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heavy metals (Pt, Ta, etc.) at the interface 
with ferromagnetic layers (FM) in sys-
tems exploiting spin-to-charge conver-
sion effects.[1–4]

However, there are several aspects 
to investigate. First, the role played by 
the specific chemical bonds and/or the 
presence of magnetically dead layers in 
affecting the spin-to-charge conversion 
efficiency is not completely understood. 
So, an investigation and optimization of 
the chemical, structural and magnetic 
properties of the FM/TI interfaces[2,5] is 
mandatory. Moreover, from the techno-
logical point of view, the growth of FM is 
usually conducted ex situ, after the syn-
thesis of TI. The surface of the TI is often 
protected by a capping layer during the 
transfer,[6] but the efficient removal of such 
protective layer is not always easy, and the 
trade-off between benefits and criticalities 
in using an interlayer, is still under debate.

We propose an alternative method to 
prepare the TI surface, consisting of a mild rapid thermal 
annealing (RTA) process prior to the FM deposition. In 
particular, our focus is the interface between Fe and the 
3D-TI Sb2Te3 produced by metal–organic chemical vapor 
deposition (MOCVD).[7] A previous study of as-deposited 
Fe/Sb2Te3 heterostructures[8] revealed that only 50% of 
the Fe atoms at the interface (out of the 1  nm Fe in con-
tact with Sb2Te3) were coordinated in a pure ferromag-
netic phase. The remaining part of the Fe atoms at the 
interface were found in paramagnetic configurations, det-
rimental in view of charge-to-spin interconversion. As 
compared to results available for similar systems,[9–12] a 
general bonding mechanism was suggested, involving the  
Fe atoms and the chalcogenide element in chalcogenide-
based TI.

Here, we demonstrate that the proposed RTA methodology 
improves the TI structural quality and promotes the Fe/Sb2Te3 
interface reconstruction, yielding the maximization of the fer-
romagnetic component in contact with the TI. To this aim, we 
combined interface-sensitive 57Fe conversion electron Möss-
bauer spectroscopy (CEMS), grazing incidence X-ray diffrac-
tion and reflectivity (GIXRD/XRR), time-of-flight secondary 
ions mass spectrometry (ToF-SIMS) and vibrating sample mag-
netometry (VSM). The proposed method can be easily extended 

When coupled with ferromagnetic layers (FM), topological insulators (TI) are 
expected to boost the charge-to-spin conversion efficiency across the FM/TI 
interface. In this context, a thorough control and optimization of the FM/TI 
interface quality are requested. Here, the evolution of the chemical, structural, 
and magnetic properties of the Fe/Sb2Te3 heterostructure is presented as a 
function of a rapid mild thermal annealing conducted on the Sb2Te3-TI (up to 
200 °C). While the bilayer is not subjected to any thermal treatment upon Fe 
deposition, the annealing of Sb2Te3 markedly improves its crystalline quality, 
leading to an increase in the fraction of ferromagnetic Fe atoms at the buried 
Fe/Sb2Te3 interface and a slight lowering of the magnetic coercivity of the 
Fe layer. The method is an efficient tool to clean up the Fe/Sb2Te3 interface, 
which may be extended to different FM/TI heterostructures. Simultaneously 
to the interface reconstruction, a constant ≈20% fraction of FeTe develops at 
the interface. Since FeTe can display superconductivity, the Fe/Sb2Te3 system 
could have potentialities for exploiting phenomena at the edge of magnetism, 
superconductivity and topology.

E. Longo, Dr. C. Wiemer, Dr. R. Cecchini, Dr. M. Longo,  
Dr. A. Lamperti, Dr. R. Mantovan
CNR-IMM
Unit of Agrate Brianza
Via C. Olivetti 2, Agrate Brianza 20864, Italy
E-mail: emanuele.longo@mdm.imm.cnr.it;  
roberto.mantovan@mdm.imm.cnr.it

E. Longo, Prof. M. Fanciulli
Dipartimento di Scienze dei Materiali
Università degli Studi di Milano-Bicocca
Via R. Cozzi 55, Milano 20126, Italy

A. Khanas, Dr. A. Zenkevich
Moscow Institute of Physics and Technology
Dolgoprudny, Moscow region 141701, Russia

Prof. M. Cantoni, Dr. C. Rinaldi
Dipartimento di Fisica
Politecnico di Milano
Via G. Colombo 81, Milano 20131, Italy

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admi.202000905.

1. Introduction

Topological insulators (TI) are gaining attention in the con-
text of spintronics as ideal candidates for the replacement of 
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to different FM/TI systems, providing a general procedure to 
improve their interface quality.

2. Experimental Section

The deposition of polycrystalline Sb2Te3 thin films was car-
ried out by MOCVD at room temperature (RT) on large-area 
(4″) SiO2/Si substrates. Previous analysis by scanning electron 
microscopy (SEM) evidenced a granular morphology of the 
deposited layers, and a nominal thickness of about 30  nm.[13] 
The topological nature of this material was proven through 
magneto-transport measurements.[7] The samples were subse-
quently transferred to a chamber equipped with pulsed laser 
deposition (PLD) for the growth of 54Fe(10  nm)/57Fe(1  nm) 
bilayers on Sb2Te3 at RT, similarly to what was reported in ref. 
[8]. In particular, the isotopically enriched (95%) 1 nm thick 57Fe 
interlayer allowed to perform interface-sensitive CEMS to get 
atomic-scale structural, chemical and magnetic information 
about the interface.[14–16]

The quality of the Fe/Sb2Te3 interface was studied with 
different RTA in N2. The first treatment was the same 
recipe used in ref. [14] to improve the interface sharpness in 
other Fe/oxide systems. However, this RTA process turned 
out to be detrimental for its interface quality in the case of 
Fe/Sb2Te3.[8] Alternatively, the annealing was then performed 
on the Sb2Te3 layer only, prior to Fe deposition. While both 
a rapid or a slow-ramp thermal annealing at 200  °C were 
tested (Figure S1, Supporting Information), the RTA turned 
out to be more effective in improving the Sb2Te3 crystalline 
quality.
Table 1 summarizes the stacks with the corresponding RTA 

treatments of Sb2Te3 applied before Fe deposition.
The X-ray based structural-chemical analysis was performed 

by GIXRD and XRR measurements. GIXRD used the Cu–Kα 
line (λ = 1.54 Å) and the diffraction patterns were collected with 
a position-sensitive gas detector (Inel CPS-120).[17] The rocking 
angle between the sample and the X-ray beam was fixed at 
ω  =  2°. XRR measurements allowed the determination of the 
thickness, the roughness and the electronic density (ρe) of each 
layer composing the sample. The XRR data were obtained 
using a commercial scintillator and modelled through a matrix 
formalism corrected by a Croce-Nevot factor. In particular, 
ρe is related to the measured critical vector Qc by the relation 

Å e ÅeQc( ) 0.0375 ( )1 3ρ=− − −  (for the Cu Kα emission).
Magnetic hysteresis loops were measured by VSM using 

a MicroSense EZ-9. VSM data provided the value of the  

saturation magnetization (Ms) and the direction of the easy 
axis of the magnetization at RT.

The elemental distribution in the heterostructures was 
determined by ToF-SIMS. An ION TOF IV, using Cs+ ions 
with 500  eV for sputtering and Ga+ ions at E  = 25  keV, 
was used for the analysis. Secondary ions were collected in 
negative polarity and in interlaced mode. Under such oper-
ating conditions, in a Fe (or FeOx) matrix, the sensitivity 
of the secondary ion FeO− is enhanced with respect to the 
elemental Fe− ion under Cs+ sputtering.[18]

CEMS analysis was carried out at RT in a constant-accelera-
tion drive, with the sample mounted as an electrode in a parallel-
plate avalanche detector filled with acetone gas. An α-Fe foil at 
RT was used for the CEMS velocity scale calibration and all the 
reported isomer shifts were relative to α-Fe.

3. Results and Discussion

3.1. Structural and Magnetic Properties of the Fe/Sb2Te3 
Heterostructure

Figure 1 shows the XRR analysis of the SN and S200 sam-
ples, while Table 2 reports the parameters obtained by the fit 
of XRR data (nominal layers’ thicknesses, electronic density 

Table 1.  List of the analyzed samples. The materials stack is the same for all the samples, while the Sb2Te3 is subjected to the different indicated RTA, 
prior to Fe deposition.

RTA steps on Sb2Te3 (prior to Fe deposition)

Sample Stack Ramp up Heating Cooling down

SN 54Fe(10 nm)/57Fe(1 nm)/Sb2Te3/SiO2/Si None None None

S150 54Fe(10 nm)/57Fe(1 nm)/Sb2Te3/SiO2/Si RT 
10
⇒

s

 150 °C 150 °C 
10
⇒

s

 150 °C 150 °C 
250
⇒

s

 RT

S200 54Fe(10 nm)/57Fe(1 nm)/Sb2Te3/SiO2/Si
RT 

10
⇒

s

 200 °C 200 °C 
10 s
⇒  200 °C 200 °C 

250 s
⇒  RT

Figure 1.  The collected XRR spectra (black solid line) and their computed 
models (red squares) for samples (a) SN and (b) S200.

Adv. Mater. Interfaces 2020, 7, 2000905



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2000905  (3 of 8)

www.advmatinterfaces.de

and surface/interface roughness), modelling the system with 
five layers. As evident from Table  2, the layers thickness and 
electronic density are not affected by the annealing, so that 
the stack is perfectly preserved. A slight decrease of the Sb2Te3 
(and Fe) surface roughness is detected, which plays a relevant 
role in determining the Fe/Sb2Te3 interface quality, as it will be 
substantiated later in the manuscript.

On the other hand, the crystal quality of the Fe and Sb2Te3 
layers was largely affected by the thermal annealing. Figure 2  
shows the GIXRD patterns for all samples (Table  1) and the 
data are compared to the powder diffraction pattern of cubic 
α-Fe (black line) and Sb2Te3 (pink line). The latter is character-
ized by a rhombohedral crystal structure belonging to the R-3m 
space group.[19] In agreement with previous studies,[20] the crys-
talline grains of the Sb2Te3 substrate showed an out-of-plane 
(OOP) orientation along the [00ℓ] direction. Through X-ray 

measurements conducted in Bragg–Brentano geometry, we cor-
related the higher intensity of the (003), (006), and (009) peaks 
present in the GIXRD patterns, as compared to the powder, with 
the presence of such [00ℓ] OOP orientation.[8] From Figure  2, 
we observed that the peaks relative to the [00ℓ] direction acquire 
intensity and sharpness as a function of the RTA temperature, as 
highlighted in Figure 2d. This corresponds to an improvement of 
the Sb2Te3 layer crystallization and indicates that the amorphous 
fraction of the as-deposited Sb2Te3 compound becomes crystal-
line and oriented along the [00ℓ] direction. Moreover, the overall 
enhancement of the Sb2Te3 layer reflects in a higher intensity of 
the other diffraction peaks, as clear at 2θ ≈ 38° in Figure 2a–c.

The improvement of the Sb2Te3 crystallinity by RTA, affects 
the crystalline quality of the Fe layer subsequently deposited 
on top. Figure 2e depicts the evolution of the peak at 2θ ≈ 44°, 
which corresponds to the reflection from Fe (110) planes in the 
α phase. Interestingly, the full width at half maximum reduces 
with the annealing (1.50° in SN, 1.30°–1.35° in S150 and S200), 
while the intensity increases, pointing toward the formation 
of larger crystalline grains in Fe deposited onto the annealed 
Sb2Te3 layer.
Figure 3 shows the hysteresis loops acquired by VSM at RT 

for the samples SN (blue curve) and S200 (red curve), with the 
external magnetic field applied in the film plane. The easy axis 
of the magnetization lies in the plane (IP) of the Fe layer, while 
the OOP direction is a hard axis, as evident from the compar-
ison of the red/blue and green lines in the inset of Figure  3. 
This agrees with CEMS (see the next section), and results from 
the magnetic shape anisotropy contribution in such thin films.

Table 2.  Values extracted from the fit of the XRR curves of the samples 
SN and S200. The error on thickness and roughness is ± 0.1  nm  and  
± 0.05 e− Å−3 on electronic density.

Layers Thickness [nm] ρe [e− Å−3] Roughness [nm]

SN/S200 SN/S200 [nominal] SN/S200

FeO 2.8/3.1 1.7/1.7 [1.6] 2.4/2.3

Fe 6.2/6.3 2.2/2.2 [2.2] 2.4/2.0

Sb2Te3 27.7/27.7 1.5/1.5 [1.6] 2.3/2.1

Sb2O3 1.6/1.5 1.4/1.5 [1.5] 0.2/0.1

SiO2 50.0/50.3 0.8/0.8 [0.8] 0.4/0.4

Figure 2.  GIXRD pattern of samples (a) SN, (b) S150, and (c) S200. For the Sb2Te3 and α-Fe powder diffraction patterns, please refer to ICSD code: 
2084 and ICSD code: 53802, respectively. d,e) The evolution of the Sb2Te3 (003) and Fe (110) reflections with the thermal annealing, respectively.
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Ms is around 1600 kA m–1 (or emu cm–3) for the two samples 
(within the error bar of about 5%). The value of Ms, very similar 
to that reported for bulk α-Fe (1700 kA m–1), evidenced the good 
magnetic quality of the films, also considering the presence of 
a FeOx layer at the surface (Table  2) due to the absence of any 
capping layer. The squareness of the hysteresis loops, (i.e., the 
ratio between the magnetization at remanence and at satura-
tion) was around 70% for both the samples, compatible with the 
polycrystalline structure of the film. The coercive field reduced 

from 22 Oe in SN to 16 Oe in S200. We attributed this change to 
the enhanced crystalline degree of Fe (Figure 2e), which possibly 
induces the formation of larger grains and magnetic domains of 
Fe, when deposited on Sb2Te3 subjected to RTA. In general, the 
decrease of the coercive field for a ferromagnetic film in contact 
with a thermally treated 3D-TI could be beneficial in devices, 
reducing the energy required to switch the FM magnetization 
through a spin-transfer torque effect at the FM/TI interface.

3.2. Effect of the Sb2Te3 RTA on the Chemical, Structural,  
and Magnetic Properties of the Fe/Sb2Te3 Buried Interface

ToF-SIMS was performed on samples SN and S200 and the 
result is reported in Figure 4. The higher sensitivity for the Fe 
atoms detection was reached by tracking the 54FeO (orange line) 
and 57FeO (green line) profiles across the heterostructures, as 
explained in Section 2. Observing the evolution of the curves, 
the expected stacking order of the layers is respected. Following 
the trends versus the sputtering time, it is evident that the 54Fe 
layer is on top of the stack. After ≈45  s sputtering time, 57Fe 
shows a relative maximum in both SN and S200 related to 
the presence of the 54Fe/57Fe interface. The profiles of Te and 
Sb signals do not show major differences with the annealing. 
Indeed, Te and Sb intensities quickly drop in FeOx layer at com-
parable values in the two samples, suggesting a comparable 
amount of the element. Further, the slope of the intensity of 
Te is very similar in both cases, with a marginal reduction for 
S200, which is associated with the loss of the pile up in inten-
sity at the 54FeO/57FeO interface and possibly related to scarce 
Te diffusion in the FeOx layer. Also Sb shows a signal that drops 
across the interface with nearly the same slope in SN and S200, 

Figure 3.  In-plane magnetic hysteresis loops for the samples SN (blue 
curve) and S200 (red curve) at relatively low fields. The inset shows 
the magnetic response up to saturation. The green curve shows the 
out-of-plane loop for sample S200.

Figure 4.  ToF-SIMS measurements of samples (a) SN and (b) S200. A qualitative comparison between (a) and (b) showed that few differences are 
present in SN and S200, which is a proof of the interface stability following the RTA.
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with a possible pile up effect up to the 54FeO/57FeO interface. 
Remarkably, within the technique detection limit, no major 
Sb diffusion is detected in the Fe layer, pointing toward the 
absence of intermixing at the interface. As a confirmation, 
ToF-SIMS analysis demonstrates that the 57Fe tracer-layer is 
preferentially confined between the 54Fe layer and the Sb2Te3 
substrate in both SN and S200. The presence of a signal pile up 
of the 57FeO signal at a sputtering time ≈45 s, corresponding to 
the beginning of 54FeO drop in intensity following the plateau 
at shorter sputtering times, strongly suggests the presence of a 
transition from a matrix rich in 54Fe to a matrix rich in 57Fe. On 
the contrary, in the case of an ideal intermixing between 54Fe 
and 57Fe such pile up effect would be lost. Furthermore, moving 
at longer sputtering times (i.e., toward the substrate), the slope 
at which the intensity decays is different for 54FeO or 57FeO, 
confirming the transition to a 57Fe-enriched region, despite 
the knock of 54Fe due to the sputtering. The decrease of the Fe 
signal is also related to the change in the intensity of oxygen 
in the different regions of the samples, which affects the sec-
ondary ions yield (note that the oxygen profile is the same for 
both SN and S200 samples) (Figure S3, Supporting Informa-
tion). Following such considerations, we attribute the chemical, 
structural and magnetic characterization by CEMS (described 
below) exclusively to the buried 57Fe/Sb2Te3 interface.
Figure 5a shows the 57Fe-CEMS analysis on samples SN, 

S150, and S200. All the spectra could be analyzed in terms 
of four components: α-Fe, DIST, DOUB-1, and DOUB-2, as 

in ref. [8]. Table 3 summarizes the fitting parameters, where 
δ   indicates the isomer shift, ΔEQ the quadrupole splitting, 
<Bhf> the average hyperfine magnetic field, <Γ>  the average 
line width and A25 the ratio between lines (1,6) and (2,5) of the 
magnetically-split components. Figure  5b shows the evolution 
of the relative spectral areas for each fitting component, as 
obtained by assuming the Debye–Waller factor equal to 1 for all 
of them. The fitting strategy was to fix the value of the hyper-
fine parameters for all the fitted components in SN, S150, and 
S200, while the relative areas (Figure 5b) and the <Bhf> of the 
DIST component (Table 3) are the free parameters for the fit.

The α-Fe contribution is due to 57Fe atoms in an unper-
turbed local environment. DIST is a distribution of broadened 

Figure 5.  a) CEMS measurements of samples SN, S150, and S200. The blue points are the experimental data and the superimposed purple solid line is 
the simulated curve, as obtained by the sum of the indicated fitting components: a-Fe, DIST, DOUB-1, and DOUB-2; (b) corresponding RTA-dependence 
of the relative areas of the four fitting components.

Table 3.  CEMS parameters extracted from the fit of the data shown in 
Figure 5a. Where the experimental error is not indicated, this means the 
parameter was fixed during the fitting procedure.

Parameters α-Fe DIST DOUB-1 DOUB-2

δ (mm s−1) 0,0 0,17(1) 0,46(1) 0,64(2)

ΔEQ (mm s−1) 0,0 0,0 0,52(1) 1,95(3)

SN <Bhf>(T) 33,02(3) 26,58(3) – –

S150 <Bhf>(T) 33,02(3) 28,57(3) – –

S200 <Bhf>(T) 33,02(3) 28,82(3) – –

<Γ> (mm s−1) 0.35(1) 0.5 0.5 1,72(4)

A25 4 4 – –

Adv. Mater. Interfaces 2020, 7, 2000905
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magnetically-split sextets, and it is attributed to under-
coordinated 57Fe atoms in direct contact with the Sb2Te3 layer. 
When compared to α-Fe, DIST is characterized by a lower 
<Bhf> and an enhanced δ (Table 3), thus pointing to the occur-
rence of a hybridization between the Fe atoms and Sb2Te3, 
leading to a lower electronic density around Fe atoms at the 
interface.[8] The doublets DOUB-1 and DOUB-2 are associated 
with two paramagnetic phases. DOUB-1 is attributed to FeTe, 
while DOUB-2 was previously attributed either to the presence 
of FeOx or FeSb2.[8] The A25 value associated with this ferromag-
netic portion showed that the magnetization is always directed 
in the film plane, in accordance with the VSM data (Figure 3). 
The increase of <Bhf> for the DIST component in S200, when 
compared to SN (Table  3), further supported the hypothesis 
that, upon the RTA of Sb2Te3, the Fe atoms at the Fe/Sb2Te3 
interface tend to reorganize toward pure α-Fe. As a matter of 
fact, we detected an ≈8% increase of the <Bhf> for the DIST 
component when moving from SN to S200 (Table   3). This 
reflects an overall increase of the magnetic moment at the Fe/
Sb2Te3 interface, as originated from the higher crystallinity of 
the corresponding underlying Sb2Te3 layer.

Figure 5b summarizes the main effect of the RTA of Sb2Te3, 
on the chemical, structural and magnetic configuration of the 
Fe atoms at the interface, where a gradual increase of the mag-
netic (α-Fe + DIST) fraction (of ≈11%) is observed. Correspond-
ingly, a gradual lowering of the DOUB-2 fraction (from ≈27% 
to ≈14%) is observed (error bars in the spectral areas is around 
2%). Based on the present findings, we attribute the DOUB-2 
component to FeOx. The RTA is demonstrated to favor the for-
mation of a sharper and structurally purer Fe/Sb2Te3 interface. 
The presence of O at the Sb2Te3 surface is unavoidable, as far as 
Sb2Te3 is exposed to the atmosphere without a proper capping 
layer prior to the transfer to the PLD system for the deposition 
of Fe. Here, the result of this work comes: the demonstration of 
an almost complete restoration of the Sb2Te3 crystalline quality 
and chemical purity by an appropriate mild thermal processing. 
To a certain extent, the result permits to avoid the capping–
decapping procedure in the growth of FM/TI heterostructures.

GIXRD and CEMS data from several samples were com-
pared (Section S2, Supporting Information) to provide an over-
view on the chemical-structural differences among the samples 
studied in this work and those previously reported.[8] The dif-
ferences were mainly attributed to the crystalline quality of the 
as-deposited Sb2Te3. In particular, the SN sample studied in the 
present work is characterized by a higher crystallinity, which 
was correlated with the higher fraction of the magnetic DIST 
component of the CEMS data at the expense of the paramag-
netic fraction, when compared to the as-deposited case reported 
in ref. [8].

Recently, it was shown that proper annealing procedures of 
Sb2Te3 grown on top of Si(111) produce epitaxial TI.[22] Even 
if epitaxial Sb2Te3 is not possible on (amorphous) SiO2, the 
enhancement in the Sb2Te3 crystallinity detected by GIXRD 
(Figure 2d) is clear when comparing S200 and SN. It simulta-
neously determines a lower Sb2Te3 surface roughness, which 
favors a higher crystallinity of Fe (Figure 2e), a lower Fe rough-
ness (Table  2), and a lower intermix in S200 when compared 
to SN (Figure  5). A similar effect was observed in Fe/oxide 
heterostructures,[14] further supporting this scenario.

3.3. Formation of FeTe at the Fe/Sb2Te3 Interface

The detection of DOUB-1 by CEMS, and its attribution to 
FeTe is of particular interest. There is a negligible change in 
the FeTe fraction upon RTA (Figure  5b). This result nicely 
supports previous insights about a strong tendency of Fe to 
bond with the chalcogenide atoms of chalcogenide-based 
TI.[8,9] Moreover, the presented RTA experiments marked 
an upper limit for the thermal treatment that preserves 
the FeTe before being affected by the Sb2Te + 2Te disso-
ciation, as observed for T  >  200  °C (Figure S1, Supporting 
Information).

The potential role that this small fraction of interfacial FeTe 
can play in a charge-to-spin conversion in Fe/Sb2Te3 is difficult 
to foresee, even if in general it could be detrimental. On the 
other hand, at the particular conditions, the stabilization of the 
FeTe phase may give rise to superconductivity, and the Fe/FeTe/
Sb2Te3 system could be of potential interest for investigating the 
exotic interplay between superconductivity, topology, and mag-
netism.[21,23,24] For these reasons, in the following, we provide a 
thermodynamic picture of the formation of FeTe at the Fe/Sb2Te3 
interface.

Vobornik  et  al.[11] and Walsh  et  al.[10] for several FM/TI 
compounds, reported the favorable stability of FeTe based on 
thermodynamics arguments. The equation ΔG0 = ΔH0 − TΔS0 
is the standard-state Gibbs free energy variation as a func-
tion of the changes in the enthalpy H and entropy S in the 
system (ΔG0(H,S)), at the absolute temperature T (here fixed 
at T  = 298 K). In ref. [11], the authors have investigated the 
possible reactions that could take place at the Fe/Bi2Te3 inter-
face using a standard thermodynamic tabulation,[25] high-
lighting the natural tendency of Fe atoms to react with Bi2Te3  

forming FeTe0.9 ( FeTe
0

0.9G∆  spans from 4.5 to 0.5
kJ

mol·Fe
− ) and  

FeTe2 ( FeTe
0

2G∆  spans from − −17.5 to 6.6
kJ

mol·Fe
) compounds. 

Similarly, in ref. [10], the Fe/Bi2Se3 was investigated in terms 
of thermodynamic properties, pointing out, also in this 
case, the high reactivity between Fe and Se atoms. In par-

ticular, the formation of Fe3Se4 ( G 244.0
kJ

mol·Fe
Fe Se
0

3 4∆ = − ) was 

identified as the most favorable. Through angle-resolved X-ray 
photoemission spectroscopy on Fe/Bi2Se3, they showed the 
formation of FeSex. The values of ΔG0 for the FeSe0.961 and 
FeSe2 formation (not shown in ref. [10]) are calculated and 
reported in Section S4, Supporting Information.

Here we performed similar thermodynamic calculations 
for the Fe/Sb2Te3 systems. The possible chemical reactions  
we identified are those indicated in the following  
equations:

G3Fe 0.9Sb Te 3FeTe 1.8Sb 8.09
kJ

mol·Fe
2 3 0.9 FeTe

0
0.9+ → + ∆ = − 	 (1)

+ → + ∆ =Fe 0.9Sb Te FeTe 1.8SbTe 100
kJ

mol·Fe
2 3 0.9 FeTe

0
0.9G 	 (2)

G3Fe 2Sb Te 3FeTe 4 Sb 34.8
kJ

mol·Fe
2 3 2 FeTe

0
2+ → + ∆ = − 	 (3)
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Fe 2Sb Te FeTe 4SbTe 661.3
kJ

mol·Fe
2 3 2 FeTe

0
2G+ → + ∆ = 	 (4)

We did not consider other possibilities connected to the dis-
sociation of Sb2Te3 in FeTex + Sb2Te since, at least to our knowl-
edge, no thermodynamic data are available for the Sb2Te binary 
compound. The most favored reactions between Fe and Sb2Te3 
involve the formation of FeTe0.9 and FeTe2 accompanied by the 
dissociation of the elemental Sb. On the contrary, the formation 
of the SbTe compound is highly unfavorable.

Of course, it would be very interesting to develop a theoret-
ical model of the Fe/Sb2Te3 interface evolution from a thermo-
dynamic point of view, with a special focus on the thermally 
induced tuning of the chemical, structural or magnetic prop-
erties. We hope our results will further boost the use of first-
principles multiscale modeling in this sense.[26]

4. Conclusion

We performed a comprehensive chemical, structural, and mag-
netic study of the Fe/Sb2Te3 heterostructure as a function of the 
RTA of the Sb2Te3 layer up to 200  °C, prior to Fe deposition. 
The combination of XRR, GIXRD, VSM, ToF-SIMS, and CEMS 
analyses demonstrated a clear correlation between the crystal-
line quality enhancement of the Sb2Te3 layer and the improve-
ment in the chemical, structural, and magnetic properties of 
the buried Fe/Sb2Te3 interface, which also partly affected the 
macroscopic magnetic properties of the 10  nm-Fe layer. The 
Fe/Sb2Te3 interface is chemically stable up to 200  °C, and the 
overall stack is preserved. Interface-sensitive CEMS analysis 
shows an increase of about 11% of the overall magnetic fraction 
in the case of the annealed substrate, with a lowering of the 
FeOx paramagnetic fraction at the interface. Interestingly, the 
≈20% fraction of FeTe at the interface was almost unaffected by 
the RTA, thus strongly suggesting that thermodynamics favors 
the formation of such a compound at the interface even at RT.  
We suggest that the tendency of Fe to bond with the chalcoge-
nide atom of a chalcogenide-based TI to be a general phenom-
enon, as also supported by data available in literature.

In principle, the proposed RTA process can be extended 
to other FM/TI systems, thus providing a tool for optimizing 
the interface quality without the use of TI capping interlayers. 
At the same time, the conducted atomic-scale analysis of the 
interface properties, revealed the importance of controlling the 
chemical reactions taking place at the Fe/TI interface during 
the Fe deposition, especially for monitoring the formation of 
paramagnetic compounds, potentially detrimental for charge-
to-spin conversions applications.

Moreover, the appropriate engineering of ultrathin FeTe-
based superconductors in the Fe/FeTe/Sb2Te3 heterostructures 
may open strategies to exploit the interplay between topology 
and superconductivity to investigate on the elusive Majorana 
fermion, as previously proposed.[21]
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