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Magnetically tunable supercurrent in dilute 
magnetic topological insulator-based 
Josephson junctions

Pankaj Mandal    1,2 , Soumi Mondal1,2, Martin P. Stehno1,2, Stefan Ilić3, 
F. Sebastian Bergeret    3,4, Teun M. Klapwijk1,5, Charles Gould    1,2  & 
Laurens W. Molenkamp    1,2 

A superconductor, when exposed to a spin-exchange field, can exhibit 
spatial modulation of its order parameter, commonly referred to as the 
Fulde–Ferrell–Larkin–Ovchinnikov state. Such a state can be induced by 
controlling the spin-splitting field in Josephson junction devices, allowing 
access to a wide range of the phase diagram. Here we demonstrate that 
a Fulde–Ferrell–Larkin–Ovchinnikov state can be induced in Josephson 
junctions based on the two-dimensional dilute magnetic topological 
insulator (Hg,Mn)Te. We do this by observing the dependence of the critical 
current on the magnetic field and temperature. The substitution of Mn 
dopants induces an enhanced Zeeman effect, which can be controlled with 
high precision by using a small external magnetic field. We observe multiple 
re-entrant behaviours of the critical current as a response to an in-plane 
magnetic field, which we assign to transitions between ground states with 
a phase shifted by π. This will enable the study of the Fulde–Ferrell–Larkin–
Ovchinnikov state in much more accessible experimental conditions.

In their pioneering papers, Fulde and Ferrell, and Larkin and Ovchin-
nikov, predicted the existence of an inhomogeneous state now car-
rying their names (FFLO) when a superconductor is exposed to a 
spin-exchange field1,2. The FFLO state is a consequence of the interplay 
between this exchange splitting (or, more generally, any spin-splitting 
field such as a Zeeman field) in the conduction band and the singlet-state 
Cooper pairs of the superconductor: the pairing state acquires a finite 
momentum proportional to EZ/vF, where EZ is the Zeeman energy and vF 
is the Fermi velocity. This, in turn, leads to a spatially oscillating order 
parameter. The initial observation of an FFLO state3 in the superconduc-
tor κ-(BEDT-TTF)2Cu(NCS)2 (BEDT-TTF=bis(ethylene-dithio)tetrathi-
afulvalene) was restricted to a small temperature and magnetic field 
range. A recent flurry of activities has shown the same behaviour in 
various other systems4–7 that are intrinsic bulk superconductors. A state 

analogous to the FFLO state can occur in hybrid superconductor sys-
tems, where superconducting correlations in a non-superconducting 
material are induced by proximity in a spin-splitting field. The latter 
can be caused by an external field via Zeeman coupling or in ferromag-
netic metals (F)8–10 with an intrinsic exchange field at the Fermi level. 
As in bulk superconductors, the spin-splitting field leads to pairs of 
electrons with a finite momentum, which manifest as a spatially oscil-
lating effective order parameter induced in the non-superconducting 
material defined as Ψ(r) = 〈ψ↑(r)ψ↓(r)〉. Notably, whereas the FFLO state 
in bulk systems is restricted to a narrow range of the phase diagram, the 
proximity-induced FFLO (pFFLO) state occurs at any field value, allow-
ing for tunability of the device and potentially opening a path towards 
applicability. While our experiment does not involve scanning probe 
techniques and thus cannot directly measure the spatial modulation of 
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incorporated in our weak link reduce the required critical fields by 
more than one order of magnitude, allowing us to directly measure 
the magnetic field dependence of the critical current, and this over a 
substantial temperature range.

The material used for the superconducting leads is MoRe. It has a 
high upper critical field Hc2 and is connected to the quantum well using 
a side-contact geometry, as shown in the schematic of Fig. 1a. A picture 
of one of the devices is shown in Fig. 1b. The critical temperature Tc of 
the MoRe is ~9.6 K, which corresponds to a Bardeen–Cooper–Schrieffer 
(BCS) gap (Δ) of 1.4 meV. The investigated JJs have a width (W) of 5.5 μm, 
and their length (L) varies between 600 and 1,300 nm, all of which are 
below the mean free path (l = 1.7 μm) in the semiconductor. The JJs 
are studied under both perpendicular-to-plane (Hz) and in-plane (Hx) 
magnetic fields orthogonal to the current, as indicated in the device 
schematic in Fig. 1a. A schematic of the electrical transport measure-
ment scheme is shown in Fig. 2a.

Results
At zero magnetic field and the base temperature of the dilution fridge, 
an IC of 1.5 μA is observed, as shown in Fig. 2b for the JJ with L of 950 nm 
(labelled ‘J2’). Upon applying a perpendicular-to-plane magnetic field 
Hz, this junction shows a standard Fraunhofer pattern (Fig. 2c). This 
confirms a uniform current distribution across the width W of the JJ26. 
Flux focusing due to the Meissner effect from the long stripe-shaped 
superconducting leads (4 μm wide) determines the flux27.

Figure 2d–k shows the evolution of the I(V) characteristics as a 
function of the magnetic field Hx applied in the plane of the sample and 
orthogonal to the current direction. As Hx increases from 0 to 60 mT, 
we observe a reduction of IC. Interestingly, as Hx is further increased, IC 
begins to grow again until a field of 95 mT is reached, at which it again 
starts to decrease, reaching zero at 195 mT. These I(V) characteristics 
demonstrate re-entrant superconductivity in the JJ at a very low in-plane 
magnetic field of 60 mT.

This re-entrant behaviour can be seen in more detail by look-
ing directly at IC(Hx), as shown in Fig. 3a. The plotted values of IC are 
extracted from each I(V) measurement by selecting the current at which 
a finite voltage criterion of 2 μV is crossed. Given the 60 Ω resistive state 
resistance of the junction, this criterion sets a threshold of 30 nA on the 

Ψ(r), we view our observation of a 0–π transition and re-entrance super-
conductivity as a function of both the in-plane magnetic field and the 
temperature in the same dilute magnetic topological insulator-based 
weak link device as clear evidence of a pFFLO state.

The pFFLO state is responsible for, among other effects, the transi-
tion from a zero phase to a π phase in superconductor–normal–super-
conductor Josephson junctions ( JJs). This is actually a change in the 
ground state of the junction. It is detected as a re-entrant behaviour 
of the supercurrent. As a function of continuously varying a param-
eter, the observed critical current first decreases to zero and then 
increases again.

However, the measurement of such re-entrant behaviour or a 
π transition as a function of a single parameter is not sufficient to 
show a pFFLO state. One also needs to confirm the spatial modulation 
of Ψ(r), which is as shown in Fig. 1c. As such, previous experiments 
have only hinted at pFFLO, for example, by observing the re-entrant 
behaviour as a function of the temperature, thickness or magnetic 
configuration of multilayers, in ferromagnetic weak link junctions11–16, 
where no statement about spatial modulation in a single device can 
be made, or re-entrance as a function of the in-plane magnetic field in 
semiconducting weak links17–20, where it might originate from simple 
Fraunhofer-like interference as the field penetrates the cross-section 
of the only quasi-two-dimensional weak link.

As such, an unambiguous identification of pFFLO behaviour 
requires a highly tunable device where the re-entrant behaviour can 
be driven by multiple parameters. In ferromagnetic weak links9,11–14, this 
is not possible as there is no way to substantially tune the strength of the 
magnetic exchange field within a given device. In non-magnetic semi-
conducting devices, the Zeeman energy can be tuned by the application 
of a magnetic field, but the effect is sufficiently weak that the fields 
that would be needed to reveal pFFLO are so large that they destroy 
the induced supercurrent. In this Article, we use a dilute magnetic 
semiconductor weak link to explore the temperature and magnetic 
field dependence of the pFFLO state.

Experimental design and characterization
The (Hg,Mn)Te topological insulator weak links used in this study have 
only a superficial similarity to previous semiconducting weak link JJs 
studied under an in-plane magnetic field17. That study explored the 
effects of inversion asymmetry in a non-magnetic (and thus low Zeeman 
splitting) HgTe heterostructure designed to have strong spin–orbit 
coupling. The spin–orbit coupling strength, which is the product of 
the Rashba coefficient and the electric field across the quantum well, 
is strongly dependent on details of the layer stack.

To explore the pFFLO state, our weak link is engineered in the 
opposite limit from that of ref. 17: we use a highly doped symmetric 
quantum well in a heterostructure with an electrostatic layout chosen 
to minimize the electric field across the quantum well and, thus, to 
produce a negligible Rashba spin–orbit coupling. The strength of the 
spin–orbit coupling in the sample is determined by Shubnikov–de Haas 
analysis of the longitudinal resistance21 of a Hall bar made from the 
same layer (Supplementary Section 2B). The absence of any beating in 
the Shubnikov–de Haas data indicates negligible spin–orbit coupling 
in the transport properties of the layer. Moreover, by substituting a 
few per cent of the Hg with Mn to utilize the resulting giant effective g 
factor22–25, we greatly enhance the Zeeman effect. This strongly reduces 
the magnetic field needed to produce a Zeeman energy EZ = πℏvF/2L, at 
which the re-entrant behaviour can be observed. Here, L is the length 
of the JJ and vF is the Fermi velocity in the semiconductor.

This key difference in the junction material allows us to access 
a distinct experimental regime. In ref. 17, the large magnetic fields 
required to reach the 0–π transition condition destroy the supercur-
rent and limit the observations to measuring the differential resistance 
of the junction in the non-superconducting state. This, in turn, makes 
temperature-dependent studies impractical. The magnetic dopants 
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Fig. 1 | The device layout and a schematic of the spatial modulation of 
Re(Ψ(r)). a, A schematic of a side-contacted JJ with the quantum well indicated in 
red. The magnetic field directions are indicated in the left corner. b, A Nomarski 
microscopy image of one such investigated JJ. c, A schematic of Re(Ψ(r)) with an 
increase in the Zeeman energy, for zero field, a 0 junction and a π junction. Darker 
blue tones indicate more positive values, and darker red more negative, and white 
marks the zero crossings. The slight curvature in the function in the zero-field 
case results from the finite decay length for the proximity effect.
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IC sensitivity of the measurement. The red shaded region just above the 
x axis in Fig. 3a indicates that the measurements in this 0–30 nA range 
are below the proper experimental resolution.

Repeating this same process in the presence of an additional mag-
netic field Hz allows us to map out the full magnetic field response  
of the sample, as shown in the colour plot of Fig. 3b. In these wide and 
long (L > λF) JJs, the supercurrent per unit width js is given by  
js = jc(Hx) sin(Δϕ(x)), where jc is the Josephson critical-current density 

(ref. 26). Applying a perpendicular field Hz results in the usual Fraun-
hofer response due to the position dependence of Δϕ(x) along W. The 
Zeeman effect due to Hx directly affects the amplitude of jc. For a suf-
ficiently strong Hx, it can even reverse the sign of jc, inducing a π phase 
shift. In this picture, the clearly visible first and second re-entrance 
nodes at Hx ≈ 60 and 200 mT, which are roughly independent of Hz, 
suggest exactly such an amplitude modulation of jc(Hx) due to a spatial 
modulation of the pFFLO order parameter8–10. It should be noted that, 
to acquire these data, great care has to be taken to precisely identify 
the plane of the sample with respect to the magnetic field directions 
(see Supplementary Section 2D for further detail). This is essential 
given that, to reveal the interesting structure in both directions, the 
field range of Hx needs to be about 1,000 times that of Hz, such that a 
mis-alignment of even 1° would lead to a noticeable distortion of  
the data.

As discussed above, to unambiguously determine the existence of 
the pFFLO character of the state in the presence of Hx, one must examine 
the temperature dependence of IC. When no in-plane field Hx is applied, 
as shown in Fig. 4a, the critical current decreases monotonically with 
increasing temperature. However, when Hx is increased, IC at the base 
temperature starts to reduce, effectively vanishing at 60 mT, as shown 

by the thicker curve in Fig. 4a (and consistent with Fig. 3b). With a 
further increase in Hx up to 100 mT, the critical current at the base tem-
perature IC (T = 25 mK) increases and the temperature at which the zero 
critical current feature is observed also increases. This non-monotonic 
temperature dependence at finite Hx can be clearly seen in the colour 
plot of Fig. 4b, which shows the differential resistance (dV/dI) extracted 
from I(V) curves taken for the case of Hx = 85 mT plotted as a function 
of the current through the junction and temperature. The dark-blue 
area is the zero resistance region, while the paler colours show the 
resistive state. Clearly, also this temperature dependence shows a 0–π 
transition, at a temperature of about 400 mK. Since the non-monotonic 
behaviour in IC occurs only in the presence of finite in-plane magnetic 
field, the re-entrant behaviour in the weak link must be driven by a 
Zeeman-energy-like term. This is in contrast to the situation in ref. 17, 
where related in-plane re-entrance effects in HgTe not doped with Mn 
could be attributed to Rashba spin–orbit coupling effects.

To better understand the role of the Zeeman energy, we convert 
the data from Fig. 4a to a two-dimensional diagram of IC(Hx, T) with 
respect to field and temperature. This plot is shown in Fig. 5a for the 
L = 950 nm junction J2, whereas Fig. 5b shows a similar plot for J1 
(L = 730 nm). In these figures, the supercurrent is normalized to its 
value at zero field and base temperature, and the zero critical current 
nodes are identified by the dark-green colour. Both junctions show 
qualitatively the same behaviour: at the lowest temperature, the first 
node moves towards lower magnetic field. This observation can be 
explained by the temperature and field dependence of the effective 
average magnetization of the Mn atoms in the weak link. The alignment 
of the moments of the magnetic doping atoms in response to a mag-
netic field in dilute magnetic semiconductors is known to lead to a giant 

–50 50

–0.5

0.5

0

0

–50 500–50 500–50 500–50–100 100500

–50 500–50 500–50 500

–0.5

0.5

0

–0.5

–1

1

0.5

0

0

–0.5

0.5

0

–1

1

0

0

2

–2

–1

1

0

–1

1

0

1.5

1.0

T = 24 mK

0.5

0
–400–100 1000 –200 200 4000

V (µV)

V (µV)

I (
µA

)

I (
µA

)

I (
µA

)

I (
µA

)

V (µV) V (µV) V (µV)

V (µV) V (µV) V (µV) V (µV)

µ0HZ (µT)

µ0HX = 25 mT

I (
µA

)

I (
µA

)

I (
µA

)

I (
µA

)

I (
µA

)

I C
 (µ

A)

IC

IR

µ0HX = 45 mT µ0HX = 57.5 mT µ0HX = 60 mT

µ0HX = 195 mTµ0HX = 160 mTµ0HX = 95 mTµ0HX = 63 mT

Electrode

W

LMesa

4 µmI

V

a b c

d e f g

h i j k
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the critical current (IC) and the re-trapping current (IR). c, The Fraunhofer pattern 

of IC(Hz). d–k, I(V) characteristics taken at the various in-plane magnetic fields, 
indicated in the top of each panel, that are orthogonal to the current direction 
and at zero perpendicular-to-plane field. The measurements were done at the 
base temperature of the dilution fridge on sample J2.
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effective Zeeman effect, mediated through the exchange interaction 
between the d orbitals of Mn and the s–p orbitals of the current carrier 
electrons. The effective Zeeman energy (E∗Z) in this case follows the 
modified Brillouin function (B5/2) for spin 5/2 (refs. 28–30), given by

E∗Z = g0μBμ0H − ΔEmaxB5/2 [
5gMnμBμ0H
2kB(T + T0)

] , (1)

where g0 = −20 is the g factor for a HgTe quantum well without Mn 
atoms31, μB is the Bohr magneton, μ0 is the vacuum magnetic perme-
ability, gMn = 2 is the g factor for the Mn2+ ion, T is the temperature of 
the Mn spin system and kB is the Boltzmann constant. For (Hg, Mn)Te 
with a Mn concentration of 2.3%, ΔEmax = 4.3 meV is the saturated 
spin-splitting energy due to the sp–d exchange interaction29,30 and 
T0 = 730 mK (refs. 22–25) is an empirical fitting parameter that phe-
nomenologically accounts for the antiferromagnetic coupling between 
neighbouring Mn spins or to Mn clusters with non-zero spin32 (for a 
detailed discussion of this choice of parameters, see Supplementary 
Section 2F). Because of the argument of the Brillouin function, as the 
temperature is reduced, maintaining a constant E∗Z requires also reduc-
ing the magnetic field. This explains the reduction in the magnetic field 
required to observe the re-entrance behaviour at the lowest tempera-
tures of Fig. 5a,b.

To analyse the impact of the large Zeeman splitting on the trans-
port, we adapt the model of ref. 33 for the case of magnetic dopants 

(see Supplementary Section 1 for details). In the clean limit, the critical 
current is given by equation (20) of ref. 33. This is modified to our case 
by equating the exchange field in the ferromagnet to the effects of giant 
Zeeman splitting and can thus be rewritten as

IC ∝ T
||||

∞
∑
ω>0

f 2s γ2
sin(2E∗ZL/ℏvF)

2E∗ZL/ℏvF
e
−L
l (1+2ωτ)

||||
. (2)

This equation then describes the dependence of the critical current 
on temperature and E∗Z. The summation is over the Matsubara frequency 
(where ℏωn = πkBT(2n + 1) with n = 0, 1, 2…). vF = 6.3 × 105 m s−1 is taken 
from the established band structure for a HgTe quantum well of this 
thickness and Mn concentration34 and τ (= l/vF) is the momentum 
relaxation time. γ is an effective parameter describing the transport 

through the hybrid interface. fs = Δ/√Δ2 + (ℏωn)
2  is the anomalous 

Green’s function describing the superconducting state in the leads.
The γ parameter in equation (2), which can be assumed to be tem-

perature and magnetic field independent within the experimental 
range, is treated as an overall normalization. By using equation (2) with 
the material parameters taken from the above cited literature, we can 
compute the IC(Hx, T)/IC(0, Tmin) diagram without additional parame-
ters. Colour plots of such simulations are shown in Fig. 5c,d for each of 
the two junctions and show reasonable agreement with the data in 
Fig. 5a,b. Furthermore, the simulation can be compared with the 
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experimental data by looking at the normalized IC at the base tempera-
ture with respect to Hx (Fig. 5e,f). The simulation reasonably well repro-
duces the position of nodes in magnetic field for both lengths L of 
junctions. The length of the junctions is determined from optical micro-
scope images of the finished samples and has an uncertainty of less 
than 50 nm (limited by pixel size), whereas the y-axis error bar estimates 
the reading uncertainty on the position of the re-entrance nodes. The 
simulation captures not only the position of the nodes but also the 
amplitude of the re-entrant supercurrent at higher fields. As an addi-
tional comparison, in Fig. 5g,h, we look at the field position of the first 
and second node for the six studied devices, as a function of device 
length, again showing that the simulation correctly captures the experi-
mental observations. Taken as a whole, the agreement between the 
experiment and equation (2) highlighted in Fig. 5 indicates the 
Zeeman-driven pFFLO nature of the state responsible for the re-entrant 
superconductivity. To capture any influence of Rashba-type spin–orbit 
coupling in the low field re-entrant superconductivity would require 
more detailed studies. Indeed, the agreement is surprisingly good given 
that equation (2) assumes E∗Z > ℏ/τ, which is satisfied for fields much 
higher than 24 mT. Equation (1) is empirically well established for 
temperatures greater than T0 and appears to work quite well here 
despite the fact that applying the equation well below T = T0 is pushing 
the range of its tested validity.

Note that a conceptually similar model developed by Pientka et al.35 
was applied by Hart et al.17 to describe their data on a non-magnetic 
weak link. In the Pientka model, the considered problem is fully one 
dimensional, with only the current trajectory orthogonal to the JJ width 
taken into account. This model is sufficient to explain the set of data 
accessible in Hart et al. and indeed also can explain some features of 
our data such as the magnetic field at which minima in IC occur. Our 
probe of higher magnetic fields reveals features such as the magnetic 
field and temperature dependence of IC in the re-entrant lobes, which 
are not captured in this one-dimensional picture. In the same spirit, 
equation (2) takes the finite width of the JJ into account by averaging 
over the distribution of possible injection angles and reveals the rich 
physics allowing us to identify FFLO behaviour.

Conclusion
Whereas the FFLO state is determined by the properties of the bulk 
superconductor, the proximity-induced version of the effect depends 
on the properties of the weak link, which, as shown here, can be a semi-
conductor. Given the relative ease with which the transport properties 
of semiconductors (as opposed to those of metals) are affected by 
magnetic and electric fields as well as currents, this platform provides 
the flexibility to explore FFLO physics in ways that were previously 
experimentally inaccessible.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41567-024-02477-1.
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Methods
Quantum well growth and properties
The weak link is composed of a 2.3% Mn-doped 11-nm-thick (Hg, Mn)
Te quantum well sandwiched between (Hg, Cd)Te layers, grown by 
molecular beam epitaxy. These parameters place the quantum well 
in the topological regime34. This, however, does not play a role in the 
results of this paper since these devices are all highly n doped. The 
carrier density and mobility are 8.8 × 1011 cm−2 and 111,000 cm2 Vs−1, 
respectively, as determined from measurements on a 180 × 540 μm 
Hall bar made from the same wafer. This density corresponds to a 
Fermi wavelength λF = 27 nm and a Fermi energy (EF) of 97 meV above 
the bottom of the conduction band in our devices.

Lithography and measurement technique
The weak-link mesa is patterned using wet-etch techniques36. The 
geometry and technology used to produce the JJs are the same as 
in ref. 27. Direct current I(V) measurements are performed using a 
quasi-four-probe configuration where the current is swept from nega-
tive to positive values for all the data presented here.

Data availability
All data needed to evaluate the conclusions in the paper are present in 
the paper and/or Supplementary Information. Additional data related 
to this paper may be requested from the authors. Source data are 
provided with this paper.
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