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Multiphase superconductivity at the
interface between ultrathin FeTe islands

and Bi>Te;

M| Check for updates

V. Tkac'?, S. Vorobiov ® 2%, P. Baloh ®2, M. Vondracek ®*, G. Springholz®?®, K. Carva®", P. Szabé®,
Ph. Hofmann®° & J. Honolka®*

FeTe monolayer islands situated on a topological insulator Bi,Tez (0001) surface were recently
reported to exhibit the opening of an energy gap below temperatures T ~ 6 K, which could be due to a
superconducting phase transition. In this work, we present a magnetic field dependent transport study
proving that this gap is indeed of superconducting origin. Upon cooling, several drops in resistance are
observed in the temperature range between 6 K and 2 K, indicating multiple transitions. Using the
Ginzburg-Landau theory, we show that the critical magnetic field of the dominant high-temperature
transition at ~ 6 K is governed by orbital Cooper pair breaking in larger FeTe islands, large enough to
exceed the superconductive coherence length £. At smaller island sizes, transitions at lower
temperatures < 6 K become more prominent, showing significantly increased critical fields dominated
by paramagnetic pair breaking. The multiphase superconducting behaviour is in line with an observed
wide distribution of FeTe islands width 5-100 nm and seems to reflect disorder effects at the interface
to BioTes. The proof of local superconductivity makes the FeTe interface to the topological insulator

Bi>Tes substrate a potential host of topological superconductivity.

Interfaces between superconductors and topological insulators (TIs) are
predicted to show interesting physics arising from a trivial to non-trivial
topology transition, where topological superconductivity (SC) may be
realised’.

The 2008 discovered iron-chalcogenide superconductor family
FeSe; <Te, and respective well-understood Bi-chalcogenide TTs Bi,Se; and
Bi,Te; are a promising material combination to study such physics. Both
have a simple van der Waals crystal structure consisting of stacked triple
(Ch-Fe-Ch) and quintuple (Ch-Bi-Ch-Bi-Ch) atomic layer units (Ch = Te,
Se), respectively. In the case of FeCh, one triple layer corresponds to one unit
cell (UC) of the respective bulk crystal structure. Throughout the work, 1 UC
FeCh will be denoted as a monolayer (ML). FeSe is particularly interesting as
its superconducting properties are shown to be highly susceptible to interface
effects. The bulk FeSe critical temperature of T, = 8 K* was shown to increase
up to 100K when a single FeSe monolayer (ML) is grown on insulating
SrTiO;’. In contrast to FeSe, the parent compound FeTe is at first glance less
promising as it is known to exhibit a bi-collinear antiferromagnetic (AFM)
order below T~ 70K and remains non-superconducting in the bulk'.

Surprisingly, recent studies of interfaces between FeSe and Bi,Se;
turned out not to show SC, while the combination of FeTe and Bi,Te; does.
First transport experiments through epitaxially grown n-layer thick Bi,Te;
on bulk-like FeTe (n-Bi, Tes/bulk-FeTe heterostructures) reported values of
T, which depend on the number of Bi, Tes layers and their lateral dimension
and reach a maximum T, =12 K at n = 7"". The superconducting phase is
tentatively assigned to unconventional SC triggered by interface-induced
charge transfer from FeTe into Bi,Te; topological surface states™'’, which—
at the same time—is believed to destroy the FeTe AFM order close to the
interface''. Recently, however, Qin et al. reported SC even for n=1"" with
similar values T, ~ 12 K, which suggests topology not to play a role, as Bi; Te;
develops its non-trivial TI properties only at thicknesses n>2". As a
complementary approach, inverted (n-FeTe/bulk Bi,Te;) heterostructures
were investigated by scanning tunnelling spectroscopy (STS). In this geo-
metry, TI properties of Bi,Te; can be considered intact, and the FeTe
magnetic state is directly accessible via spin-polarised scanning tunnelling
microscopy (SP-STM). As highlighted recently by Qin et al."”, although SC is
expected to emerge at the interface between Bi,Te; and FeTe the
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mechanism for SC might be fundamentally different in the inverted
approach for single layer FeTe grown on Bi,Tes. Indeed, considerable dif-
ferences are observed. For 1 ML FeTe (n=1), an energy gap in the local
density of states (LDOS) was observed in local STS at temperatures below
T ~ 6 K, considerably lower than the SC transitions T, ~ 12 K in (n-Bi,Tes/
bulk-FeTe) systems'. This gap is moreover reported to coexist with FeTe bi-
collinear AFM order. A trend towards a lower T in the inverted approach
were recently observed in transport measurements through FeTe,.Se,
monolayers on Bi,Te; when y is reduced from 0.25 to 0.1". The dis-
appearance of the gap at much lower temperatures could point to different
superconductive properties in (n-FeTe/bulk Bi,Te;), but a possible pseudo-
gap phase reported, e.g., in high-T. SCs'® was so far not ruled out. For a proof
of a true superconducting phase, magnetic field dependent studies, e.g. by
transport methods, would be needed to extract also characteristic critical
fields B. versus temperature.

In this work, we present a field-dependent transport study on (n-FeTe/
bulk Bi,Te;) systems, proving a superconducting phase and thus their
potential as a host for topological SC. In-plane transport was measured in
heterostructures consisting of Si-capped 1-2 ML thick FeTe (FeSe) layers,
which were grown ontop molecular beam epitaxy (MBE) fabricated
Bi,Te;(0001) (BiySe;(0001)) substrates. The observed transport properties
suggest the presence of a non-continuous superconducting state in (n-FeTe/
bulk Bi,Te;) samples, where the measuring current is flowing through the
Bi,Te; substrate between non-percolative superconducting areas of differ-
ent sizes, causing finite resistance even in the superconducting state. Sepa-
rated areas are inherently defined by the formation of 60°-rotated tetragonal
FeTe island domains on Bi,Te; visible in dark field electron microscopy. At
small FeTe coverages of 1 ML, these areas can be extremely small, falling
below the superconducting coherence length, which we see as an onset of the
paramagnetic Cooper pair breaking regime. Increasing the FeTe coverage to
~2 ML, the superconducting phase in FeTe/Bi,Te;(0001) becomes more
stable with higher critical temperatures of ~6 K. Respective critical fields of
B. ~ 2 T are attributed to orbital breaking of Cooper pairs with a coherence
length &(0) of tens of nm, which match the average scale of FeTe island
widths.

Results and discussion

Sample fabrication and x-ray photoemission spectroscopy
characterisation

For our transport studies, we grew FeCh (Ch = Te,Se) layers on respective
Bi,Ch3(0001) surfaces under ultra-high vacuum conditions, following a
two-step Fe-deposition and subsequent thermal annealing procedure [see
Methods section]. The growth procedure was first described by Cavallin
etal. and Manna et al. for bulk Bi-chalcogenide TIs'*"". In order to achieve a
higher sensitivity to ultrathin FeCh (Ch = Te,Se) layer properties in trans-
port measurements, we here use 300 nm thin MBE-grown Bi,Ch3(0001)
films, which reduces lateral shunt currents through the substrate and fosters
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Fig. 1 | Surface sensitive X-ray photoemission spectroscopy characterization. XPS
characterisation during growth of FeTe/Bi,Te; a-h and FeSe/Bi,Se; i—p samples. Te 4d,
Se 3d and Bi 5d CL spectra, were taken on initial Bi,Ch3(0001), after 1 ML FeCh growth,
and after a-Si capping (bottom, middle, and top panels). Fe 2p CLs after FeTe and FeSe

a step-edge induced nucleation and growth process of FeCh monolayer
islands'®. Deposited Fe amounts were chosen equivalent to coverages of one
and two MLs of FeCh (denoted as “1 ML” and “2 ML” FeCh samples hen-
ceforth). For ex situ transport methods, an amorphous Si cap layer was
finally added in situ to protect the interface from deterioration in air.

During the different steps of in situ sample preparation, surfaces were
thoroughly characterised by x-ray and ultraviolet photoemission spectro-
scopy. In surface sensitive x-ray photoemission spectroscopy (XPS), the
formation of FeCh on Bi,Ch3(0001) can be traced by the appearance of
characteristic chemical shifts in Ch and Bi core levels (CLs)'*". Figure 1
summarises CL spectra before and after FeCh growth, as well as after Si
capping. Te 4d and Se 3d CL contributions originating from the FeTe and
FeSe phase (denoted as Teg, and Se, in Fig. 1b, j) are shifted by 0.5 eV and
1.0 eV to higher binding energies (BEs) with respect to those from initial
Bi, Te; and Bi,Se; substrate (denoted as Te; and Se; in Fig. 1a, 1).

The intensity ratios (Teg/Te;) and (Seg./Se;) of respective components
in CLs moreover reflect the FeCh coverage on Bi,Ch; and can be referenced
to previously reported XPS data of 1 ML FeCh (thickness 6.3 A for FeTe and
5.5 A for FeSe) ontop of Bi,Chs'*. A shifted Bi 54 CL component at
BE ~ 24 eV indicates a partial chemical reaction of Bi,Ch; in line with the
reported growth of FeTe as top and embedded islands on Bi,Te;”’. Fe 2p CL
shapes in Fig. 1g, o look similar for FeTe and FeSe and are dominated by
asymmetric Doniach-Sunjic components (labelled Fepg) typical for a
metallic character of the layer. Contaminations, e.g., from carbon and
oxygen, were negligible at all stages of growth.

Study of the electronic band structure

We characterised the electronic band structure and Fermi surface topology
of our samples by angle-resolved photoemission spectroscopy (ARPES)
techniques. Figure 2 compares ARPES data of 1 ML FeTe (a, b) and 1 ML
FeSe (e, f) on Bi,Te3(0001) and Bi,Se;(0001), respectively. As references we
show ARPES data of in-situ cleaved single-crystalline bulk Fe; o,Te (c, d)
and FeSeysTeps (g h) counterparts under the same experimental
conditions.

The ARPES Fermi surfaces and LEED patterns of the FeCh MLs (Fig.
2a, ) exhibit the characteristic 12-fold symmetric (k,, k,)-space pattern in
line with the previously reported formation of three equally prominent 60°-
rotated tetragonal FeTe and FeSe island domains (D;, D,, and D5 hereafter)
on the hexagonal Bi,Te;(0001) and Bi,Se;(0001) surface symmetry'®”".
Dark-field microscopy imaging in Fig. 3a reveals D;, D,, and D3 domain
widths in the range of 5-100 nm, which we approximate by a normal
distribution of (50 + 20) nm.

Exemplary, the Brillouin zones (BZs) of one domain (D,;) and
respective X and M points are sketched in the ARPES Fermi surfaces in Fig.
2a, e. Respective bulk BZs are sketched in Fig. 2 ¢, g, assuming bulk lattice
constants T-X = 0.84 A* (@ =7n/3.75 A) and T-X = 0.82 A" (2’ =/3.82 A),
respectively. The Fermi surfaces of the bulk reference samples in Fig. 2¢, g
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formation before and after Si-capping are shown in g, h and o, p, respectively. Fits of Te
4d, Se 3d, and Bi 5d CL spectra consist of Voigt-doublet components assuming a Shirley
background (grey line). For Fe 2p spectra, asymmetric Doniach-Sunjic profiles (Feps)

were used. Fitting methods are described in detail in the methods section.
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Fig. 2 | Electronic band structure characterisation. Room-temperature ARPES
data (hv=21.2eV) of 1 ML FeTe and 1 ML FeSe samples before Si-capping and
cleaved bulk FeTe and FeSeTe reference samples. The top row shows the Fermi
surfaces and LEED patterns, and bottom row the respective band structures (dark
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colour corresponds to high intensity). Left half: Comparison of 1 ML FeTe on
Bi,Te;(0001) a, b with bulk FeTe ¢, d. Right half: Comparison of 1 ML FeSe on
Bi,Se;(0001) e, f with bulk FeSeq sTe s g, h.

correspond to their tetragonal phase at temperatures well above any
known AFM phase transitions in bulk FeSe,Te; , systems (~70K for
FeTe) or tetragonal-to-orthorhombic structural transition in bulk FeSe
systems ( ~ 90 K)*. Both Fermi surfaces exhibit a point-like intensity at T
and a tetragonal cross-shaped intensity distribution due to higher
intensities along I'-X directions with respect to I-M. A broad ARPES
intensity at M is visible in FeSeTe (Fig. 2g), while in FeTe (Fig. 2c) it is
suppressed, all in agreement with earlier reports at photon energies ~
20 eV and T > 120 K***. The 12-fold azimuthal modulation of the Fermi
surface intensity for I ML FeTe and 1 ML FeSe at |kj| ~ 1.2 A (Fig. 2a, ¢)
is in line with a superposition of larger intensities along T-X directions for
each 60°-rotated domain D, D,, and Ds.

Figure 2 (bottom row) compares (ky, E) cuts through 1 ML FeTe and
1 ML FeSe (Fig. 2b, f) as well as bulk FeTe and FeSeTe (Fig. 2d, h). For 1 ML
FeTe and 1 ML FeSe X - T - X cuts through the BZ of D, are shown (see
vertical lines in Fig. 2a, e). While for single-crystal bulk samples, high-
symmetry cuts [-X and T-M in Fig. 2d, h are well-defined in their BZs,
respective cuts through D; in 1 ML FeTe and FeSe contain equal con-
tributions also from the 60°-rotated domains D, and D;. ARPES intensities,
therefore, appear averaged, and contain a mixture of bands observed in the
respective bulk case along I'-X and I'-M directions, e.g. bands indicated
T,-T; [for FeTe] and S,-S; [for FeSe]. Close to the Fermi surface, bulk and
1 ML data are comparable in the range |kj| <0.7 A", FeSe shows a broad
bow-tie-shaped w-band at 0.25 eV (see label in Fig. 2f) observed also, e.g., for
superconductive 1 ML thin FeSe on oxide surfaces™ and a suppressed
intensity at higher BEs between 0.5 eV and 1.0 eV*. FeTe on the other hand
exhibits the well-known fork-like bands around I', dispersing steeply from
the Fermi level to BEs of 1.5 eV with relatively constant intensity. In contrast
to 1 ML FeTe, the point-like intensity at I is missing in case of 1 ML FeSe. At
higher BEs [1.5 - 2.5] eV broad and strongly dispersing bands appear close
to |k ~ 0.5 A" along T-X and I-M directions (see white brackets in Fig.
2b, f), as reported earlier in refs. 22,23.

Itis important to note that after 1 ML FeCh growth, characteristic band
structure features of Bi,Ch3(0001), such as the topological surface state and
prominent downwards dispersing bulk bands starting at ~ 2 eV around T
have disappeared (Supplementary Fig. 1a, b and ref. 18). In its initial dec-
apped state, Bi,Te; and Bi,Se; both show the typical intrinsically n-doped
behaviour of bismuth chalcogenides (see Supplementary Fig. 1). It confirms
the high areal coverage of the Bi,Ch3(0001) surface by FeCh island domains,
in line with our microscopy results in Fig. 3a. We remark that the FeCh
coverage dissolves upon annealing to temperatures >400 °C, where the
reappearance of the bare Bi,Ch;(0001) band structure is observed (see
Supplementary Fig. 1c). At these temperatures, the Bi,Ch;(0001) step-edge
assisted nucleation and growth mode of FeCh monolayers (see ref. 18) seems
to break down. This is connected to a general loss of surface order evidenced
also by the absence of the Bi,Ch;(0001) topological surface state at T.

For ex situ transport measurements, the pre-characterised FeCh/
Bi,Ch3(0001) surfaces were finally protected by an amorphous Si cap of
several nanometre thickness, deposited in situ under UHV conditions at
room temperature (see also methods section). In order to monitor the
influence of the Si on the ultrathin FeCh layer properties, XPS was once
more done at an early stage of the cap deposition process, when the Si
thickness was comparable to the XPS probing depth of ~ 10 A. Te 4d, Se 34,
and Bi 5d CLs show slight uniform broadening upon Si deposition (see Fig.
1¢, k, as well as Fig. 1f, n). Fe 2p CL line shapes in Fig. 1h, p appear sharper
and more symmetric, pointing towards a less metallic character of Fe in the
presence of the Si interface.

Field-dependent superconductive transport through FeTe layers
on Bi>Te3(0001)

Low-temperature superconducting transport measurements Si-cap/FeTe/
Bi,Te;(0001) and Si-cap/FeSe/Bi,Ses(0001) heterostructures were realised
by 50 pum silver wire electrodes, which were attached to the Si-capped
samples via indium droplets as sketched in Fig. 3a. The sample resistances
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Fig. 3 | Transport measurement set-up and low-temperature resistance at

zero field. a Left: Schematic view of the 4-point (U*/U", I'/I") transport mea-
surement geometry on Si-capped FeCh/Bi,Ch; heterostructures. Magnetic fields B
(green arrow) are oriented perpendicular to the film. Right: Typical size distribution
of 60°-rotated FeSe domains D}, D, and D3 on Bi,Se; (reproduced from ref.", CC
license 4.0 https://creativecommons.org/licenses/by/4.0/). b Zero-field temperature
dependence of the electrical resistance of Si-capped FeTe/Bi,Te; samples with 1 ML

0 50 100 150 200 250 300
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of FeTe (black triangles — left scale) and 2 ML of FeTe (green circles - right scale).
Inset: Low-temperature region in detail with multiple resistance drops. The red
dashed line marks a transition at about 6 K in both samples.c Temperature depen-
dence of the electrical resistance of Si-capped FeSe/Bi,Se; sample (black circles - left
scale) and - for comparison - a bare Bi,Se; sample (red circles - right scale). Inset:
Low-temperature region in detail.

have been determined from the voltage responses (U" / U") at low bias
currents (5 nA to 10 pA) through the leads (I / I"). External magnetic fields
were applied perpendicular to the sample plane. We refer the reader to the
methods section for further details.

Figure 3 shows the temperature-dependent lateral electrical resistances
R(T) measured in zero field on Si-capped 1 ML FeTe/Bi,Te; (Fig. 3b-black
symbols), 2 ML FeTe/Bi,Te; (Fig. 3b—green symbols) and FeSe/Bi,Se; (Fig.
3c—black symbols) heterostructures. For comparison, we added a typical
R(T) curve of pure Bi,Se; in Fig. 3¢ (red symbols). Looking at this data at
lowest temperatures, the inset of Fig. 3c shows a slight increase of the
resistance below 6 K for FeSe/Bi,Se; and, much weaker, for Bi,Ses;. For
Bi,Se;, recent works attribute this rise to increasing electron-electron
interactions in the TSS of Bi,Se; at low temperatures™. All R(T) curves in
Fig. 3 reveal very similar metallic temperature dependencies down to about
6 K with a residual-resistance ratio RRR ~ 2 and saturation below 30 K. At
T ~ 6 K, asharp 10% drop in resistance is visible in 2 ML FeTe/Bi,Tes, which
is followed by a more continuous decrease below 3 K (see the inset in Fig.
3b).Inthe 1 ML FeTe/Bi,Te; case, the drop at T ~ 6 K (see vertical red line in
the inset Fig. 3b) is significantly smaller, while the transition below 3 K now

appears as two rather sharp drops at T=2.8K and T=2.4K (total drop
amounts to 1%, leveling off at a finite resistance ~ 4.01 Q). The transition
temperatures are best visible on logarithmic temperature scales in Fig. 4a, b.
Respective R(T) data of the FeSe/Bi,Ses heterostructure shows no sudden
drops and approximately follows the curve measured on a pure Bi,Ses
sample. Comparing the resistance data obtained on our heterostructures
with that of pure Bi,Se;, we can conclude that the order of resistance values
of our heterostructures are mainly determined by the respective Bi,Chs
(Ch =Te, Se) substrate™.

The multiple drops of the resistances observed in 1 ML FeTe/Bi,Tes
and 2 ML FeTe/Bi,Te; heterostructures at low temperatures point towards
the presence of non-percolative low resistance phases formed at the inter-
faces FeTe/Bi,Te; or FeTe/Si. We ruled out a significant role of the FeTe/Si
interface for SC, e.g., due to silicide formation’”*, by measuring Si-capped
bulk FeTe reference samples where no drops in resistance were observed at
temperatures below 40 K (Supplementary Fig. 3). Instead, the resistance
drops in our data around 6 K confirms the abovementioned STS studies on
FeTe/Bi,Te; in the absence of a Si-interface. Local STS on monolayer FeTe
reported the formation of energy gaps at critical temperatures T. = 6.5 Kand
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Fig. 4 | Derivation of the critical fields from field-dependent resistance mea-
surements. a, d show minor (blue arrows) major (AR) steps in the zero-field
resistance of Si-capped FeTe/Bi,Fe; for 1 ML and 2 ML FeTe coverages. Respective
magnetic field-dependent data is shown in b, e. For reasons of clarity, the data are not
shown for all fields measured. Panels ¢ and f plot temperature-dependent critical
magnetic fields B. determined from data b, e at different percentage levels of the total

drop AR. 25%, 50%, and 75% levels are shown as horizontal lines for clarity. Dotted
lines fit the linear temperature-dependence characteristic for orbital pair breaking.
The black solid lines represent fits according to Werthamer-Helfand-Hohenberg’s
(WHH) theory with values B, (0) =260 mT and 1600 mT for 1 ML and 2 ML,
respectively. Arrows in ¢ are guides to the eye indicating a change towards high
critical fields above the blue-coloured B = 60 mT line.

T.=75K for “top” an “embedded” island types, respectively'®. Our
observed additional transitions in the temperature range 2-3 K were not
reported in STS works at respective temperatures and suggest the existence
of even further superconducting phases on a local scale.

To prove the superconducting origin of the observed low-temperature
drops in the R(T) curves for FeTe/Bi,Te; heterostructures, we studied their
magnetic field dependence. R(T) curves, measured at different fixed mag-
netic fields B are shown in Fig. 4, for 1 ML (Fig. 4b) and for 2 ML FeTe
heterostructures (Fig. 4e). The drops of the R(T) curves are shifting to lower
temperatures with increased magnetic fields, indicative of SC transitions in
both cases. Despite the evidence for SC, both sample resistances, however,
remain finite down to 1.8 K. The effect of magnetoresistance is negligible in
the 1 ML sample, where a small magnetic field of 130 mT was applied (Fig.
4b and Supplementary Fig. 4b). For 2 ML, at much higher fields, a slight shift
is visible at 6 K (Fig. 4¢) due to magnetoresistance in the normal phase.

Finite values of the resistances below the critical temperature are typical
for samples where only small amounts of the material is superconducting
and measuring currents are flowing through non-percolative super-
conducting islands/phases. This is in line with microscopy results in Fig. 3a,
where (50 +20) nm wide FeTe islands with D;, D,, and D3 orientations
seem to be below the percolation limit. We note that also in the case of
(n-Bi,Tes/bulk-FeTe) heterostructures, a finite resistance is reported when
the Bi,Te; coverage reaches the limit # = 1-2, where the percolation limit is
expected’. In our case, as discussed above, the multiple zero-field resistive
transitions at different temperatures (inset Fig. 3b) evidence that these non-
percolated islands have varying superconducting properties.

B-T phase diagrams of 1 ML and 2 ML FeTe samples can be derived
from the measured field-dependent transport properties. The value of the
critical temperature T.(B) at a fixed magnetic field has been determined
from the resistive transitions shown in (Fig. 4b, e). As determination criteria,
we used the classical method, where the critical temperature T, is evaluated
at different percentual values of the total resistance step AR=(R® - RY)
between the normal state resistance (R") and the superconducting (R®) state.

Since our samples did not show zero resistance below the transition tem-
peratures, we considered the plateaus at R® = 4.01 Q for 1 ML sample and at
R =0.756 Q for 2 ML sample as the resistance in the superconducting state
as indicated in Fig. 4a, d.

Figure 4c shows the B-T phase diagram of the 1 ML sample for the two
well-defined transitions below 3 K. Field-dependent T(B) values determined at
different percentual levels 10%, 25%, 50%, 75%, and 90% of AR are plotted in
colours specified in the legend. For clarity, 25%, 50%, and 75% levels are
indicated exemplary as horizontal lines in Fig. 4b, e. Points labelled in pink
symbols (10% AR), green (25% AR), and red (50% AR), representing mainly the
phase with the lowest T, ~ 2.4 K, reveal a rapid increase in the slopes near
below T, (for 10% AR the slope is shown as black dashed line in Fig. 4c). Above
magnetic fields B ~ 60 mT (horizontal blue dashed line), an evident change in
their curvature is visible. When the T values are determined at higher 75% AR
and 90% AR values, the resulting T.(B) curves correspond to the T =2.8K
phase. Even though these curves are closer to a linear dependence, the change in
curvature above B = 60 mT towards steep slopes is evident (see the black arrow
in Fig. 4¢). It strongly suggests that the low-temperature phase with T, ~ 2.4 K
has a significantly higher critical magnetic field than the phase with T; ~ 2.8 K.

A different behaviour is observed in the respective B-T phase diagram
of the 2 ML sample shown in Fig. 4f. Here, T.(B) curves are quasi-linear for
all percentual values 10%, 25%, 50%, 75%, and 90% of AR with critical
temperatures of ~ 5.5 - 6 K. We comment that we have compensated for the
above-mentioned small magnetoresistance effect by shifting the R(T) data in
finite fields (Fig. 4e) to match the zero-field data in the normal phase at 6 K.
The different linear slopes indicate different B, values, which reflects the
strongly smeared resistive transitions in Fig. 4e in the presence of multiphase
superconductivity. The small variation of T, values between 5.5 K and 6 K
derived by linear extrapolation strongly suggests that in transport properties
the phase with T,; =5.8 K dominates. We were able to confirm the prop-
erties of this superconductive phase independently by magnetic suscept-
ibility measurements giving a consistent critical temperature T, = 5.8 K for
the 2 ML sample (see Supplementary Figure 2).
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Discussion of the pair breaking mechanism in FeTe and multi-
phase superconductivity
In the following, we discuss the B-T phase diagrams of 1 ML and 2 ML
samples in the framework of the Ginzburg-Landau theory for type-II
superconductors™, considering that Cooper pairs forming the super-
conducting condensate can be destroyed by orbital or Pauli paramagnetic
pair breaking effects.

In the case of orbital pair breaking, the Cooper pairs are broken by
superconducting screening currents at the upper critical magnetic field
B.,(0), defined as

(O]
B, (0) = F(OO)Z 1)

where @) =2.07 x 107" Tm” is the magnetic flux quantum and &(0) is the
superconducting coherence length at T'= 0. For FeSe such critical fields are,
e.g. about ~ 7 T%.

Following the Werthamer-Helfand-Hohenberg (WHH) theory ', the
upper critical magnetic field increases linearly with decreasing temperature
and saturates at temperatures close to zero. The saturated value B,(0) can be
estimated from the linear critical field determined from the extrapolation of
the linear temperature dependence down to zero in accordance with the
expression B,(0) = —0.69T¢c|dB, /dT |y, .

When SC is suppressed through a Pauli paramagnetic pair-breaking
mechanism, the Zeeman splitting energy of the electronic spins exceeds the
superconducting energy gap and destroys the Cooper pair spin ground state.
In this case, B, is recognised as the Pauli-limiting field, defined as

BP
¢ gup

@

where g ~2 represents the Landé factor, yp the Bohr magneton, and A the
value of the superconducting energy gap at zero temperature. The value of
BP(0) can be estimated in the Clogston limit as BY[T] ~ 1.8T . [K]”. The
Pauli limiting critical magnetic field reveals a typical square-root
temperature dependence BY o (1 — T/T,) /2 at temperatures near T..

Which of the pair-breaking mechanisms dominate the suppression of
SCin the presence of an applied magnetic field depends on the lateral sample
size with respect to the direction of the field. The orbital effects dominate in
bulk 3D samples or wide thin films in perpendicular magnetic fields. In the
case of nanoscale samples, when the magnetic field is applied in a direction
where the sample dimension is smaller than the coherence length &, the pair
breaking is realised via paramagnetic Zeeman spin-splitting. This is the case
in e.g. for ultra-thin films (thickness < &) in the parallel field or super-
conducting nanostructures (with dimension < &).

In the following, we will show that the B-T phase diagrams of 1 ML and
2 ML FeTe samples suggest coverage-dependent contributions from both
orbital and paramagnetic pair breaking mechanisms. The different curva-
tures of the B.(T) curves of the 1 ML sample derived from different deter-
mination criteria (Fig. 4c) indicate the appearance of different pair breaking
in the same sample. The huge slope of the B.(T) curves (black dashed line)
and the evidently higher critical magnetic field of the low-temperature phase
with T, = 2.4 K strongly suggest the presence of paramagnetic suppression
of SC in this phase. On the other hand, the quasi-linear B.(T) dependencies
responsible for the phase with T, = 2.8 Kindicate orbital pair breaking, with
much lower B, ~ 260 mT (solid black line). The change in curvature of all
B.(T) curves between 60 mT and 100 mT (emphasised by arrows at the end
of pink and orange curves), visible regardless of the determination criteria
(10-90% AR), is due to the flow of measuring current through both phases.
Above 150 mT the low temperature phase (T, = 2.4 K) with higher (Pauli-
limited) critical fields dominates (open black arrow). The observation of
both orbital and paramagnetic pair breaking effects in one non-percolative
sample is possible only if the sample consists of separate superconducting
islands of different widths, of which a large number have sizes smaller than
the coherence length.

For the case of orbital pair breaking, the critical field B.(0) ~ 260 mT
allows to estimate an in-plane coherence length of £(0) = 36 nm in the 1 ML
case, which indeed only cuts a part of our typical island width distribution of
(50 +20) nm.

For the 2 ML FeTe sample, the B-T phase diagram in Fig. 4f reveals
quasi-linear dependences in all B(T) curves determined at different
determination criteria (10-90% AR) and all measured temperatures.
Here, the linear slopes change with determination criteria (10-90% AR)
but converge into the same value T, ; ~ 5.8 K. For the highest slope, we
can estimate the value of the zero temperature critical field B.(0) of 1600
mT again by a WHH fit (solid black line in Fig. 4f). This value is far below
the Clogston limit of Pauli pair breaking, which would predict critical
fields of approximately 10 T for a superconductor with T.=5.8K. It
confirms the orbital pair breaking mechanism at T.; in the 2 ML case,
consistent with the observed linear behaviour of B.(T). The corre-
sponding coherence length for the critical field 1600 mT corresponds
to £(0) = 14 nm, which is close to the low end of the typical distributions
of (50 +20) nm. We comment here that for (n-Bi,Tes/bulk-FeTe) het-
erostructures with n="7 considerably smaller values of£(0)=5.2 nm
were found’, which underlines the possible inequivalence in interface
physics of the two approaches.

From the above discussion of field-dependent transport measurements
and respective B-T phase diagrams we can conclude the presence of non-
percolative multiphase SC in our FeTe/Bi,Te; heterostructures. The mul-
tiphase character of the superconducting state in 1 ML and 2 ML samples
becomes visible as multiple transitions with different pair-breaking
mechanisms, starting at temperatures T, = 6 K and continuing below 3 K.

The high-temperature transition at 6 K is most intense at higher FeTe
coverages 2 ML and respective critical fields reveal orbital pair-breaking
character. This transition compares well to the reported formation of an
energy gap at temperatures T, = 6.5 K locally measured by STS in zero field
on extended several tens of nanometre wide FeTe monolayer islands on
Bi,Te;'. This work’s proof of the true superconducting nature of the
reported energy gap makes the material system a candidate for the search for
topological superconductivity.

Transitions below 3 K, not reported so far, become well-defined at
lower FeTe coverages of 1 ML. The temperature dependence of the critical
magnetic field of the lowest transition at T, = 2.4 K shows evident multi-
phase character and a huge increase in B, near below T,,. We attribute this
increase to the presence of paramagnetic pair breaking in extremely small
superconducting FeTe islands with lateral dimensions smaller than the
coherence length.

The lateral dimensional effects of individual superconducting
islands can cause not only different pair-breaking mechanisms and dif-
ferent values of the local critical magnetic field B, but also different T,
values. As the dimension of the islands decrease, the mean free path of
the charge carriers forming its Cooper pairs decreases, which induces an
increase in the electron-electron interaction. This reduces the electronic
shielding, enhancing the Coulomb interaction, and leads to suppression
of the amplitude of the superconducting wavefunction. Therefore, as the
size of a superconducting nanostructure decreases, we can observe a
gradual suppression of the energy gap as well as the critical tempera-
ture T.”.

Variations in local T, can, moreover, be caused by local variations in
FeTe/Bi,Te; interface properties such as “top” (FeTe van der Waals growth
ontop of Bi,Te;) and “embedded” (chemical reaction with underlying
Bi,Te; during FeTe growth) monolayer island types', the nucleation of
double-layer FeTe islands even in the nominal 1 ML coverage case”, or the
recently observed 2x8 and 1x2 superlattices in the case of van-der-Waals
grown FeTe".

Despite the shown unprecedented quantitative values of critical mag-
netic fields and our interpretation of Cooper pair breaking mechanisms in
the framework of Ginzburg-Landau theory, the cause of absence of super-
conductivity in FeSe/BiSe;™ and the origin of superconductivity in FeTe/
Bi,Se;*'*'"** remain fundamental open questions.
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Methods

Sample preparation under UHV conditions

All samples studied in this work were entirely fabricated under UHV
conditions (base pressure p =5x10"" mbar) to ensure clean materials and
interfaces. FeCh (Ch = Te, Se) layers were grown on respective Bi,Ch;(0001)
surfaces following a procedure described first by Cavallin et al. and Manna
et al.""” for bulk Bi,Ch; substrates. Here, we use 300 nm thin MBE-grown
Bi,Ch3(0001) films on insulating BaF,(111) as substrates. In comparison to
bulk surfaces, the choice of MBE-grown Bi,Ch3(0001) film substrates fosters
a more homogeneous step-flow growth of FeCh monolayers nucleated at
densely distributed Bi,Ch3(0001) step-edges'®. Clean Bi,Te;(0001) and
Bi,Se3(0001) surfaces were achieved under UHV conditions after the
removal of protective (Te, Se) cap layers as described, e.g., in ref. 18.

Fe amounts equivalent to coverages of one, and two monolayers were
deposited at room temperature from a calibrated Omicron evaporator. Fe
fluxes from an Omicron evaporator were calibrated by comparing Fe 2p core
level XPS intensities with those of Bi as well as Te or Se. Typical evaporator
settings (I;y = 1.6 A, U=710V, L5, = 10 mA) resulted in fluxes of ~ 35 nA.
Fe coverage estimations by XPS were cross-referenced to STM data of
respective Fe growth on clean Au(111).

After Fe deposition, FeTe and FeSe layers form during a 30 min
annealing step at temperatures 250 °C and 300 °C, respectively. For ex situ
transport methods, an amorphous Si cap layer was finally added in situ to
protect the interface from deterioration in air. Si-capping layers were
deposited at room temperature from a Si evaporator at 20 cm sample dis-
tance at maximum pressures of 1 x 10" mbar during deposition.

Photoemission spectroscopy
k-PEEM measurements with laboratory light sources were done at room
temperature using an Omicron NanoESCA system. The photoemission
spectrometer is based on a PEEM column and an imaging double hemi-
spherical energy filter. XPS is done with monochromatised Al K, radiation.
Energy-dependent k-space mapping was performed using a helium dis-
charge lamp at hv=21.2eV with an analyser kinetic energy resolution
AE =0.2 eV. An overview of the used techniques can be found in ref. 36.
Fitting of core level spectra from XPS and UPS experiments was done
in the program KoIXPD [https://www.kolibrik.net/kolxpd]. Bi 5d, Te 4d,
and Se 3d were fitted by spin-orbit split Voigt doublets. A Shirley back-
ground is assumed in all cases. For Fe 2p spectra, the leading edges are fitted
by Doniach-Sunjic profiles.

Low-temperature transport measurements

The samples were glued on a standard Quantum Design Helium-3
puck for resistivity measurements with BF-6 glue. Samples were
electrically separated from the Helium-3 puck by capacitor paper.
Electric contacts were created by 50 um silver wires, which were
attached to the sample via indium droplets. The droplet was heated at
180 °C for several seconds by gently pressing the soldering tip to the
sample surface. This approach ensures good contact through the
protective Si layer. Contacts were arranged on the samples in four-
point configurations with contact distances of ~1 mm.

The electrical ex-situ transport measurements were realised in a
Quantum Design Physical Properties Measurement System (PPMS) using
the AC Transport option in the temperature range from 300 K to 0.4 K in
external magnetic fields oriented perpendicular to the plane of the sample
and with a minimum current value of I =0.01 mA.

Control measurements were performed with the Resistivity option to
exclude possible electric current heating effects at the lowest temperatures
with the AC Transport option. The resistivity option allows measuring with
a minimum electric current of 5 nA.

Susceptibility measurements

DC susceptibility measurements were performed in Quantum Design
Magnetic Properties Measurement Systems (MPMS3) in the temperature
range from 1.8 K to 10 K in several constant magnetic fields. The sample was

attached to a plastic straw, and the magnetic field was applied perpendicular
to the sample plane.

Data availability

Data available on request from the authors.
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