps, in a repro-
ducible fashion. As mentioned before, films with a smaller
Bc and hence a smaller magnetization, resulting in a smaller
magnetic-exchange gap, are theoretically predicted to be more
beneficial for inducing superconductivity into the MTI.

IV. CONCLUSION

Magnetic topological insulators are predicted to have in-
teresting applications in quantum computation. Controlling
the parameters of the molecular-beam epitaxy during growth
of the MTI thin films allows to reach exceptional crystal
quality and low surface roughness in combination with large
grain sizes. Furthermore the MBE enables precise control

over the material composition which can be used to alter the
magnetotransport properties of the thin films. This allows to
tune the MTI thin films into a regime where strong-induced
superconducting correlations are expected when combining
them with conventional superconductors.
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