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Observation of Two-Level Critical State in the Superconducting FeTe Thin Films*
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FeTe, a non-superconducting parent compound in the iron-chalcogenide family, becomes superconducting after
annealing in oxygen. Under the presence of magnetism, spin-orbit coupling, inhomogeneity and lattice distortion,
the nature of its superconductivity is not well understood. Here we combine the mutual inductance technique
with magneto transport to study the magnetization and superconductivity of FeTe thin films. It is found that
the films with the highest 𝑇C show non-saturating superfluid density and a strong magnetic hysteresis distinct
from that in a homogeneous superconductor. Such a hysteresis can be well explained by a two-level critical state
model and suggests the importance of granularity to superconductivity in this compound.
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Iron-chalcogenide is an important family of iron-
based high 𝑇C superconductors (Fe-SCs). It has the
simplest crystal structure with one layer of Fe square
lattice sandwiched between two layers of chalcogen
atoms. Despite the simplicity of its crystal struc-
ture, a single layer of FeSe grown on SrTiO3 dis-
plays the highest 𝑇C among Fe-SCs.[1] While the elec-
tronic structures are similar across Fe-SCs, the mag-
netic structure in the Fe square lattice is complex and
intriguing,[2,3] and is believed to be essential for the
pairing interaction in Fe-SCs.[4] As spin-fluctuations
on the FeSe side evolve into an antiferromagnetic
ordering on the FeTe side, superconductivity disap-
pears. Furthermore, in the presence of stronger spin-
orbit coupling at higher Te concentration, the band
structure of iron-chalcogenides has shown non-trivial
topology[5] and the vortex cores of the superconduct-
ing compounds have shown signs of zero-bias peaks.[6]

Inducing superconductivity in FeTe is therefore useful
for both the understanding of its relation with mag-
netism and utilizing even stronger spin-orbit coupling
in iron-chalcogenide family.

It has been reported that FeTe films may be-
come superconducting after annealing in oxygen[7]

or simply being exposed to air for a long time.[8]

The oxygen atoms occupy the interstitial sites in the
Te planes and substituting Te with O would only
suppress superconductivity.[9] Exposing a bulk crys-
tal to oxygen could not show the similar effect,[10]

suggesting that the substrate plays a role in induc-
ing superconductivity. Nevertheless, superconductiv-
ity has been found in FeTe films grown on differ-
ent substrates,[7,8,10] even those that do not neces-
sarily match the crystal symmetry and lattice con-
stant of FeTe.[7,10] The exact roles of oxygen and
substrate in inducing the superconductivity in FeTe
and whether such superconductivity bears any resem-
blance to other compounds in the iron-chalcogenide

family remain largely unknown.
In this Letter, we report the observation of two-

level critical state in the superconducting FeTe thin
films grown on Al2O3. We combine the mutual induc-
tance technique with magneto transport to uncover
the surface resistance change over 8 decades when the
superconductivity is tuned by temperature and mag-
netic field. Despite a 𝑇C of around 13K, superfluid
density does not saturate down to 2 K. Furthermore,
the films show magnetic hysteresis in surface resis-
tance distinctively different from what one might ex-
pect from a homogeneous superconductor with vor-
tex pinning. The hysteresis decreases with increasing
temperature and with reducing maximum magnetic
field in a way consistent with the two-level critical
state model. These observations suggest the impor-
tance of granularity for the superconductivity in FeTe
thin films induced by oxygen.

In experiment, we grew FeTe thin films using
molecular-beam-epitaxy on both Al2O3 and SrTiO3

substrates and annealed the sample in situ in an oxy-
gen pressure of about 10−2 Torr (see the supplemen-
tary materials). The films on the latter substrate
show better morphology (see the supplementary ma-
terials) but much lower or even zero 𝑇C. The current
study focuses on the films grown on Al2O3 and use
a film of 49 nm thick as a representative throughout
this paper. Its resistance shows a superconducting
transition around 13 K (Fig. 1(a)) and shows a down
turn at around 70 K (Fig. 1(a) inset). The latter one
is also present in the non-superconducting FeTe bulk
crystals and is associated with the antiferromagnetic
transition.[11]

In order to investigate the superconducting regime
below 10K where the resistance of the film would be
too small to be reliably measured using charge trans-
port (Fig. 1(a)), we employed the mutual inductance
technique, which is sensitive to the superconductiv-
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ity even in monolayer films.[12,13] The in-phase com-
ponent of the ac voltage on the pickup coil 𝑉p in-
creases whereas the out-of-phase component decreases
with temperature below 10K (Fig. 1(b)), in consistent
with a diamagnetic response.[14−17] However, unlike
the diamagnetic response of a BCS bulk superconduc-
tor, the in-phase component exhibits a broad peak and
the out-of-phase component does not saturate down to
2 K (Fig. 1(b)). Such behavior has been observed in
other unconventional superconducting films.[14,17]
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Fig. 1. Unsaturated superconductivity in FeTe films af-
ter annealing in oxygen. (a) The sheet resistance 𝑅� of a
49-nm-thick FeTe sample after annealed in oxygen. Inset:
resistance over a larger temperature range showing a tran-
sition around 70K similar to the antiferromagnetic tran-
sition in the non-superconducting FeTe bulk crystals. (b)
The mutual inductance signal of the same sample. Blue
and orange are the in-phase and out-of-phase components
of the ac voltage signal on the pickup coil (see the supple-
mentary materials), respectively. The data were obtained
at a drive frequency of 10 kHz and drive current of 10µA.

As a function of the external magnetic field applied
perpendicular to the film, our sample shows strong
hysteresis both from transport and from mutual in-
ductance measurement (Fig. 2). The overall signal is
symmetric about zero field, and therefore we focus
our discussion on the positive field. At 2 K, resistance
in the down-sweep (Fig. 2(a) blue) is lower than that
in the up-sweep (Fig. 2(a) orange), leading to an en-
hanced critical field in the down-sweep. Similarly, the
out-of-phase component of the mutual inductance sig-
nal is also lower in the down-sweep than in the up-
sweep (Fig. 2(b)), leading to a peak value in the down-
sweep occurring at ∼0.2 T before the field returning to
zero. The magnitude of the hysteresis as represented
by the difference between up and down sweeps de-
creases as temperature increases (Fig. 2(d)). Due to
the reduced in-phase and out-of-phase signals close to
𝑇C, no hysteresis is observable from the mutual in-
ductance signal above 9K (Figs. 2(b)–2(d)). Never-
theless, it is still present in the resistance data up to

11 K (Fig. 2(a) inset).
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Fig. 2. Magnetic hysteresis of the film in the supercon-
ducting state. (a) Resistance at 2 K (inset: 11K) show-
ing hysteresis under up-sweep (orange) and down-sweep
(blue) of the perpendicular magnetic field. The sample
was cooled under nominally zero field to 2K. Similar hys-
teresis is observed from the mutual inductance measure-
ment on the out-of-phase (b) and in-phase (c) components.
The yellow and purple curves, which overlap, represent up
and down sweeps, respectively, at 15K. (d) Difference be-
tween the down and up field sweeps of out-of-phase com-
ponent of the mutual inductance signal as a function of
temperature.

We find that the magnetic hysteresis in the super-
conducting state obtained from both transport and
mutual inductance signal could be unified if we trans-
form the mutual inductance voltage 𝑉p = 𝑋+ 𝑖𝑌 into
surface impedance 𝑍s = 𝑅s + 𝑖𝜔𝐿 according to

𝑉p = 𝑖𝜔𝐼d

∫︁ ∞

0

𝑑𝑥
𝑀(𝑥)

1− ( 2𝑥𝑖
𝜇𝜇0ℎ𝜔

)𝑍s

,

where 𝑅s is the surface resistance, 𝐿 is the induc-
tance with 𝐿−1 = ( 2𝑒

2

𝑚 )𝑛s proportional to superfluid
density 𝑛s, 𝐼d and 𝜔 is the amplitude and frequency
of the drive current, respectively, and 𝑀(𝑥) is deter-
mined by the specific geometry of the mutual induc-
tance coils.[16,17] We used frequencies around 10 kHz
for both transport and mutual inductance measure-
ments to keep them in a similar quasi-dc regime. As
we can see from Fig. 3(a), 𝑅s(𝑇 ) can be connected
with 𝑅(𝑇 ) from transport up to a scaling constant.
They overlap in the temperature window of 10–11 K,
below which the resistance in the superconducting
state is too small to be measured by charge transport
and above which the surface impedance is dominated
by normal inductance. Combining 𝑅s(𝑇 ) and 𝑅(𝑇 ),
we can cover 8 decades of variation in resistance from
the first sign of superconductivity at 13 K. From the
imaginary part of 𝑍s, we obtain 𝐿−1, which shows
that the superfluid density is almost kept in a linear
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temperature dependence deep into the superconduct-
ing state and is unsaturated at 2K (Fig. 3(b)). Such
a linear dependence of 𝑛s(𝑇 ) has been observed in
cuprate superconductors.[14,18]
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Fig. 3. Obtaining surface impedance and the magnetic
hysteresis in the surface resistance. (a) Surface resistance
𝑅s of the superconducting film as a function of tempera-
ture, measured by transport (magenta) and extracted from
mutual inductance (purple). (b) Inverse of the surface in-
ductance (which is proportional to the superfluid density)
extracted from the mutual inductance data. See text for
the details for extracting the surface impedance from mu-
tual inductance data. (c) 𝑅s as a function of magnetic
field. Again, the data in the high field region are obtained
from transport and the data in the low field region are
extracted from surface impedance. The maximum applied
field (𝜇0𝐻max) is 8T. (d) Field down-sweep of 𝑅s as a
function of temperature with 𝜇0𝐻max = 8T. The 12K
data (grey) are scaled down by a factor of 10. Here 𝜇0𝐻m

is defined as the field at which the lowest 𝑅s occurs in the
down sweep.

Applying the same method on the mutual induc-
tance data under sweeping external magnetic field 𝐻
at various fixed temperatures (Figs. 2(b), 2(c) and
2(d)), we are able to connect 𝑅s(𝐻) from the mu-
tual inductance with 𝑅(𝐻) from transport (Fig. 3(c)
and 3(d)) using the same scaling constant for connect-
ing the temperature data (Fig. 3(a)). The combined
𝑅s(𝐻) hysteresis loop (Fig. 3(c)) clearly illustrates two
abnormal features: (1) The surface resistance is lower
in the down sweep, and (2) the minimum of the sur-
face resistance occurs at a field 𝐻m before the field
crosses zero. These features are quite opposite to
those expected from the hysteresis loop of a homoge-
neous superconductor with vortex pinning. Because
𝑅s is caused by motion of the free vortices, such fea-
tures in hysteresis suggest the existence of different
levels of pinning strength which may be a result of
granularity.[19]

According to the two-level critical state model, the
intergranular regions have a higher penetration field
𝐻g and much stronger pinning than the grain bound-

aries. When the field is swept upward, flux penetrates
into grain-boundaries to first form Josephson vortices,
which causes large increase in 𝑅s due to a lower viscos-
ity. In the down sweep, intergranular fluxons disap-
pear first, leaving the more strongly pinned intragrain
fluxons that contribute less 𝑅s per fluxon than their
intergranular counterparts.

The validity of the two-level critical state model
can be further seen from the variation of hysteresis
with the variation of temperature and maximum ap-
plied field 𝐻max. As we increase temperature, both
the magnitude of hysteresis in 𝑅s and 𝐻m reduce and
both disappear at 12 K (Fig. 3(d)). 𝐻m follows a linear
temperature dependence (Fig. 4(a)), which suggests
that the penetration field in the grains and the critical
current density decrease linearly with increasing tem-
perature. At the lowest temperature, 𝐻m follows a
linear dependence of 𝐻max when it is small and tends
to a constant when 𝐻max is large (Fig. 4(b)). The
turning point of these two regions is nothing but the
grain’s penetration field 𝐻g, which can be determined
by fitting 𝐻m in the low field and by finding its inter-
ception point with the constant level at high field.[19]

All these behaviors are in good agreement with the
two-level critical state model.[19]
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Fig. 4. Determination of the characteristic field in the
two level critical state and its film thickness dependence.
(a) The lowest field at which the lowest resistance occurs
in the magnetic hysteresis 𝐻m as a function of tempera-
ture obtained from Fig. 3(d). The red line is a linear fit.
(b) 𝐻m as a function of 𝐻max measured at 2K. The two
red lines are linear fits in the high and low field regions,
respectively. We can obtain the penetration field 𝐻g from
the crossing point between these two lines (see text). (c)
𝐻g at 2K as a function of film thickness. Films under
comparison have similar 𝑇C. The dashed line is a linear
fit to guide the eyes.

We find that such a two-level critical state invari-
ably occurs in the superconducting FeTe films we stud-
ied. Films of same thickness with higher 𝑇C tend to
have stronger hysteresis at same temperature, which
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unsurprisingly gives the temperature dependence of
𝐻m (Fig. 4(a)). What is a bit surprising is that 𝐻g

decreases in thicker films that have very similar 𝑇C

with the others under comparison (Fig. 4(c)). In the
two-level critical state model, 𝐻g is proportional to the
grain size.[19] Our observation suggests that supercon-
ducting grains are much bigger in thinner FeTe films,
which is in contrast to the roughness from topogra-
phy (see the supplementary materials). This points
suggestively to the role of both oxygen and interface
in inducing superconductivity in FeTe: thinner films
allow oxygen to permeate uniformly towards the bot-
tom layers, whose lattice is likely distorted from the
FeTe bulk, and this combination facilitates larger su-
perconducting grains to form.

It is well known that granularity strongly affects
the electromagnetic properties of superconductors.
Even in high quality cuprate high 𝑇C supercon-
ductors, granularity plays a crucial part in deter-
mining the critical density,[20,21] magnetization,[19]

superfluid density[18] and superconducting gap
inhomogeneity.[22] In some cases, granularity in thin
films may appreciably enhance 𝑇C.[23,24] Our finding
of the two-level critical state in the superconduct-
ing FeTe films after oxygen annealing suggests that
granularity may also play an essential role in induc-
ing superconductivity from an antiferromagnetically
ordered iron-chalcogenide.
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A: Materials and Methods 

 

1. MBE growth of FeTe films on sapphire and SrTiO3 crystals 

 

The growth of FeTe films was conducted in an ultra-high vacuum molecular beam epitaxy (MBE) 

system with a base pressure about 5×10
-9

 mbar. Sapphire (0001) and STO (100) were used as 

substrates. Before being transferred to the vacuum system, the sapphire substrate was annealed 

for one hour at 1223 K in air and the STO (100) substrate was annealed for 2.5 hours in pure 

oxygen atmosphere after etched in hydrofluoric acid solution to obtain atomically flat and well-

defined step-terraces (Figs. S1(a) and S1(d)). Then, FeTe films were prepared by co-depositing 

high purity Fe (99.98%) and Te (99.9999%) sources from Knudsen cells while the substrate was 

heated to a suitable temperature. For the films in this study, when using the sapphire (0001) 

substrate, a Fe:Te flux ratio of approximately 1:12 was used and the growth temperature was set 

to 623K with a deposition rate of 8 Å/min. When we used the STO (100) substrates, Fe:Te flux 

ratio was set to 1:4 and the growth temperature was 523K. While in the process of deposition, 

the growth rate was only determined by the Fe flux.  

 

2. Structural characterization of FeTe films 

 

We have prepared FeTe films on STO (100) and sapphire (0001). The X-ray diffraction (XRD), 

atomic force microscope (AFM), and transport measurements were used to calibrate the films. 

Figure S2 shows the XRD peaks in the (00L) direction for FeTe films on different substrates. 

There were almost no shifts of the 4 peaks’ positions of FeTe films compared with bulk. The 

half-width of the peaks of the films were about 0.26 degree, showing their good crystallization. 

All of those samples were grown along the FeTe (001) direction regardless of the substrates. 

 

The FeTe films deposited on STO (100) had regular domains, which show symmetric epitaxial 

growth along the surface step of STO (100) (Figs. S1(b) and S1(c)). Those films show a down-

turn in the R(T) curves after oxygen annealing. However, they do not show zero resistance or 

Meissner effect down to 2 K.  

 



We find that FeTe films grown on sapphire (0001) substrates show different morphologies 

because of the lattice mismatch (Figs. S1(e) and  S1(f)). The domains on sapphire tend to be 

more disordered regardless of the growth temperature or the flux ratio. After oxygen annealing, 

only the films with specific interval of growth temperature and flux ratio of Fe:Te show  the 

superconducting behavior we reported.  

 

3. Parameters of the mutual inductance coils 

 

In our experiments, we have used both the coaxially nested mutual inductance coils and split 

mutual inductance coils with a 30-μm enameled wire. For coaxially nested coils, inner pickup 

coil with 5000 turns and outer driving coil with 2000 turns were mounted on the same side and 

coaxially nested. For the split mutual inductance coils, pickup coil with 8000 turns and driving 

coil with 1500 turns were located on two opposite sides of the FeTe films when performing the 

measurements. An ac current with frequency between 10 kHz and 20 kHz and amplitude 

between 1μA and 10 μA was applied to the driving coil and the induced voltage in the pickup 

coil was measured by a lock-in amplifier. 

 

Appendix B 

 
1. Film thickness and domain size 

We prepared FeTe films with different thicknesses on sapphire substrates. As seen from the 

atomic force microscopy images (Fig. S3), the domain sizes become larger in thicker FeTe films. 

2. No magnetic hysteresis is observable in non-superconduting FeTe samples 

 

As a control experiment, we performed mutual inductance measurements on the FeTe films 

which do not show the zero-resistance superconducting phase down to 2 K (Fig. S4(a)). No 

Meissner effect is observed from mutual inductance measurement. However, the R(T) curve does 

still show a sharp down-turn at around 12 K (Fig. S4(a)), suggesting its tendency towards 

superconductivity. There was no observable magnetic hysteresis from the magnetoresistance (Fig. 

S4(b)). This could rule out measurement artifacts as a cause of hysteresis in the superconducting 

samples. 

 
3. The variation of hysteresis with the variation of maximum applied field 𝑯𝐦𝐚𝐱 

 

The magnetic hysteresis data in the main text (Fig. 4(b)) are extracted from the data shown in 

Figure S5. The linear fitting functions are 𝑦 = (−0.01437 ± 0.00218) + (0.19684 ± 0.004)𝑥 

and 𝑦 = 0.2085 ± 0.0005 at small and large Hmax, respectively. As mentioned in the main text, 

the crossing point of the two lines determines the penetration field 𝐻g . The uncertainties of the 

fittings are the source of the error bars in Fig. 4(c). When the temperature is at 2 K, the voltage 

of the out-of-phase component is far larger than that of the in-phase component, and the value of 

magnetic hysteresis obtained from 𝑅s  is equal to the minimum value of the out-of-phase 

component, so 𝜇0𝐻m  could be defined as the minimum point on each line (Fig. S5). The 𝜇0𝐻m  

data of the samples with different thicknesses are gathered by the same method. 



  

 
 
Fig. S1. AFM topographic images of the substrates and FeTe films. (a) and (d) are 

topographies of SrTiO3 and sapphire substrates, respectively. (b-c) and (e-f) are topographies of 

FeTe thin films grown on SrTiO3 and sapphire, respectively. 

 
 
 
 

 
 

Fig. S2. X-ray diffraction profiles of FeTe bulk and thin films grown on different substrates 

in comparison with the bulk: (a) on sapphire and (b) on SrTiO3.  

 

  



 

 

Fig. S3. Atomic force microscope (AFM) images of FeTe films with different thicknesses 

deposited on the sapphire substrate showing the positive correlation between thickness and 

roughness. The thicknesses of the films are: 21 nm (a), 53 nm (b) and 88 nm (c). (d-f) The 

height profiles of the surface topography along the red dashed lines in (a-c), respectively. 

 

 

 
 
Fig. S4. Non-superconducting FeTe film showing no magnetic hysteresis. (a) Resistance-

temperature curve of non-superconducting sample. (b) Field down-sweep and up-sweep of 

resistance as a function of temperature with 𝜇0𝐻max = 8 T. 

 



 
 
Fig. S5.  Out-of-phase component (Y) as a function of 𝝁𝟎𝑯 measured at 2 K. Inset is a zoom-

in of the low field region. 
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