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Spoiler Alert: 
We have not yet succeeded
in making amorphous and 

superconducting Bi-Sb 
material  
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Why Bi-Sb materials?

 Bi and Bi-Sb alloys: interesting materials per se

→ pure bismuth is the strongest diamagnetic material,

it is semimetallic, and the liquid state is denser

than the solid (crystal)

 Promising thermoelectric materials

→ promising thermoelectric figure of merit: 

𝑧𝑇 = 𝑆2
𝜎


𝑇

 Potential amorphous topological superconductors

→ In amorphous state Bi and Bi-Sb alloys are

superconductors with Tc > 6 K !
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Topological

Superconductors
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Topological Insulators

[Rodríguez-Vega, Vergniory and Fiete, 
Physics Today 2022]
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Amorphous Topological Matter

crystal amorphous

[September 2022]
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Topological Superconductors

Experimental pathways to search
for topological superconductors:

Discovering intrinsic topological
superconductors (very rare!)

Inducing Superconductivity in materials
with nontrivial band topology
(topological insulators, semimetals…):

 Pressure
 Doping
 Proximity effect
 …
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Topological Superconductors

[Physics Today, 73, 6, 44 (2020) ]
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 Amorphization of Bi100−xSbx films:
Intrinsic Topological superconductors?

TOPOLOGICAL INSULATORS: Topological materials are insulating in the bulk but
conduct an electrical current on the surface or edges.

* One of the first examples of experimentally observed Topological Insulators:

Bi100-xSbx (7 < x < 22)

TOPOLOGICAL SUPERCONDUCTORS: They have a superconducting energy
gap instead of an insulating gap. They are expected to show “Majorana zero
modes”, very promising for QUANTUM COMPUTING:

* Bi100-xSbx alloys are superconducting only in amorphous state!  

 CHALLENGE: To amorphize Bi100-xSbx

crystals or films by ion irradiation



Introduction and Background
Quest for amorphous superconductors of Bi-Sb …

Amorphization of Bi100−xSbx

semimetallic

semiconducting
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Amorphization of Bi100−xSbx
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 CHALLENGE: To amorphize Bi100-xSbx

polycrystalline samples by ion-beam irradiation
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Growth by thermal evaporation

High purity Bi/Sb 
(99.995 %)

1
 m

m

8 mm

→Trying different substrates, 
evaporation procedures, etc.
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Insulator substrate

8 mm

1 mm

Bi–Sb

Sapphire

Electrodes

6 mm

Au

Bi100-xSbx

~10 μm - thick

crystalline films

x = 0, 5, 10, 15

Characterization by:

▪ Profilometry
▪ Scanning Electron 

Microscopy (SEM) + EDX
▪ X-ray diffraction

Structural and morphological
characterization
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Growth by melt spinning

Vicente Madurga
Cristina Favieres
José Vergara

Bi-Sb

pure Bi
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Carbon

thermometerHeater

Samples

• 4He cryostat (with a “1K pot”)

• T  2 K − 300 K

• P <10-7 mbar

• 4-point resistance measurements

Low-temperature electrical resistivity

[Andrino-Gómez et al., 
Low Temp. Phys. 50, 389 (2024)]



Experimental Techniques
Quest for amorphous superconductors of Bi-Sb …

Emax=Eext+VT·(1+q)·e

E1 (MeV)=1·VT·e E2 (MeV)=q·VT·e q= charge state

Eext =Vext·1·e

Ion sources

• Unique energy range in Iberian
peninsula

• High stability (ripple below 10−5)

Two ion sources:

• Duoplasmatron: H, He

• Sputtering: Solid targets, 
many beam species used
& molecular beams

5 MV tandem-type electrostatic Accelerator

= Center for Micro-Analysis of Materials
  (@ UAM)

Ion beam accelerator

→ Energy: 10´s of MeV
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Ion beam accelerator
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Ion beam accelerator

IMPLANTATION LINE
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Ion beam accelerator

Ion Beam Analysis (IBA)

Ion Beam Modification of Materials (IBMM)
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Ion beam accelerator

Ion Beam Analysis (IBA)

Ion Beam Modification of Materials (IBMM)

• Electronic and nuclear stopping force

[→ SRIM simulations] 

• Non-trivial variation vs. depth (Bragg peak), m scale

• Area affected by single ion has nm lateral dimensions

• Choose species, energy, fluence, dose rate

35 MeV [Br+] / diamond
 http://www.srim.org/

http://www.srim.org/
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Objectives and working plan

 Explore the possibility of obtaining (robust) subsurface amorphous ( superconducting)
regions in Bi and Bi-Sb alloys by irradiation with Swift heavy ions

 Prepare (polycrystalline) samples of
Bi100−xSbx (x = 0−15) by different methods

 Irradiate 1 cm2 samples at CMAM  
(mainly by 10-40 MeV Bi or I ions)

 Characterize samples before and after 
irradiation by:
- SEM, EDX, XRD, profilometry
- electrical conductivity (2−300 K) 

Bi
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Films by thermal evaporation

Bi100-xSbx

~10 μm - thick

crystalline films

x = 0, 5, 10, 15

top view

cross section

→ Irradiation
with Bi ions
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Films by thermal evaporation
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Films by thermal evaporation

 Irradiation of evaporated films with 10−30 MeV Bi self-ions
 Nominal 40% atomic vacancies in the range 1−3 m

Bi Bi90Sb10
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Films by thermal evaporation

X-ray diffraction
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Films by thermal evaporation

Electrical resistivity

Heater
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Films by thermal evaporation
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Films by thermal evaporation
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Nanowires: 

t = 40 nm

[S. Tang and M. S. Dresselhaus 2014]

Electrical resistivity
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Films by thermal evaporation

Meyer-Neldel (1937) Rule: 𝜎0 𝐸g

0 10 20 30 40 50
1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

x = 0, 5, 10, 15

 

 

 As-grown Bi
100-x

Sb
x

 Bi
+
 irradiated Bi

100-x
Sb

x

 Linear fit


0
 (


·m
)-1

E
g
 (meV)

×10
5

𝜌 𝑇 = 𝜌0𝑒
𝐸g/2𝑘B𝑇 1

𝜌
≡ 𝜎 = 𝜎0𝑒

−𝐸g/2𝑘B𝑇 = 𝜎00𝑒
𝐸g/2𝑘B𝑇0𝑒−𝐸g/2𝑘B𝑇

𝜎0 = 𝜎00𝑒
𝐸g/2𝑘B𝑇0

ln 𝜎0 = ln 𝜎00 +
1

2𝑘B𝑇0
𝐸g

Bi

Bi 95
Sb 5

Bi 90
Sb 10

Bi 85
Sb 15

20

25

30

35

40

45

50

E
g
 = 27 meV 

 As-grown

 Bi
+
- irradiated

 

 

 

E
g
 (

m
e
V
)

As-grown Bi

4 5 6 7 8 9 10

0.10

0.25

0.40

0.55

0.70

lo
g
 

1000/T (K
-1
)



Experimental Results (up to now)
Quest for amorphous superconductors of Bi-Sb …

Films by thermal evaporation

• Small-gap semiconducting behaviour

following the Meyer–Neldel empirical rule,

even for expected semimetal pure Bi.

• Resistivity increases with irradiation in 

pure Bi samples but decreases in Bi-Sb 

samples 

• Sample method of preparation highly 

affects the electrical properties.
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Ribbons by melt spinning

Bi-Sb

pure Bi

Bi100-xSbx

~10-40 μm - thick

crystalline ribbons

x = 0, 5, 10, 15
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Exhaustive study with different
methods of sample preparation

 Irradiation of Bi-Sb samples
with 10−30 MeV Bi self-ions

 Nominal 40% atomic vacancies in
the range 1−3 m

 Co-evaporation of pure materials
 Thermal evaporation of Goodfellow

stoichiometric alloys
 Melt spinning method
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SEM
(Electronic microscopy)
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Exhaustive study with different
methods of sample preparation

Bi90Sb10
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Exhaustive study with different
methods of sample preparation

Bi90Sb10
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Exhaustive study with different
methods of sample preparation

Bi90Sb10Bi

→ Thermal evaporation

→ Melt spinning
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Exhaustive study with different
methods of sample preparation

Bi Bi90Sb10
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Another turn of the screw

 (now focusing on melt-spun ribbons)

 Irradiation with more efficient
Iodine ions with 25−40 MeV

 Nominal 40% atomic vacancies in
a deeper range  4−7 m

 Also DOUBLING the fluences to
80% atomic vacancies
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Another turn of the screw

Bi Bi90Sb10



0 50 100 150 200 250 300
0.00

0.05

0.10

0.15

Melt spinning

 as grown

 irrad. I
+
 (40% vac.)

 irrad. I
+
 (80% vac.)

 

 
R
e
si

st
iv

it
y
 (

m


·c
m

)

Temperature (K)

Bi

Experimental Results (up to now)
Quest for amorphous superconductors of Bi-Sb …

Irradiation with Iodine ions
(40% / 80% vacancies)       

for x = 0, 5, 10, 15.

Bi
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 We have irradiated further samples:

- new, longer and thinner ribbons by melt spinning
- comercial foils of pure Bi

 … with 25−40 MeV Iodine with 2 and 3 the reference fluences (40%)

 We are currently characterizing those samples…
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 We have prepared, irradiated and characterized different types of Bi100−xSbx samples
(Materials Science Matters!)

 We have irradiated all types of Bi-Sb samples with 10−30 MeV Bi ions, aiming to generate
damage 3 m in depth (with nominally 40% atomic vacancies)
→ Only melt-spun ribbons exhibited the electrical behaviour of bulk crystals
→ Low-T resistivity curves typically decreased with increasing irradiation

 Focusing only on melt-spun ribbons, we also have irradiated with 25−40 MeV I ions, 
aiming to generate damage in a deeper range 3.5−7 m (with nominally 40% and also
80% atomic vacancies)
→ These irradiations further improved (slightly) the electrical conductivity

 Structural and electrical measurements show that irradiated samples still remain
polycrystalline (not amorphous) and hence non-superconducting, but rather semimetallic
(Bi) or small-gap semiconducting (Bi-Sb)
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 Concluding measurements and characterization on new samples with
higher I-ion fluences for all studied compositions of Bi100−xSbx (x = 0−15).

 Planned similar I-ion irradiations but at lower temperatures (77 K) 
@HZDR

 Trying to conduct irreversible densification of Bi100−xSbx samples
(before and after irradiation) 



Quest for amorphous superconductors of Bi-Sb alloys
by irradiation with swift heavy ions

¡Gracias!

Thank You!
Tack!
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