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ABSTRACT 

To realize spintronic devices based on topological insulators (TIs), well-defined interfaces 
between magnetic metals and TIs are required. Here, we characterize atomically precisely the 
interface between the 3d transition metal Fe and the TI Bi2Te3 at different stages of its 
formation. Using photoelectron diffraction and holography, we show that after deposition of 
up to 3 monolayers Fe on Bi2Te3 at room temperature, the Fe atoms are ordered at the 
interface despite the surface disorder revealed by our scanning-tunneling microscopy images. 
We find that Fe occupies two different sites: a hollow adatom deeply relaxed into the Bi2Te3 

quintuple layers and an interstitial atom between the third (Te) and fourth (Bi) atomic layers. 
For both sites, our core-level photoemission spectra and density-functional theory 
calculations demonstrate simultaneous chemical bonding of Fe to both Te and Bi atoms. We 
further show that upon deposition of Fe up to a thickness of 20 nm, the Fe atoms penetrate 
deeper into the bulk forming a 2-5 nm FeTe interface layer. In addition, excessive Bi is pushed 
down into the bulk of Bi2Te3 leading to the formation of septuple layers of Bi3Te4 within a 
distance of ~25 nm from the interface. Controlling the magnetic properties of the complex 
interface structures revealed by our work will be of critical importance when optimizing the 
efficiency of spin injection in TI-based devices. 
 
Keywords: topological insulator, magnetic metal, interface structure, topological surface 
states, photoelectron diffraction, x-ray photoelectron spectroscopy, high-resolution STEM 
 
INTRODUCTION 

For many potential applications of topological insulators1-10 (TIs) in spintronics, detailed 
knowledge of the structural properties of interfaces with magnetic materials is of crucial 
importance. In this context, a promising and established route to explore the interaction 
between spin polarized topological surface states (TSSs) and magnetism is the deposition of 
magnetic metals on TI surfaces11-20. Up to date, this approach has been routinely employed to 
investigate the influence of the magnetic properties of the overlayer on such exotic 
interfaces21-23. Using x-ray magnetic circular dichroism (XMCD) it has been shown that Fe 
adatoms on Bi2Se3 possess a magnetic anisotropy oriented parallel to the surface plane11, and 
that the resulting in-plane exchange field does not open a band gap at the Dirac point4, 12, 24. 
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The latter has been demonstrated to be independent of the deposition temperature by angle-
resolved photoemission (ARPES)12.  
   Further XMCD studies13 established that for ultralow Fe coverages of ~0.005 monolayer 
(ML) on Bi2Te3, the magnetization perpendicular to the surface is strongly enhanced but not 
sufficient to open a band gap of measurable size. This was in agreement with the very small 
gap predicted by theoretical calculations14 showing that in the low coverage regime Fe spins 
are preferentially oriented perpendicular to the surface plane. Similarly, experiments on Co 
and Ni overlayers, despite the smaller magnetic moment of the latter, indicate that adatoms of 
prototypical ferromagnets on TIs are in general weakly hybridized with the substrate13.  The 
weak hybridization observed when magnetic impurities are deposited on the TI surface 
differs from the impurity-mediated coupling found between bulk and surface states when the 
magnetic impurities are deliberately introduced into the bulk25. In this case, 
ferromagnetism26,27 and a surface band gap opening at the Dirac point of the TSS were 
observed28; however, for Mn in Bi2Se3 the gap exceeded in size band structure predictions29-32 

and persisted well above the Curie temperature, pinpointing a non-magnetic origin of the 
gap25. In contrast to this, the observed robustness of the TSS against magnetic moments on 
the surface is a crucial precondition for the exploration and functionalization of interfaces 
between TIs and ferromagnets. This should also be accompanied by strategies for suppressing 
the bulk contribution in transport33. 
   In fact, exploiting such a tolerance of TSSs against magnetic moments on the surface, for 
example to realize efficient spin injection in future TI-based devices, is ideal as the Dirac point 
and the surface-state linear dispersion would be retained together with the topological 
properties in the near-interface region. These are important factors to achieve high spin 
current densities, and for this purpose Fe is an attractive candidate material because it 
possesses the largest exchange splitting among the 3d transition metals34-36. 
   However, for this to be fully realized, a comprehensive picture of the atomic structure of the 
interface is indispensable. The structure, in turn, depends substantially on both coverage and 
temperature. In this respect, the currently available data are mostly related to individual 
magnetic impurity atoms or point defects on the surface. In addition, previous experiments 
mainly concern Bi2Se311,13-15,18,37,38.  At the same time, low temperature scanning tunneling 
microscopy (STM) studies reveal that surface hollow adsorption sites are most favorable for 
Fe coverages below ~0.01 monolayer (ML)11,18. At room temperature, cation substitutional 
sites have been assumed for Fe on Bi2Se315 and Bi2Te318. Polyakov et al.19 have found no 
indication of interstitial or intercalated Fe atoms up to 0.3 ML thickness deposited on Bi2Se3 at 
160 K. Fe replaces Bi atoms causing a substantial structural relaxation of the surrounding 
atoms, as well as a variation of the Fe-Se distances between 2.39 and 2.57 Å. After annealing 
to 520 K the formation of a α-FeSe-like structure with a local order up to the 6th shell was 
observed19. However, the atomic structure of the interface under high Fe coverages, which in 
the context of practical applications is also critically important, has remained largely 
unexplored. 
   In the present work, we focus on the Fe/Bi2Te3 interface and describe its bond geometry and 
morphology on the basis of X-ray core-level photoemission spectroscopy (XPS), chemical-
state sensitive photoelectron diffraction (XPD) and holography (XPH) experiments. We 
further discuss the experimental results by comparing the atomic structure and 
corresponding chemical shifts obtained by density-functional theory (DFT) modelling. In 
particular, we use full hemisphere XPD and XPH to study local order not only for the atoms of 
a specific element but also for individual chemical states. We discover hidden structural order 
at the Fe/Bi2Te3 interface caused by a partial penetration of Fe atoms due to their chemical 
interaction with the substrate. In addition, cross-sectional transmission electron microscopy 
(TEM) analysis reveals that for thick Fe films an amorphous FeTe layer is formed in the 
interface region. We further demonstrate that excessive Bi atoms migrate into the bulk of the 
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crystal, causing the formation of randomly distributed Bi3Te4 septuple layers. The complex 
interface structures revealed by our work should be taken into account when designing 
pathways to optimize the efficiency of spin injection in future TI-based devices.  
 

RESULTS AND DISCUSSION 

 

Chemical interaction 

To probe chemical interactions between deposited Fe and Bi2Te3 substrate we used core-level 
photoemission spectroscopy. We measured the shallow Bi 5d, Te 4d and Fe 3p core levels to 
get naturally narrowest peaks. In addition, we recorded the Fe 2p core level to check for a 
multiplet structure in the spectrum, since Fe 2p has much larger spin-orbit splitting than Fe 
3p, and Fe 2p3/2 and Fe 2p1/2 do not overlap with each other. 
   The Fe 2p spectra presented in Fig. 1a for different Fe coverages on Bi2Te3 are essentially 
broader than that of a reference bulk polycrystalline Fe film. Nearly in the whole coverage 
range, the Fe 2p binding energy slightly differs from the one corresponding to the reference 
bulk metal, with the energy difference being less than 1.2 eV. Thus, the Fe 2p core levels can 
neither be assigned to Fe3+ nor Fe2+ substitutional atoms. However, at low Fe coverages we 
observe a slight indication of a multiplet splitting or additional peaks as clearly seen in the 
normalized spectra presented in Fig. S1 of the Supplementary Information. Moreover, the 
main peak position depends on the Fe coverage and shifts towards lower binding energy with 
increasing coverage, as clearly seen in inset of Fig. 1a. Only after deposition of 9 ML Fe, the 
peak position corresponds to the value of bulk Fe. 

   Upon Fe deposition both Bi 5d and Te 4d core-level spectra become of complex 
multicomponent structure, evidencing a surface chemical reaction. In the Te 4d spectra we 
observe a single broad additional component (marked as Te B in Fig. 1b). This component is 

Fig. 1. Core-level photoemission spectra for the Fe-covered Bi2Te3 (111) surface. (a) Fe 2p and (b) Te 4d 
spectra as a function of Fe coverage measured with photon energies of hv=870 and 125 eV, respectively. (c) 
Relative intensity of spectral components measured as atomic fraction of the atom in the specific state in the 
Te 4d spectra shown in (b). (d) Corresponding angular dependence for an Fe coverage of 0.8 ML. (e) Similar 
measurements as in (b) for the Bi 5d core levels. (f) Relative intensity of the spectral components in the Bi 5d 
spectra shown in (e). (g) Angular dependence of the relative intensities of the Bi 5d spectral components after 
deposition of 0.8 ML Fe. 
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positioned at higher binding energies with the corresponding chemical shift being +0.48 eV. 
The relative intensity of the Te B component increases proportionally with the amount of 
deposited Fe, as shown in Fig. 1c. By varying the detection angle, and thus, surface sensitivity, 
we reveal that the Te B component corresponds to the topmost substrate layer. The detailed 
angular dependence is shown in Fig. 1d. All series of Bi 5d spectra can be fitted satisfactorily 
with single initial component corresponding to the clean surface (labelled as Bi A in Fig. 1e) 
plus two additional components (labelled as Bi B and Bi C). The corresponding chemical shifts 
relative to bulk Bi2Te3 are about -0.7eV (Bi B) and -0.3eV (Bi C). The relative intensity of the Bi 
B and Bi C components progressively increases upon deposition. The angular and photon 
energy dependencies obtained at different coverages demonstrate the surface localization of 
the atoms related to the Bi C feature. An example of the angular dependence is displayed in 
Fig. 1g. Quantification of the surface composition at fixed electron kinetic energy indicates 
that the Bi to Te ratio does not change for coverages less than 2 ML, generally preserving the 
structure of the upper quintuple layer. 
   The overall behavior of the spectra is consistent with previous observations12,20. However, 
for a comprehensive interpretation of the mechanism underlying the appearance of the 
different spectral features, a direct theoretical modeling of the chemical shifts taking into 
account the possible atomic geometries is necessary, as we will discuss later.  
 
Surface and interface structure 

After deposition of 0.15 ML Fe at low temperature, as well as 0.2 and 0.4 ML Fe at room 
temperature on the (111) atomically flat surface of Bi2Te3 (illustrated as an inset in Fig. 2a), 
our large-scale STM images indicate that the surface is homogeneously covered with Fe, 
predominantly in the form of clusters, as it follows from Fig. 2. For all the deposition steps 
four types of structures are observed: (i) atomic defects appearing as single bright spots with 
a z-corrugation of only 1 Å and related to adatoms, (ii) dark triangles associated with 
substitutional atoms14,15,37, (iii) clusters and (iv) broader islands of equal height in the order 
of ~2-3 nm, with their appearance depending on the Fe coverage and deposition temperature. 
Higher substrate temperature during deposition promotes clustering to a significant extent. 
Clusters dominate already after deposition of 0.4 ML Fe at room temperature. Instead, point 
defects prevail only at low temperature and for coverages less than ~0.1 ML; a finding which 
is in agreement with previous observations11,13,18-20. 

 

Fig. 2. STM images for the Fe-covered Bi2Te3 (111) surface. (a) 0.15 ML deposited at a temperature of 85 
K. The inset shows the corresponding image of the clean Bi2Te3 surface with atomic resolution. STM images 
for (b) 0.2 ML Fe deposited at 300 K, and (c) 0.4 ML Fe deposited at 300K. The small Z-corrugation along the 
line scans marked by dashed lines in (a), (b) and (c) are given below each image.  
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   Regarding atomic defects11,13-15,37,38, adatoms can occupy two different hollow positions: (i) 
on top of Te in the third layer (structure IIa shown in Fig. S2 of the Supplementary 
Information) or (ii) on top of Bi in the second layer (structure IIb in Fig. S2). In both cases, the 
Fe equilibrium position is between the Te and Bi layers, with Fe forming chemical bonds to 
both Te and Bi according to our calculations. These two positions are hardly distinguishable in 
the STM images13–17. Both yield bright spots as seen in Fig. 2, but with more circular or 
triangular protrusion around the center of the Fe atom, in agreement with the observation in 
Ref. 11 and the assignment to the two different adatom positions mentioned above. It should 
be emphasized that the configuration of Fe on top of the Te atom is unstable. 
   It was established that during heating to room temperature, adatoms are transferred to 
substitutional positions15,18. The substitutional defect was found in Ref. 15 to have the lowest 
energy. To evaluate this, however, the system was considered without the Bi atom that was 
substituted. Note that in order to become substitutional the Fe atom should push the Bi atom 
away, meaning that Bi will move to some low-energy position. The stability of the 
substitutional structure strongly depends on the Bi atom position. In Ref. 15, the substitution 
reaction path was considered starting from the interstitial position to two stable structures of 
Bi at the surface – in the hollow position on top of the Fe atom (structure IIc in Fig. S2) and in 
the nearest hollow position (structure IId). By modelling these two structures in detail, based 
on interatomic distances we find that for the structure IIc the Bi-Fe interaction is still possible 
(2.57 Å), whereas for the structure IId the Bi atom extruded at the surface is less bonded with 
the corresponding Bi-Te distance equal to 3.42-3.43 Å. In STM the substitutional defects, 
studied also for Bi2Se3 doped with a small amount of Fe in the bulk15 as well as for Fe 

deposited both on Bi2Te315 and Bi2Se318, resemble dark triangles.  
   In our STM images, clusters are relatively small features exhibiting 1 nm in height and 2-3 
nm in width, while islands are of much larger lateral dimensions and randomly distributed 

Fig. 3. Experimental photoelectron diffraction data for the Fe covered Bi2Te3 (111) surface. Diffraction 
patterns for (a) Bi 4f , (b) Te 4d and  (c) Fe 3p core levels as a function of increasing Fe coverage, indicated as 
vertical axis (from top to bottom). The kinetic energy (KE) at which the patterns where recorded is indicated 
on top (from left to right).  
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over the surface. To understand the interface between Fe clusters or islands and the Bi2Te3 
surface, we modeled flat Fe atomic layers (ALs) from 1 to 3 (1 AL corresponds to one Fe atom 
per one Te atom in the first (upper) atomic layer of the clean surface). This corresponds to 
0.3-0.9 ML Fe (for details see Table S1 of the Supplementary Information). We find that for 1 
AL or 0.3 ML all Fe atoms occupy hollow positions between the 1st and 2nd layers of the Bi2Te3 
substrate. For three ALs (~ 0.9 ML), all Fe atoms are at the surface due to the formation of Fe-
Fe bonds. This effect is reproducible when different starting geometries are considered (for 
example, 3 Fe atomic layers on top or 2 Fe layers on top plus 1 Fe layer between the Te and Bi 
layers). Therefore, according to our calculations one can anticipate a sharp interface below 
the clusters.  
   To investigate the interface atomic structure in more detail and to probe the atomic 
ordering, we used X-ray photoelectron diffraction (XPD) and holography (XPH). XPD/XPH is 
the most powerful tool to unravel the local atomic structure for impurity atoms39. The 
hallmark of this technique is the possibility to probe surroundings of specific atoms in their 
individual chemical state if the bond orientation is the same for all or at least a significant 
amount of atoms, with the atoms being randomly distributed.  
   The XPD patterns obtained for Fe coverages of 1.2 and 2.2 ML are displayed in Fig. 3. One 
can see that upon Fe deposition, the Bi 4f and Te 4d diffraction patterns generally remain 
intact, but they become less sharp especially for grazing angles. Moreover, Fe 3p exhibits a 
surprisingly pronounced diffraction pattern evidencing the preferable orientation of impurity 
centers, which are probably randomly distributed. It should be noted that both Fe 3p and Bi 4f 
patterns after 2 ML Fe deposition are less pronounced than those after 1 ML deposition. 
Therefore, one can assume that the ordered structure is formed at the interface only, i.e. 
underneath Fe islands.  
   To unambiguously determine the local atomic structure, we simulated the diffraction 
patterns for all structures related to atomic defects, i.e. for both hollow adatoms and 
substitutional atoms. To accurately model large agglomerates we additionally calculated 
different few-layered structures (see Fig. S2 of the Supplementary Information). However, 
note that solely based on these structures, it is not possible to fully describe the measured 
diffraction patterns. It should be also pointed out that neither atomic defects nor fragments of 
the Fe bulk structure are relevant to the measured XPD patterns.  

Fig. 4. Photoelectron diffraction experimental and theoretical results. (a) Fe 3p experimental diffraction 
pattern for 2.2 ML Fe on Bi2Te3. (b) Holography reconstruction of the Fe local environment. (c) Atomic model 
consistent with the results shown in (b). (d) Simulated core-level shifts for the different Te and Bi atoms in 
each layer obtained for the optimized structure with ¼ population of the position Fe 2. The spectral features Bi 
C and Bi B in Fig. 1 correspond to Bi1 and Bi2, respectively, while the spectral feature Te B to Te1+Te2+Te3 
(not resolvable in the core-level spectra). 
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   To obtain a deeper understanding of the Fe related structures we used X-ray photoelectron 
holography (XPH), which allows a direct reconstruction of the atomic surroundings in real 
space40 and has been applied to the clean Bi2Te3 surface41. The results are illustrated in Fig. 
4b. One can see four atomic layers above the Fe emitter. Unfortunately, photoelectron 
diffraction is not very sensitive to the chemical nature of the surrounding atoms. From typical 
atomic distances it can be realized that Te-Fe-Bi-Te-Fe-Bi-Te is the proper assignment of the 
in-depth atomic layers. In other words, Fe penetrates in the first quintuple layer and occupies 
two different positions, one located between the 1st and 2nd atomic layer and the other one 
between the 3th and 4th atomic layer. These two positions correspond to a deeply relaxed Fe 
adatom and an interstitial Fe atom (labelled Fe1 and Fe2 in Fig. 4c). However, the accuracy in 
determining the localization of the atomic positions is generally not high in XPH, further 
analysis is required to obtain more precise values.  

   For this purpose, we firstly checked the 
stability of the most probable structure 
obtained from XRH data based on the DFT 
calculations. Here we consider 2 ALs of Fe, i.e., 
a coverage lower than the experimental one, 
taking into account that part of the Fe atoms is 
in clusters and does not contribute to the 
measured diffraction patterns. The calculated 
structure is found quite stable with reasonably 
small deviations of the interatomic distances 
after total optimization. The calculated 
structural parameters are summarized in 
Table 1. The main difference between the 
experimental structural parameters and the 
calculated ones is the Fe1 localization with 
respect to the surface, which in the calculation 
is less buried as compared to the experimental 
data. This difference is probably caused by the 
fact that the real system is much more 
complex than the modeled one, which does 
not include clusters or islands. 
   Another possibility to verify the reliability of 
our structural model is to compare the 
calculated core-level shifts for Bi 5d and Te 4d 
(relative to bulk Bi2Te3) with the experimental 
ones. We calculated chemical shifts and find 
that, indeed, Bi (Te) atoms show negative 
(positive) shifts. However, for Te atoms the 
calculated shifts are notably higher than the 
experimental ones. Thus, it is plausible to 
conclude that Fe atoms can occupy Fe2 
positions only partially. Indeed for ¼ of the 
accessible sites the calculated core-level shifts 

fit well to the experimental observations (marked as blue and black vertical solid lines in Figs. 
1b and 1e). The assignment of the shifts to the atomic positions is given on the right-hand side 
of Fig. 4c. Moreover, the highest shift in the Bi 5d spectra (Bi C feature) corresponds to the 
topmost Bi layer, a result which is consistent with the data obtained from the angular 
dependence shown in Fig. 1c. The Bi B feature can be assigned to the Bi2 layer. As a result, the 

Fig. 5. Chemical state selective photoelectron 

diffraction. (a) Bi 4f7/2 spectra for clean Bi2Te3 

surface (top) and after deposition of 1.2 ML Fe 
(bottom) and corresponding experimental 
diffraction patterns (right). (b) Experimental and 
EDAC simulated diffraction patterns for two 
different charge states of Bi, as decomposed in the 
spectrum for 1 ML Fe on Bi2Te3 in (a). 
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simulated Fe 3p pattern presented in Fig. 4d is in reasonable agreement with the 
experimental one shown in Fig. 4a.  
   Another set of photoelectron diffraction data was obtained for Bi 4f and Te 4d core levels. 
Here, we exploited the unique possibilities of chemical state selective photoelectron 
diffraction to determine the atomic surrounding of a specific element in different charge 
states, i. e. showing different chemical shifts. The Bi 4f spectra were fitted with two 
components for simplicity as presented in Fig. 5a. The two resulting diffraction patterns 
corresponding to the bulk and surface components shown in Fig. 5b are rather different. Both 
of them are in reasonable agreement with the simulated diffraction patterns as obtained using 
the atomic model shown in Fig. 4c.  
Table 1. Interlayer parameters and a parameter for Fe/Bi2Te3(111) surface (given in Å) obtained by 
photoelectron holography and photoelectron diffraction of the Fe 3p level compared with quantum chemical 
calculations (DFT) results (1 AL=0.31 ML). In DFT the value of the lateral parameter a was 4.46 Å after 
optimization of a single QL. For the bulk structure we obtained 4.43 Å. 

Parameter, 
Å 

XPH XPD 
Fe 2.3ML 

DFT 
Fe 1.2ML Fe 2.3ML 1.25 AL 1.5 AL 2 AL 

d1a 1.50 ± 0.05 1.60 ± 0.05 1.62 ± 0.02 1.29 1.21-1.27 1.20 
d1b 0.40 ± 0.05 0.40 ± 0.05 0.34 ± 0.02 0.68 0.52-0.83 0.74 
d2 2.10 ± 0.05 2.00 ± 0.05 1.96 ± 0.02 2.01 1.83-2.20 1.97 
d3a 0.70 ± 0.05 0.90 ± 0.05 1.00 ± 0.02 0.96 1.06-1.16 0.91 
d3b - - 1.00± 0.05 1.16   0.85-1.25 1.14 
d4 - - - 1.77 1.34-2.00 1.74 
D - - - - - 2.70 
a 4.40 ± 0.10 4.40 ± 0.10 4.34 ± 0.02 4.46 4.46 4.46 

Fig. 6.  Overview of the procedure used in the present work. The scheme illustrates a paradigm to 
determine the local structure of foreign atoms at the interface using full hemisphere photoelectron 
diffraction data. 
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 9 

   The most accurate structural information from the experiment can be obtained from XPD by 
an R-factor analysis as described in the Methods section. The corresponding atomic geometry 
parameters are summarized in Table 1.  
   An illustration of our new approach to discover the atomic structure of the shallow interface 
is presented in Fig. 6. It includes the analysis and assessment of different kinds of 
experimental data. Based on photoelectron holography of the impurity atom emitter the local 
environment is reconstructed in real space by XPH, then the structure is tested for stability by 
DFT, and further verification is reached using chemically state selective Bi 4f XPD as well as by 
comparing the calculated and experimental core-level shifts. For the structure obtained in this 
way, the XPD pattern is simulated accordingly, with the corresponding structural parameters 
being optimized by R-factor analysis.    Using this paradigm, our results unambiguously 
demonstrate that after few-layer deposition of Fe on the Bi2Te3 (111) surface, there is hidden 
atomic order at the very interface, in spite of the surface disorder revealed by our STM 
images. Our atomic structure includes two possible sites of Fe atoms with different occupancy, 
one corresponding to a highly populated adatom position and the other one to a less 
populated interstitial position. We believe that this specific structure is responsible for the 
behavior of the electronic structure observed in Ref. 42. 

   In this respect, we have analyzed 
the energy-momentum band 
dispersions of the TSS upon Fe 
deposition up to 0.4 ML at room 
temperature using ARPES (see Fig. 
7). For the pristine Bi2Te3 sample 
(Fig.7a), the Dirac point appears with 
high intensity at a binding energy of 
~0.34 eV, and clearly shifts towards 
higher binding energy by about 40 
meV after deposition of 0.4 ML Fe 
(Fig. 7b). In addition, the shift is 
accompanied by a clear suppression 
of both the Dirac point spectral 
weight and the intensity of the TSS 
bands, as well as by an additional 
broadening of the bands that 
appears very pronounced from the 
Dirac point up to the Fermi level. In 
Fig. 7c we compare the broadening 
and intensity of Dirac point as 
extracted from energy-distribution 
curves (EDCs) at zero momentum 
(k||=0) before (red) and after Fe 
deposition (blue). Correspondingly, 
in Fig. 7d we compare the additional 
broadening of the Dirac bands as 
seen in momentum-distribution 
curves (MDCs) for the pristine  
sample (red) and 0.4 ML Fe/Bi2Te3 
(blue). It is in principle possible to 
consistently reconcile both effects, 

Fig. 7. Influence of Fe deposition on the electronic structure of 

Bi2Te3. (a) ARPES dispersion of clean Bi2Te3 measured at a photon 
energy of hν =55eV at room temperature. (b) Corresponding 
ARPES dispersion after deposition of 0.4 ML Fe. The intensity 
contribution from the bulk-conduction band (BCB) near the Fermi 
level and the TSS are clearly seen. (c) EDCs extracted from (a) and 
(b) at k||=0. (d) Corresponding MDCs extracted at 0.2 eV above the 
Dirac point.  (e) Schematic of Bi2Te3 with Fe magnetic impurities on 
the surface. (f) Representation of Fe magnetic moment in three-
dimensions. (g) Calculated spectral weight at the Dirac point for 
different constraints in the orientation of the Fe magnetic moments 
within a range of solid angles. The constraints correspond to
symmetric polar angles below 45° with respect to the x-y plane,
which add up to the total solid angle indicated in the legend. 
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i.e. the intensity suppression of the Dirac point and the additional broadening with a magnetic 
anisotropy of the Fe preferentially oriented parallel to the surface. Note that under this 
configuration no band gap at the Dirac point is expected in agreement with our observations. 
   Nevertheless, we developed an ergodic model to simulate the spectral weight in the vicinity 
of the Dirac point assuming Fe magnetic moments mainly oriented parallel to the sample 
surface (Fig. 7e). In our model, canted magnetic moments introduce a gap which varies in size 
from zero to Δmax depending on the magnitude of their out-of-plane component43 (Fig. 7f). For 
simplicity, we have not considered the additional smearing of the Dirac point intensity along 
the momentum direction due to the in-plane projection of the Fe magnetic moments, which is 
responsible for the additional broadening observed in Fig. 7c. We represent the electronic 
bands by Gaussian peaks with a full-width at half-maximum which is about 30% of the 
maximum value of the band-gap size located symmetrically with respect to the Dirac point 
when the gap opens. Note that the model works for any possible generic value of Δmax which is 
expected to be small29-32. Figure 7g depicts the evolution of the spectral weight at k||=0 for 
configurations where the magnetic moments are restricted to polar angles θ around the x-y 
plane (colored lines). The curves correspond to magnetic moments constrained by symmetric 
polar angles with respect to the x-y plane which add up to the total solid angle indicated in the 
legend. We clearly observe that constraining the magnetic moment to polar angles θ below 
45° smears the intensity along the energy axis, in agreement with the experiment. 
   We have to stress that in ARPES, static magnetic moments pointing mainly parallel to the 
surface plane within the probed area, but 
some of them with a small canting, can be 
viewed as a superposition of different 
photoemission signals that are spatially 
averaged (gapped vs. non-gapped states). 
As canted magnetic moments will introduce 
a very small gap which varies in size 
depending on the magnitude of their 
perpendicular component43, most of their 
contributions to the ARPES intensity will be 
concentrated near the Dirac point. 
Therefore, from the additional broadening 
of the Dirac peak in the EDC of the Fe 
covered surface in Fig. 7d, which amounts 
to ~50 meV, we can estimate after 
deconvolution of the spectrum a maximum 
possible gap of ~20 meV.   
 

Interface structure in the bulk limit 
Questions arise concerning the evolution of 
the interface structure upon deposition of 
thicker Fe films. To investigate this, we 
used high-resolution scanning transmission 
electron microscopy (STEM) and found that 
deposition of thick Fe films in the form of a 
compact layer results in a modification of 
the interface structure. The structure 
obtained after deposition of a 20 nm Fe 
layer was studied with HAADF-STEM on a 
cross-sectional sample (see Fig. 8). The Fe 
layer is found to be crystalline. All Fourier 

Fig. 8. Characterization of the interface structure for 

20 nm thick Fe on Bi2Te3 using high-resolution 

STEM. (Top) Cross-sectional HAADF-STEM image. 
(Bottom) Corresponding Fourier transforms obtained 
from the green, blue and red regions labelled from 1 to 
3, respectively. 
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transforms of different areas of the STEM image (bottom panels of Fig. 8) extracted from some 
regions (labelled 1 and 2 in red and green color, respectively) within the Fe layer can be 
indexed using cell parameters a=b=c=3.5 ±0.1 Å. There are random distortions from the 
Fm3m structure as one would expect for bulk Fe with these cell parameters. For example, in 
the Fourier transform of region 1, the reflections correspond to a primitive cell rather than to 
a F-centered one. On the other hand, in the case of region 2 only few reflections can be 
obtained. The angle between the c-axis of Bi2Te3 and the (111) direction of the Fe lattice 
comprises 25°-30°.  
   Just below the Fe layer an amorphous layer 
(≈3.5 nm) mostly consisting of Te and Fe is 
formed as demonstrated in Fig. 9 by the 
interface morphology seen in the STEM 
images, as well as by the corresponding depth 
profiles obtained using energy-dispersive X-
ray (EDX) nanoprobe analysis shown in Fig. 
10. The STEM images displayed in Fig. 9 also 
show that the top layer of the substrate 
consists of a mixture of quintuple (Bi2Te3, Te-
Bi-Te-Bi-Te) and septuple layers (Bi3Te4, Te-
Bi-Te-Bi-Te-Bi-Te)44. The septuple layers are 
mostly localized within a distance of ~25 nm 
from the interface. This is consistent with the 
EDX observation evidencing a Bi/Te ratio 
notably higher than 2:3. This ratio is displayed 
as a light-blue curve in the corresponding 
depth profile shown in the bottom panel of Fig. 
10. The excessive Bi arising as a consequence 
of the FeTe layer formation is forced back into 
the bulk, forming septuple layers. In addition, 
the depth profile reveals the presence of minor 
amounts of Fe in the top layer of the substrate 
which decrease rapidly over the next 6 nm.  
   Exact visualization of these Fe positions with 
EDX or HAADF-STEM was hardly possible. This 
indicates that the Fe atoms show no long-range order over the structure and thus give too low 
signal in the possible individual positions, as the Fe positions along the whole thickness of the 
column are not completely occupied. The latter is due to the large difference between the 
atomic numbers of Fe and Bi or Te. A quantitative treatment of the HAADF-STEM images to 
derive the exact amount of Fe per column was difficult to achieve due to the mixture of 
quintuple and septuple layers along the projection direction. For the 20 nm textured Fe layer 
grown on Bi2Te3 (111), the interface structure contains a ≈3.5 nm amorphous FeTe interface 
layer, with excessive Bi migrating to the shallow bulk and forming septuple layers of Bi3Te4 
that are randomly distributed within approximately 25 nm in depth from the interface.  
 
CONCLUSIONS 

To summarize, we studied the Fe/Bi2Te3 interface formation in a wide range of thicknesses 
starting from the sub-monolayer regime up to the bulk limit. We applied a comprehensive 
approach using multiple techniques combined with density-functional theory calculations. At 
the atomic level, interface reactions are observed which reveal a clear tendency towards the 
formation of a stable FeTe layer. After deposition 1-3 ML Fe at room temperature, which 
exhibits typical atomic defects, cluster and islands at the Bi2Te3 (111) surface we observed 

Fig. 9. Details on the interface structure of 20 nm 

Fe on Bi2Te3. The top Bi2Te3 layer is shown with 
enlargements of three indicated areas. Red (1): 
quintuple layer; green (2): quintuple layer with a 
double layer; blue (3): septuple layer. The arrows 
mark the Van der Waals gaps. The inset on the top 
right shows the transition from a quintuple layer to a 
septuple layer, using the model proposed in Ref. 41. 
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clear ordering of the Fe atoms at the 
interface. We discovered the local structure 
in which Fe atoms occupy two different 
positions: hollow adatom positions deeply 
relaxed into quintuple layers of Bi2Te3 and 
interstitial position between third (Te) and 
fourth (Bi) atomic layer. We also revealed 
the impact that Fe deposition has on the 
electronic structure, and discussed the 
underlying mechanism giving rise to the 
observed suppression of the Dirac point 
intensity and extra broadening of the TSS 
bands. Finally, for the interface obtained 
after deposition of a 20 nm thick bulk Fe 
layer we directly observed the 2-5 nm FeTe 
interface layer, with excessive Bi migrating 
to shallow bulk and forming septuple 
layers of Bi3Te4.  
                                                                  

METHODS 

Bi2Te3 n-type single crystals were grown 
using the Bridgman method45. The single 
crystals were cleaved in situ under 
ultrahigh vacuum for the ARPES, XPS, and 
XPD measurements. The high crystal 
quality of the obtained (111) Bi2Te3 
surface was verified by low-energy electron diffraction (LEED) as well as the presence of 
sharp features in the ARPES dispersions. Fe was deposited in situ from an e-beam evaporator 
with the sample kept at the cleavage temperature. The evaporation rate was repeatedly 
calibrated with a quartz microbalance and was typically of the order of 0.05 monoatomic 
layers (ML) per minute. Faster and slower depositions did not show any influence on the 
results.  
   Photoemission experiments were carried out using several facilities of Helmholtz-Zentrum 
Berlin. The ARPES experiments were performed in an ultrahigh vacuum chamber with a base 
pressure below 1 × 10-10 mbar using a Scienta R8000 electron analyzer at the UE112/ PGM2a 
beamline of the synchrotron BESSY II using p-polarized undulator radiation. High-resolution 
XPS spectra were recorded with high surface sensitivity (i.e., the kinetic energy of the 
photoelectrons was set between 50 and 200 eV) at the Russian-German beamline of BESSY II. 
The XPS acquisition was performed using a SPECS Phoibos 150 electron energy analyzer at 
variable detection angles. The photoelectron diffraction patterns were taken at the 
U49/PGM1 beamline of BESSY II using a toroidal electron energy analyzer46.  
   To simulate our photoelectron-diffraction patterns, we used the electron diffraction in 
atomic clusters (EDAC) software package47. The code is based on a multiple- scattering cluster 
approach, where the surface is represented by a sufficiently large number of atoms 
surrounding the emitter. We have performed simulations on parabolic clusters containing 
∼1500–1900 Bi, Fe and Te atoms within a radius of 30 Å. For each emitter, which was placed 
in the center, we used an individual parabolic cluster. In all calculations we considered 
emitters belonging to the first topmost quintuple layers.  
   Multiple elastic scattering of photoelectrons was modeled using a stable iterative technique 
until convergence was achieved. The calculations were performed for a temperature T = 300 
K. Thermal vibrations were simulated using nonzero Debye temperatures for the Bi, Fe and Te 

Fig. 10. Interface composition of 20 nm Fe on 

Bi2Te3. (Top) STEM–EDX maps and corresponding 
line profiles. (Bottom) Line profiles taken over a 
larger depth emphasize the deviation of the Bi:Te 
ratio in the top layer and the regularization of this 
ratio when going deeper into the bulk. 
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atoms: θBi, θFe, and θTe. By varying the radius of the parabolic clusters Rmax, the electronic 
surface position zsurf, the Debye temperatures θd, the order of multiple scattering n, the 
inelastic mean free path, the number of emitters, as well as other parameters, the best 
agreement between experiment and simulation was obtained.  
   We used the standard procedure for structure refinement in x-ray analysis, which is the 
least-squares optimization using the expansion method48. Starting with an arbitrary structure 
the refinement converges to a local extremum (usually, but not necessarily, a minimum) of the 
R-factor in the parameter space. It is clear that the starting geometry should be sufficiently 
close to the real structure. A very rough estimate is that the atoms should be within a few 
tenths of an Angstrom from the correct positions. If all the atoms are misplaced, it is often not 
possible to start the full simultaneous refinement of all parameters. One then tries to first 
refine single parameters or blocks of parameters keeping other parameters fixed, and to 
proceed stepwise in this way until in the final step all parameters can be freed. For large 
structures in particular, a block refinement can be used, which however converges more 
slowly, or constraints can be used to move rigid groups of atoms (layers) or molecules in the 
structure. In any case, one must check that the same minimum is reached when starting with 
several different trial structures. The radius of convergence may be larger for single atoms if 
the major part of the starting model is correct. In general, many cycles of iteration steps are 
necessary to locate the true minimum of the R-factor. To obtain a quantitative value for the 
agreement between the calculated and the measured diffraction patterns R-factor analysis 
was used. We defined the R-factor49 as 

                                                  � = ∑ �����	��

����

∑ ������
�����


�����
	     (1) 

where � is the anisotropy of the angular intensity 

���, �, �� = ����, �, �� − ����, ��� ����, ��⁄  
 

and ����, �� is an average value of the intensity for each polar angle 

����, �� =  
!∑ ���, �" , ��!

" . 

   X-ray photoelectron holography (XPH) was used to reconstruct three-dimensional (3D) 
images of the atomic structure around the emitter atom from the measured XPD patterns. The 
calculation was performed using the scattering pattern extraction algorithm with the 
maximum entropy method40. The reconstruction algorithm does not utilize the Fourier 
transformation, thus allowing us to obtain the atomic arrangement without the use of a multi-
energy format. To suppress image artifacts the algorithm uses the translational symmetry of 
the crystal in the lateral plane, namely, the unit-cell parameter as well as the real and 
reciprocal space filtration.  
   Theoretical modeling of the surface relaxation was performed within the density-functional 
theory approach using the projected wave generalized gradient approximation method as 
provided by the Vienna ab initio simulation package (VASP)50,51. Core electrons were omitted 
by using the standard projector augmented wave pseudopotentials. In all simulations, a (5 × 5 
× 1) k-point mesh of the first Brillouin zone was used and no superlattice was employed. The 
parameters of the hexagonal lattice unit cell were fixed to their calculated bulk values, while 
the positions of all atoms were varied. The modeling was performed without any particular 
assumption on the Fe magnetic order. We nevertheless checked the magnetic order for the 
structure of Fig. 4c and found that antiparallel coupling between the Fe magnetic moments is 
the less preferred situation, as this configuration is less stable by about 30 meV in the 
simulations. For all the calculations we used slabs with one to five quintuple layers; thicker 
slabs change the interatomic distances by less than 0.01 Å. Core-level shifts were calculated in 
the initial-state approximation as a variation of the electrostatic potentials at the atomic 
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centers as described in Ref. 52.  
   For high-angle annular dark field scanning transmission microscopy (HAADF-STEM) 
imaging and EDX mapping, cross sectional samples were prepared on a Cu and a Be support 
with focused ion beam (FIB) milling. A transfer module from Kammrath and Weiss GmbH was 
used to keep the sample in inert Ar gas during transport. Two platinum layers were deposited 
on the material to protect it from damage during preparation, an electron beam deposited Pt 
layer followed by an ion-beam deposited Pt layer. The HAADF-STEM and EDX data were 
acquired on aberration-corrected FEI Titan transmission electron microscopes operating at 
300 kV, one of which is equipped with a Super-X detector. To limit air exposure, the samples 
were mounted in the holder in a glove box filled with inert Ar gas. The sample was 
transported in an inert atmosphere and was only exposed to air shortly before and after Ar 
plasma cleaning.  
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Fig. 1. Core-level photoemission spectra for the Fe-covered Bi2Te3 (111) surface. (a) Fe 2p and (b) Te 4d 
spectra as a function of Fe coverage measured with photon energies of hv=870 and 125 eV, respectively. 

(c) Relative intensity of spectral components measured as atomic fraction of the atom in the specific state in 

the Te 4d spectra shown in (b). (d) Corresponding angular dependence for an Fe coverage of 0.8 ML. (e) 
Similar measurements as in (b) for the Bi 5d core levels. (f) Relative intensity of the spectral components in 

the Bi 5d spectra shown in (e). (g) Angular dependence of the relative intensities of the Bi 5d spectral 
components after deposition of 0.8 ML Fe.  
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Fig. 2. STM images for the Fe-covered Bi2Te3 (111) surface. (a) 0.15 ML deposited at a temperature of 85 
K. The inset shows the corresponding image of the clean Bi2Te3 surface with atomic resolution. STM images 
for (b) 0.2 ML Fe deposited at 300 K, and (c) 0.4 ML Fe deposited at 300K. The small Z-corrugation along 

the line scans marked by dashed lines in (a), (b) and (c) are given below each image.  
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Fig. 3. Experimental photoelectron diffraction data for the Fe covered Bi2Te3 (111) surface. Diffraction 
patterns for (a) Bi 4f , (b) Te 4d and  (c) Fe 3p core levels as a function of increasing Fe coverage, indicated 

as vertical axis (from top to bottom). The kinetic energy (KE) at which the patterns where recorded is 
indicated on top (from left to right).  
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Fig. 4. Photoelectron diffraction experimental and theoretical results. (a) Fe 3p experimental diffraction 
pattern for 2.2 ML Fe on Bi2Te3. (b) Holography reconstruction of the Fe local environment. (c) Atomic 
model consistent with the results shown in (b). (d) Simulated core-level shifts for the different Te and Bi 

atoms in each layer obtained for the optimized structure with ¼ population of the position Fe 2. The spectral 
features Bi C and Bi B in Fig. 1 correspond to Bi1 and Bi2, respectively, while the spectral feature Te B to 

Te1+Te2+Te3 (not resolvable in the core-level spectra).  
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Fig. 5. Chemical state selective photoelectron diffraction. (a) Bi 4f7/2 spectra for clean Bi2Te3 surface (top) 
and after deposition of 1.2 ML Fe (bottom) and corresponding experimental diffraction patterns (right). (b) 
Experimental and EDAC simulated diffraction patterns for two different charge states of Bi, as decomposed 

in the spectrum for 1 ML Fe on Bi2Te3 in (a).  
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Fig. 6.  Overview of the procedure used in the present work. The scheme illustrates a paradigm to determine 
the local structure of foreign atoms at the interface using full hemisphere photoelectron diffraction data.  
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Fig. 7. Influence of Fe deposition on the electronic structure of Bi2Te3. (a) ARPES dispersion of clean Bi2Te3 
measured at a photon energy of hν=55eV at room temperature. (b) Corresponding ARPES dispersion after 

deposition of 0.4 ML Fe. The intensity contribution from the bulk-conduction band (BCB) near the Fermi level 
and the TSS are clearly seen. (c) EDCs extracted from (a) and (b) at k||=0. (d) Corresponding MDCs 

extracted at 0.2 eV above the Dirac point.  (e) Schematic of Bi2Te3 with Fe magnetic impurities on the 
surface. (f) Representation of Fe magnetic moment in three-dimensions. (g) Calculated spectral weight at 

the Dirac point for different constraints in the orientation of the Fe magnetic moments within a range of solid 
angles. The constraints correspond to symmetric polar angles below 45° with respect to the x-y plane, which 

add up to the total solid angle indicated in the legend.  
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Fig. 8. Characterization of the interface structure for 20 nm thick Fe on Bi2Te3 using high-resolution STEM. 
(Top) Cross-sectional HAADF-STEM image. (Bottom) Corresponding Fourier transforms obtained from the 

green, blue and red regions labelled from 1 to 3, respectively.  
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Fig. 9. Details on the interface structure of 20 nm Fe on Bi2Te3. The top Bi2Te3 layer is shown with 
enlargements of three indicated areas. Red (1): quintuple layer; green (2): quintuple layer with a double 
layer; blue (3): septuple layer. The arrows mark the Van der Waals gaps. The inset on the top right shows 

the transition from a quintuple layer to a septuple layer, using the model proposed in Ref. 41.  
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Fig. 10. Interface composition of 20 nm Fe on Bi2Te3. (Top) STEM–EDX maps and corresponding line 
profiles. (Bottom) Line profiles taken over a larger depth emphasize the deviation of the Bi:Te ratio in the 

top layer and the regularization of this ratio when going deeper into the bulk.  
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