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Relying on the magnetism induced by the proximity effect in heterostructures of topological insulators and
magnetic insulators is one of the promising routes to achieve the quantum anomalous Hall effect. Here we
investigate heterostructures of BisTes and FesO4. By growing two different types of heterostructures by
molecular beam epitaxy, Fe3O4 on BisTes and BisTes on Fe3O4, we explore differences in chemical stability,
crystalline quality, electronic structure, and transport properties. We find the heterostructure BisTes on
Fe3;0O4 to be a more viable approach, with transport signatures in agreement with a gap opening in the

topological surface states.

I. INTRODUCTION

Since its initial theoretical predictionY, topological in-
sulators (TIs) like the prototypical BisTes and BisSes
have been extensively studied due to the multitude of
features stemming from their topological surface states.
Many of the recent studies on TIs have concentrated
on breaking the time reversal symmetry by introducing
magnetic order in the system, as this can lead to exotic
phenomena such as the quantum anomalous Hall effect
(QAHE). Requisite to this is the opening of a gap in
the topological surface states, which can be experimen-
tally achieved either by magnetic doping of the TI2
or by making use of the magnetic proximity effect at
the interface between a TI and a magnetic layer®, Al-
though magnetic doping has been proven to be an effec-
tive approach and the QAHE has been observed for these
systems?, the magnetic proximity effect can carry signif-
icant advantages. In addition to the much higher Curie
temperature of the magnetic layer, one can avoid the
inherent inhomogeneity of the doping process and addi-
tional scattering processes that reduce the mobility. One
can also achieve a uniform magnetization at the interface
between the TT and the magnetic layer. This could lead
to an increase of the temperature for which the QAHE is
observed, surpassing the low temperatures of less than 2
K2 that are currently necessary for magnetically doped
TT systems.

Earlier studies of interfaces between TTs and ferromag-
nets focused on the use of Fe as an adlayer™ ™, How-
ever, several studies found that the interface of Fe/TI
is not clean, and that the Fe atoms penetrate into the
TI layer, forming an interface layer containing FeTe or
FeSdl314, Since any possible applications of these het-
erostructures for spintronic devices rely on well-defined
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interfaces, it is crucial to have a sharp interface, without
chemical reactions between the layers. For this purpose,
magnetic transition metal oxide insulators are promis-
ing candidates, due to their relatively inert nature when
compared to the magnetic transition metals themselves.
Being insulators, these will not contribute to the con-
ductivity and, as a result, unambiguous monitoring of
the topological surface states can be readily achieved.

In this work, we have selected Fe3O4 (magnetite) and
BisTes as our respective magnetic layer and TI. Mag-
netite is an extensively investigated ferrimagnet owing
to its interesting electrical and magnetic properties, from
which we emphasize the high Curie temperature around
860 K. It also has a characteristic first-order metal-
insulator transition occurring at 124 K, known as the
Verwey transition'®. We have chosen FesO, because
the detailed growth conditions, needed to obtain high
quality films, have been recently established by Liu et
al1817 Bi,Te; was selected as the TI because it has
been demonstrated by Hofer et al'8 that stoichiometric
films of BiyTes can be grown, which are truly insulating
in their bulk and show only intrinsic surface conductivity.
Here we investigate the interface between these materials.
We study the transport properties of the heterostructures
to detect the presence of the proximity effect. The open-
ing of an exchange gap in the TI surface states will lead
to a suppression of the weak anti-localization (WAL) ef-
fect, a characteristic of TIs, and will induce the weak
localization (WL) effect™1%2V  Here we note that for
the case of BisTes the QAHE can be induced not only
by an out-of-plane magnetization but also by an in-plane
magnetization due to the warping effects of the topolog-
ical surface states??2 giving us more flexibility in the
choice of the magnetic material and interface.

The present work reports on two different heterostruc-
tures of BiyTes and Fe3O4, namely FesO4 / BisTes
/ A1203 (0001) and BigTeg / Fe3O4 / MgO (001)
These were characterized in situ by reflection high-energy
electron diffraction, x-ray photoelectron spectroscopy,
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and angle-resolved photoelectron spectroscopy. We then
present the transport properties of these heterostructures
and discuss the findings.

Il. EXPERIMENT

The films were prepared by molecular beam epitaxy
(MBE) in an in situ system with base pressure of about
2x1071% mbar. This comprises two MBE growth cham-
bers, one dedicated to BisTes and the other to FezOy.

For the investigation of Fe3O4 on BisTes, the het-
erostructure described in the first part of this manuscript,
BisTes films were grown on Al;Og (0001) substrates pur-
chased from Crystec GmbH. Prior to the deposition, the
substrates were annealed at 600 °C for 2 hours in an
oxygen pressure of 1x10~% mbar. High purity Bi and Te
were evaporated from effusion cells with flux rates mea-
sured by a quartz crystal monitor at the growth position.
The flux rates were set at 0.5 A/min for Bi (Tg; ~ 458
°C) and 1.5 A/min for Te (T'r, ~ 228 °C). BiyTes was
grown in a two-step procedure. First, 3 quintuple layers
(QLs) were deposited at 160 °C and annealed at 240 °C
in Te atmosphere for 30 minutes. Then, we deposited 7
more QLs at 220 °C, amounting to a final thickness of 10
QLs (see also Ref. [I8). Subsequently, Fe was evaporated
at temperatures of about 1185 - 1230 °C (flux rate of Fe,
¢re = 0.5 - 1 A/min) in a pure oxygen atmosphere on
top of the BisTes layer. Molecular oxygen was supplied
through a leak valve, varying the partial pressure, Poy,
between 5x107® and 1x10~° mbar.

For the heterostructure with BisTes on FezO,4, de-
scribed in the second part, 30 nm-thick FezO4 films were
grown on MgO (001) substrates purchased from Crys-
tec GmbH, following the recipe from Refs. [16l [17, and
23l Subsequently, BixTes was deposited on top, using a
slightly modified two-step procedure.

Reflection high-energy electron diffraction (RHEED)
was used to monitor in real-time the epitaxial growth,
using a STAIB Instruments RH35 system with the ki-
netic energy of the electrons set at 15 keV (BiyTes)
or 20 keV (Fe3Oy4). All samples were characterized in
situ by x-ray photoelectron spectroscopy (XPS) using
monochromatized Al K, light (1486.6 eV) and angle-
resolved photoelectron spectroscopy (ARPES) using a
non-monochromatic He discharge lamp with 21.2 eV pho-
ton energy (He I line) at room temperature and using a
Scienta R3000 electron energy analyzer.

In order to characterize the structural quality of the
films, ez situ x-ray diffraction (XRD) measurements were
performed with a PANalytical XPert PRO diffractometer
using monochromatic Cu-K,; radiation (A = 1.54056 A).
Atomic force microscopy (AFM) was carried out using a
Veeco Metrology MultiMode Atomic Force Microscope
(Model 920-006-101) in tapping mode.

To avoid the contamination of Biy;Tes during ex
situ transport measurements, the heterostructure with
BisTes on FezO4 was capped in situ with 12 nm of Te

grown at room temperature24 prior to the transfer to out-
side of the UHV system. Electrodes and connections were
made of cut and pressed indium balls and copper wires
in a standard Van der Pauw configuration. Transport
measurements were performed using a Physical Property
Measurement System from Quantum Design with a base
temperature of 2 K.
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FIG. 1. (a) Fe 2p XPS spectra of nominally 40-nm-thick FeO,
films grown on 10 QL BixTes at 50-55 °C substrate tempera-
ture and ¢pe = 1 A /min under various oxygen pressures. The
resulting phase is indicated by the labels in quotation marks.
(b) Reference Fe 2p XPS spectra of Fe and FeTe thin films
(reproduced from Ref. 25) and bulk a-FesO3, FesO4 and FeO
(reproduced from Ref. [26).

I1l. RESULTS AND DISCUSSION
A. Fe304 on Bi;Tes on Al,O3 (0001)

For all the films in the current subsection, 10 QLs of
BiyTes were deposited onto AloOs (0001) substrates as
described in the Experiment section. Afterwards, Fe was
deposited in an oxygen atmosphere, varying the growth
parameters such as the flux rate of Fe and the oxygen
partial pressure. The parameters were optimized in order
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FIG. 2. XPS spectra of the Fe 2p (a), Te 3d (b) and Bi 4f (c) core levels for various ratios of Fe to Og, for a nominal thickness
of 6 MLs of FeO, on top of 10 QLs of BioTes. The resulting phases are indicated by the labels in quotation marks. For (b)
and (c), the reference XPS spectra of a 10 QL BiyTes thin film grown on Al,Os (0001) are shown in green. The insets show a

closeup of the Te 3d and Bi 4f peaks.
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FIG. 3. XPS spectra of the Fe 2p (a), Te 3d (b) and Bi 4f (c) core level for various nominal thicknesses of FeO, on top of 10
QLs of BisTes. The Fe flux rate and oxygen pressure were kept constant at 0.5 A/min and 1x107° mbar, respectively. The
resulting phases are indicated by the labels in quotation marks. For (b) and (c), the reference XPS spectra of a 10 QL BizTes

thin film grown on Al,O3 (0001) are shown in green.

to avoid strong chemical reactions between the layers and
ultimately achieve a satisfactory growth of Fe3O4. For all
the films reported here, the substrate temperature ranged
from 50-55 °C due to the radiation heat load from the
Fe effusion cell in thermal equilibrium with the unheated
sample holder. All attempts to grow FesO4 at higher
temperatures led to strong chemical reactions with the
TI layer.

Our first aim was to establish the optimal conditions
required for a sustained growth of Fe3O,4 films at this
substrate temperature range. We began with the con-
ditions that were found to be optimal for films grown
on oxide substrates at 250 °C (Refs. [16] 17, and 23]),
namely an Fe flux rate of 1 A/ min with an oxygen par-
tial pressure of 1x10~% mbar. The bottom (light green)
curve of Figure a) shows the Fe 2p XPS spectrum of a
nominally 40 nm FeO,, film grown under these conditions

on 10 QLs of BisTes. In Figure b) we have also col-
lected Fe 2p spectra of several reference Fe compounds,
which include an Fe metal film (purple curve), FeTe film
(green), FeoO3 bulk (blue), Fe3O4 bulk (red), and FeO
bulk (dark gray). We observe from the spectral line shape
that the 40 nm FeO, film (Fig. [[[a) light green) has all
the characteristics of a Fe;O3-like phase (Fig. [[{b) blue),
i.e. it is overoxidized, as is indicated by the presence of
the satellite peak labeled S. We then lowered the oxygen
pressure to 5x10~7 mbar and obtained a 40 nm FeO,
film (Fig. [I{a) dark green) that is also Fe;Os-like, with
the S feature still present. Lowering the pressure even
further to 1x10~7 mbar produces a film for which the
Fe 2p spectrum (Fig. [[fa) light blue) is quite similar
to that of FesO4 bulk (Fig. [I(b) red). Finally, with
5x10~% mbar pressure, the Fe 2p spectrum of the film
(Fig. [[[a) dark blue) shows features that belong to FeO



(Fig. [I{b) dark gray) and Fe metal (Fig. [I(b) purple).
These results thus present a significant difference from
the ones reported for the growth of magnetite on oxide
substrates at temperatures of 250 °C (Refs. [16] [I7, and
23). It appears that high substrate temperatures allow
for a wide range of oxygen pressures leading to the for-
mation of good quality magnetite films, while the lower
temperature necessary for the growth on BisTes consid-
erably narrows the growth window of magnetite.

In the next step, we investigated the growth process
of FeO, closer to the interface with the BisTeg layer. To
this end we prepared a series of samples with nominally
6 monolayers (MLs) of FeO, using various ratios of Fe
to oxygen (here given by the flux rate of Fe and oxygen
partial pressure). For these thinner films, we observed
that the relatively low oxygen pressures, similar to the
ones used previously, led to strong Fe-Te reactions at the
interface indicating the need for higher oxygen pressures
for the growth of the FesOy4 layer. However, even for a
pressure of 1x10~° mbar, we also observe that the Fe
2p spectrum of the resulting 6 ML film, as shown by
the bottom curve (dark gray) in Figure [[a), contains
features that belong to a mixture of Fe3O,4 and Fe metal
and/or FeTe. Here we emphasize the presence of the
intense peak at 707 eV binding energy, marked by the
dashed line in Figure [2f(a), that is characteristic for Fe
metal or FeTe, indicated also by the dashed line in Fig.
b). A further comparison of the corresponding Te 3d
and Bi 4f spectra with the reference 10 QL BisTes grown
on Al,O3 (green curves) in Figures[2b) and (c) shows a
shift towards higher binding energies and a shoulder at
lower binding energies, respectively, as seen in the insets.
These results strongly indicate the presence of a reaction
between both layers, leading to the formation of FeTe
and the consequent appearance of metallic bismuth at
157 and 162 eV (Ref. 27)).

Subsequently, we further increased the oxygen to Fe
ratio. The red curve in Figure 2] uses an Fe flux rate of
0.5 A/min and oxygen partial pressure of 8x10~% mbar.
The Fe 2p spectrum shows a considerable reduction of the
peak at 707 eV, indicating less reaction between the FeO,
and BisTes layers. Indeed, the Te 3d and Bi 4f spectra
are now more similar to the reference. Finally, the film
prepared with Fe flux rate of 0.5 A /min and oxygen par-
tial pressure of 1x107> mbar (blue curve) presents the
Fe 2p spectrum with much more similar features to the
one expected for Fe3Oy (see Figure[[{b), red curve). The
peak at 707 eV is no longer visible and no extra satel-
lite peaks (indicative of the formation of FeO and FepO3
phases, for instance) can be observed. In addition to this,
the Te 3d and Bi 4f core levels are more similar to the ex-
pected for BisTes, indicating that the reactions between
the layers are minimized. However, it should be noted
that small amounts of tellurium and bismuth oxides are
formed, as indicated by the small peaks/shoulders (.5
and Sy) observed at higher binding energies on the Te 3d
and Bi 4f spectra.

To obtain more information about the intricacies of

the interface between FeO, and BisTes, we also stud-
ied the effect of the thickness of the Fe oxide layer for
the thinnest films. To this end, the flux rate and oxygen
partial pressure were kept constant, following the best re-
sults found in the previous experiment (¢pe = 0.5 A /min
and Pox = 1x107° mbar) and the nominal thickness was
varied between 3 and 6 MLs. The Fe 2p XPS spectra are
plotted in Figure a). Rather than just the Fe/O4 ratio,
it can be noticed that also the nominal thickness is rele-
vant for the successful growth of Fe3O4 on top of BiyTes.
For very thin layers (gray curve), we observe a predom-
inance of the Fe-Te bond (dashed line), while the Te 3d
and Bi 4f spectra show similar trends to those reported
in Figure [2] indicating the formation of FeTe and metal-
lic Bi at the interface. It is possible that a significantly
higher ratio of Fe to oxygen is needed in order to obtain
Fe30,4 for such thin layers. However, the applied pres-
sure is already near the limit of what can be tolerated in
the MBE system. Nevertheless, as the nominal thickness
is increased, Fe oxides start to form and, for 5 MLs, the
presence of the peak at 707 eV is substantially reduced.
Lastly, for 6 MLs the measured spectrum is very simi-
lar to that of Fe3O4. We note that the probing depth
for 1486.6 eV photons is larger than the thicknesses of
the films used here. Therefore, the signal from the first
3 MLs (Fe-Te bond) should still be observable for films
with 5 and 6 MLs. The absence of the FeTe signal for
thicker layers suggests that the thickness for a constant
Fe/O5 ratio is indeed one of the controlling factors.

From the results of this study, we conclude that the
growth of Fe3O4 on top of BisTes is possible, but not
perfect. To keep the reactions at the interface minimized,
a two-step procedure was implemented: growing first 6
MLs with ¢pe = 0.5 A/min and Poy = 1x10~° mbar and
then growing up to 40 nm using an Fe flux rate of ¢pe
= 1 A/min and lower oxygen pressure, Po, = 1x10~7
mbar, at a substrate temperature of roughly 50-55 °C.

Figure [(a) depicts the RHEED patterns for the
BisTes layer and the Fe oxide overlayer after each of the
two steps of the growth. The streaky lines noticeable for
10 QLs of BiyTez show the good quality of the topological
insulator layer. Upon the growth of 6 MLs of magnetite,
we have a predominance of an amorphous background
where some lines/spots can be distinguished. For 40 nm
of Fe3Oy4, the pattern shows rings and spots indicating a
polycrystalline and possibly 3D growth.

The morphological characterization of 6 MLs of FegOy4
on 10 QLs of BiyTes on AlyO3 (0001) is depicted in Fig-
ure [4b), as well as a reference TI film with 10 QLs (c).
The AFM pictures show that the magnetite layer covers
the BisTes in a relatively uniform manner, and the pyra-
mid structures with 1 QL-steps, typical of BisTes, can
still be observed.

To search for the possible presence of the magnetic
proximity effect, we conducted temperature-dependent
resistance measurements, depicted in Figure a). The
same figure also shows the sheet resistance of a 10 QL T1
thin film grown on Al;O3 (0001) for comparison. Both
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FIG. 4. (a) RHEED patterns of each step of the heterostruc-
ture: 10 QLs of BisTes on Al,Os (0001) (left); 6 MLs of
Fes04 grown with ¢pre = 0.5 A/min and Pox = 1x107% mbar
(center) and 40 nm of FesO4 with ¢re = 1 A/min and Pox =
1x10™" mbar (right). (b) Morphological characterization by
AFM of 6 MLs of Fe3O4 on 10 QLs of BixTes on Al,O3 (0001),
(c) 10 QLs of BizTes on Al,O3 (0001). The blue lines in the
AFM pictures represent the locations of the height profiles
plotted below.

curves present quite similar features, with a metallic-like
behavior, typical of the topological surface states, being
predominant over the majority of the temperature range;
for low temperatures, an upturn characteristic of TIs is
observed. However, the absolute value of the sheet re-
sistance diminishes considerably for the heterostructure.
The formation of bismuth and tellurium oxides, observed
by XPS, and some residual FeTe at the interface, can
lead to doping of the TI due to Te vacancies and anti-
site defects, thus increasing the contribution of the bulk
to the transport properties and decreasing the overall
resistance. Moreover, considering a parallel resistance
between the layers of BisTesg and FesOy, it would be ex-
pected that the sheet resistance would be dominated by
the magnetite signal above the Verwey transition tem-
perature (for 40 nm FesO4 on MgO (001), the sheet re-
sistance is &~ 1200 /sq at room temperature and the
Verwey transition occurs at Ty =~ 119 K, cf. Ref. [16]).
When T < Ty, the magnetite layer is expected to be
much more insulating and therefore the TT should be the
main contributor to the resistance. The absence of the
Verwey transition in this heterostructure, combined with
the low crystalline order observed from RHEED, hints
towards a subpar quality of the magnetite layer.

One possibility is that Bi and/or Te constituents are
incorporated into the magnetite, leading to the formation
of doped Fe3O4 and therefore suppressing the character-

istic Verwey transition. Furthermore, the XPS sensitivity
is a limiting factor on the identification of phases. It is
also conceivable that the magnetite overlayer might con-
tain small amounts of parasitic phases correspondent to
other iron oxides, as FeO and Fe,O3, which are below the
detection limit of this technique. On the other hand, the
absence of a clear Verwey transition has been frequently
reported in the literature for Fe3O, films™28. Liu et al.
have investigated this phenomenon and found out that
the Verwey transition temperature is strongly dependent
on the size of the Fe3O4 crystallites, i.e. it starts to
rapidly decrease if the crystallite or domain size becomes
smaller than about 70 nm™8. Under these conditions the
transition in a Fe3Oy4 film is no longer sharp, with the
broadness determined by the distribution of the crystal-
lite or domain sizes in the film. For 5 nm Fe3zO4 films
and thinner Liu et al. did not observe a Verwey tran-
sition at all™®. For our heterostructure, the disordered
RHEED patterns, with the presence of broad spots, can
be an indication of reduced structural domain sizes. It is
therefore conceivable that the subpar quality of the mag-
netite layer does not allow for the Verwey transition to
oceur.

Figure b) shows the comparative magnetoconduc-
tance measurements for a reference 10 QL BisTes film
grown on Al;Os (0001) (top) and the heterostructure
of 40 nm Fe304 / 10 QL BiyTes / AloO3 (0001) (bot-
tom). The weak anti-localization (WAL), characteristic
of T1s, is expected to dominate the magnetoconductance
for low temperatures and low magnetic fields. Addition-
ally, for the heterostructures containing a magnetic layer,
the weak localization (WL) is expected to arise as a sig-
nature of a gap opening by magnetic ordering®?, This
behavior can be described by an approximation of the
Hikami-Larkin-Nagaoka (HLN) formula??, given by

? B 1 B

where AGyy = Guw(B) — Gpz(0), @ = ap + a1 is a
pre-factor which describes both WL (ag < 0) and WAL
(a1 = 1/2 per independent topological transport chan-
nel), By = h/(8mel?), B is the applied magnetic field, Iy
is the phase coherence length, v is the digamma function
and 3 is the coefficient of the magnetic field. o, l4 and 8
are used as fitting parameters of the HLN equation. In
this report, we use one set of a and I, for all the fits.

The magnetoconductance for the reference sample
grown on Al,O3 (0001), Figure b)—top, shows the typ-
ical behavior for a TI. The pronounced cusp at low tem-
peratures and low magnetic fields shows the predomi-
nance of the WAL effect and it can be fitted by equation
(1)). The results of the fit at different temperatures for
the reference sample are shown in Figure c). a = q
has the expected value of =~ 0.5 for the lowest measured
temperature, indicating the presence of one conducting
channel, since the top and bottom conducting channels
are coupled through the bulk carriers in the thin layer%,
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FIG. 5.

(a) Sheet resistance as a function of temperature for 10 QLs of BizTes on AloOs (0001) and for the optimized

heterostructure of 40 nm of FesO4 grown on top of 10 QLs of BixTes. (b) Magnetoconductance for both samples. For the

heterostructure, the magnetoconductance shows only a parabolic B-field dependence.

parameters, a and ly, for the TI grown on Al,O3 (0001).

The decreasing value of o with temperature has been pre-
viously reported® and is usually attributed to thermal
broadening. The phase coherence length has a value of ~
285 nm at 2 K, which is similar to previous studies on TI
thin films™ 2%, The dependence of I, with temperature
is shown in the inset in Figure (c) Theoretically, the
coherence length is proportional to T-'/2 for the two-
dimensional system and T~/3 for the one-dimensional
system if one considers an inelastic electron-electron scat-
tering mechanism®L. Our fit is therefore very close to the
2D case, with 1, as T—0-46+0.01,

For the magnetoconductance of the heterostructure
plotted in Figure b)—bottom, however, there is no ap-
parent dependence on the temperature and the typical
WAL cusp is absent. In fact, the magnetoconductance
now displays only a parabolic B-field dependence. Previ-
ously reported experiments show that the WAL effect was
completely quenched for 1 ML Fe deposited on BiyTeg
thin films™. However, this behavior cannot be unam-
biguously attributed to a gap opening due to the prox-
imity effect, since random magnetic scattering can cause
a similar effect.

The latter is indeed a very plausible scenario for the
heterostructure of 40 nm Fe3O4/10 QL BisTes/Al503
(0001). Despite a careful optimization of the growth
process, we were not able to prevent a substantial in-
termixing of iron and the TT layer, which has also been
reported in an earlier study?®. Such a scenario could ex-
plain a B2-dependence of the magnetoconductance, as
seen in Figure [5|(b)-bottom.

B. Bi;Tes; on Fe30, on MgO (001)

The absence of the WAL effect in the samples described
in the previous section motivated a different approach
when interfacing magnetite and BisTes. The current
section reports on heterostructures of BisTes grown on

(c) Dependence of the HLN fitting

Fe304 (001) on MgO (001). For all the films, the mag-
netite layer has a thickness of 30 nm, which shows a sharp
RHEED pattern with the presence of Kikuchi lines and
the (\/§ X \/5) R45° surface reconstruction signaturem.
Following this, the growth of the BisTes layer was car-
ried out in a two-step procedure. Attempts to grow the
topological insulator layer at a substrate temperature of
160 °C in the first step led to poor crystalline quality, as
can be seen in Figure@ (a). The RHEED shows polycrys-
talline and island growth that does not improve even for
the thicker film, with 10 QLs. The two-step procedure
was then adapted, in which the first 2 QLs were grown
at room temperature and, after the annealing, the subse-
quent QLs were grown at 220 °C. The result is displayed
in Figure [6] (b). It is remarkable that even for a 2 QL
film, the RHEED pattern shows streaky lines, indicative
of the good crystalline order of the film. These become
clearer in the 10 QL film. However, the film also displays
additional streaks when compared to the TI grown on
Al,O3 (cf. Figure [4a)), which is an indication of the
presence of multiple domains.

In order to investigate the quality of the interface be-
tween Fe3O,4 and BiyTez, XPS measurements were per-
formed for all the steps of the growth process. Figure
[7] shows the Fe 2p, Te 3d and Bi 4f XPS spectra. For
the Fe 2p peak, one can observe that the signal is quite
reduced when we have 2 QLs of BiyTes, and disappears
for 10 QLs. This implies that a relatively uniform, closed
layer of the topological insulator is indeed covering the
magnetite. Regarding the Te 3d and Bi 4f core levels for
the 2 QL film, a noticeable shoulder appears at higher
binding energies. This indicates a reaction between the
layers, compatible with the formation of Bi-O and Te-O
bonds. Nevertheless, no strong signal of metallic bismuth
or tellurium and bismuth oxides is visible. This is to be
contrasted to what was reported in the previous section,
where even for the optimized heterostructure, peaks in-
dicative of oxides could be identified. Finally, for the
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FIG. 6. RHEED patterns of the heterostructures of BizTes
grown on 30 nm of FesOy4 films where (a) the first 3 QLs of
the topological insulator layer were grown at 160 °C; (b) the
first 2 QLs were grown at room temperature. In both cases,
the first layers were annealed at 240 °C in Te atmosphere and
the following layers were grown at 220 °C. (c) Morphological
characterization by AFM of 10 QLs of BizTes on 30 nm of
Fe3O4 on MgO (001) grown under the conditions described
in (b).

thicker film, the line shape is similar to that of the BiyTeg
reference grown on Al,O3 (0001).

The morphological characterization performed by
AFM of a 10 QL BisTes film grown on 30 nm Fes0y4
on MgO (001) is presented in Figure @(c) Similarly to
the film grown on AlyO3 (0001) (cf. Figure [fc)) the
pyramidal structure with steps of 1 QL-height are visi-
ble. However there are an increased number of rotated
domains in-plane. This is in agreement with the RHEED
measurements, which indicate an increase in the in-plane
disorder of the film.

From the XRD scans, Figure a), one can observe
that for both the TI grown on Al;Os (0001) and on
30 nm FesO4 / MgO (001), all the peaks can be iden-
tified as the (0 0 n) family plane of the BisTes phase
or the underlying layers, implying a good orientation
along the c-direction. From the in-plane ¢-rotation scan
around the (1 0 5) BiTez peak in Figure [§[b), however,
it is possible to observe significant differences between
the heterostructure and the reference sample. From the
TI/Al;O3 (0001) scan, one can observe the predominance
of one domain with three-fold symmetry and a second
domain with significantly less intensity. This is to be ex-
pected for BiyTeg grown on Al;O3 (0001) due to the large
lattice mismatch, which favors the formation of domains
with 60° rotation®?. For the TI grown on the magnetite
film, on the other hand, the ¢-scan shows a higher degree
of in-plane disorder, with weak reflections occurring every

30°. The lattice mismatch and the different symmetries
between FezO4 (001) and BisTes increase the number of
rotated domains around the c-axis. The XRD results are
consistent with the RHEED patterns and AFM measure-
ments displayed in Figures [ffa,c) and [6|b,c).

Figure[J]a) shows the ARPES spectra for the two steps
of growth of the TI on a magnetite film, as well as a ref-
erence spectra for 10 QLs of BisTesz on AlyO3 (b). Even
for nominally 2 QLs of BisTes the surface states are vis-
ible, albeit on top of a strong background and a visible
contribution from the bulk conduction band. Thickness
dependent studies on BisTes thin films have shown very
similar results®3. The topological features start to ap-
pear for a thickness of 2 nm, and the contribution from
the bulk conduction band becomes increasingly reduced
as the thickness of the film increases. This is also observ-
able in our films and, for 10 QLs, the surface states are
now clearly visible and intersect the Fermi level without
any contribution from the bulk. The spectrum is sim-
ilar to the reference (b) and the position of the Dirac
point (a~ 150 meV) does not present significant changes,
indicating a conservation of the top topological surface
states. Nevertheless, the spectrum regarding the het-
erostructure appears more blurred, which is, once again,
consistent with the presence of rotated domains around
the c-axis.

The temperature-dependent sheet resistance depicted
in Figure [10{a) shows now the expected behavior for a
parallel resistance between the layers: for high temper-
atures, the resistance increases as the temperature de-
creases, as characteristic for FesOy4. At T ~ Ty =~ 120
K, the Verwey transition is visible in the form of a jump
in the resistivity and, for T' < Ty, the transport is dom-
inated by the more conductive BisTes layer, with the
upturn characteristic of topological insulators at around
10 K.

Figure b) displays the magnetoconductance for a
film with 10 QLs of BisTes on 30 nm of Fe3O4 on MgO
(001). Contrary to the previous heterostructure (Figure
[{(b)), the WAL effect is still present at low temperatures
and low magnetic fields. However, a visual comparison
with the TI grown on Al,O3 (0001) (dashed line) shows
that the WAL feature is suppressed in the case of the
magnetic heterostructure. The XPS results in Figure [7]
suggest the presence of some chemical reaction at the in-
terface. However, the amount is very small so that we can
readily expect that the exchange coupling between Fe3Oy4
and BisTeg layers will still be intact. Furthermore, it has
been reported that WL due to bulk subbands in ultra-
thin films®** and defect-induced WL3? can occur. Based
on our sample characterization, the quality of the BiyTeg
layers is comparable for the Al,O3 and Fe3O,4 substrates.
Therefore, we rule out these effects as the main origin of
the suppressed WAL, which thus should likely originate
from the magnetic interaction with the FezO,4 surface.

In order to understand the effect of the proximity with
a magnetic layer, the HLN equation was fitted to the
data. The evolution of @ and l4 with the temperature is
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presented in Figure c¢). The strong reduction of the
phase coherence length of the heterostructure (I4 ~ 100
nm at 2 K), when compared to the sample grown on a
non-magnetic substrate (I ~ 285 nm at 2 K), can be
explained by the additional magnetic scattering due to
the proximity to the underlying magnetic layer. Further-
more, the dependence of /4 with the temperature seems
to be altered, being now described by Iy ~ T—0.17+0.02,
The decay of the coherence length of our BisTes/FezOy
heterostructure thus deviates significantly from the the-
oretical model, suggesting that other scattering mecha-
nisms, likely related to the magnetic interactions, play a
crucial role. Conversely, the pre-factor « is similar to the
reference sample. Reducing the thickness of the TT layer
to 6 QLs leads to a suppression of a to a value of 0.39
(Ret. [36).

These results are compatible with a possible opening
of a gap in the surface states at the interface between
magnetite and the TI, leading to a competition between
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the WAL and WL effects®12 and ultimately resulting
in reduced values of a and 4.

IV. CONCLUSIONS

From the comparative studies of the growth of het-
erostructures of BisTez and FezOy4, one can conclude
that, for the case of Fe3O,4 on top of BiyTes, we encoun-
tered a very narrow growth window. Even for the best
conditions, the quality of the film and the interface is less
than optimal. The absence of the weak anti-localization
effect in the magnetoconductance of this type of het-
erostructure is likely caused by the chemical and mag-
netic disorder across the interface.

On the other hand, we were able to obtain good qual-
ity films of BiyTes on top of Fe3Oy4, in which the quality
of both layers is comparable to our previous works on the
individual materials. The good crystallinity observed by
RHEED and the preservation of the top topological sur-
face states observed by ARPES are also promising indi-
cations of the high quality of the heterostructures. Fur-
thermore, the magnetoconductance for these heterostruc-
tures shows a suppression of the surface transport, resul-
tant from the competition between WAL and WL effects,
consistent with a gap opening due to the magnetic prox-
imity effect.

Our work emphasizes the importance of chemically
clean interfaces for the study of ferromagnetism induced
by the magnetic proximity effect. The good quality of
the BigTes / FesO4 / MgO (001) heterostructure indi-
cates that the magnetic proximity effect can be a viable
approach for the introduction of magnetic order in TT sys-
tems. The experimental realization of chemically clean
interfaces together with the unique characteristics of the
heterostructures that allow for a uniform magnetization
of the TI pave the way for the experimental observation
of the QAHE at higher temperatures than those reported

in doped systems.
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