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Abstract
We report on the growth of epitaxial Fe1+δSe0.5Te0.5 thin films on 0°, 5°, 10°, 15° and 20°
vicinal cut CaF2 single crystals by pulsed laser deposition. In situ electron and ex situ x-ray
diffraction studies reveal a tilted growth of the Fe1+δSe0.5Te0.5 films, whereby under optimized
deposition conditions the c-axis alignment coincides with the substrate [001] tilted axis up to a
vicinal angle of 10°. Atomic force microscopy shows a flat island growth for all films. From
resistivity measurements in longitudinal and transversal directions, the ab- and c-axis
components of resistivity are derived and the mass anisotropy parameter is determined. Analysis
of the critical current density indicates that no effective c-axis correlated defects are generated by
vicinal growth, and pinning by normal point core defects dominates. However, for H||ab the
effective pinning centers change from surface defects to point core defects near the
superconducting transition due to the vicinal cut. Furthermore, we show in angular-dependent
critical current density data a shift of the ab-planes maxima position with the magnetic field
strength.
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Introduction

The discovery of superconductivity in the iron-based com-
pound LaFeAsO1 xFx (1111-system) with a critical temper-
ature (Tc) of 26 K in the year 2008 [1] gained much interest in
the scientific community, and many other iron-based super-
conductors such as doped BaFe2As2 (122-system) [2], FeSe
(11-system) [3] and LiFeAs (111-system) [4] were found. In
order to study this new class of superconductors, thin films
are suitable for investigating the fundamental properties and
potential applications due to their geometry. Furthermore,
biaxial strain caused by lattice or thermal mismatched sub-
strates can have a crucial impact on Tc in iron-based super-
conductors [5 9]. Nonetheless, previously published works

on iron-based superconducting thin films only deal with films
on plane-cut (001)-oriented substrates; the growth on vicinal
cut substrates has to the best of our knowledge not been
studied. For the cuprate-based superconductors YBa2Cu3O7

(YBCO) [10], Bi2Sr2CaCu2O8 [11], Bi2Sr2Ca2Cu3O10 [12],
and HgBa2CaCu2O6 [13] as well as MgB2 [14], it has already
been shown that vicinal cut substrates open access to many
new experimental opportunities. By breaking the symmetry
between substrate normal and crystallographic c-axis, it is
possible to analyze the transport properties at a specific angle
to the crystal lattice rather than just parallel to one of the
crystallographic main axes, and therefore a new way to
investigate electrical anisotropies is enabled. Vicinal cut
substrates also offer a powerful tool to separate the influence



of different pinning centers (e.g. ab-planar defects and sur-
faces) or create new ones (antiphase boundaries) in a con-
trolled manner [10, 15]. This allows the mimicking of the
geometry of thin films on technical substrates, such as ion-
beam assisted deposition (IBAD) or inclined substrate
deposition templates [16]. Indeed, FeSe0.5Te0.5 [17], Co-
doped BaFe2As2 [18], and NdFeAsO1 xFx [19] have been
deposited on such usually slightly vicinal IBAD templates. In
addition, it has been observed that the growth mode of YBCO
films can change from island-type to step-flow by using
vicinal cut SrTiO3 substrates, leading to a more uniform and
smoother film surface [20]. A change in porosity in vicinal
YBCO nanocomposite thin films has also been observed [21].

In order to gain a deeper insight into the effects of vicinal
growth of Fe(Se,Te) thin films and into the critical current
density (Jc) and resistivity anisotropy, we investigated the
preparation as well as the structural, morphological and
physical properties of epitaxial Fe1+δSe0.5Te0.5 thin films on
CaF2 single crystals cut at angles between 0° and 20° with
respect to [001]. The 11-system is of particular interest
because of the simple structure, moderate Tc of 14 K [22], low
electronic anisotropy and high upper critical fields (Hc2) in the
range of 50 100 T [23], providing a good model system to
study superconductivity in iron-based superconductors and
also to explore possible technological applications.

Experimental methods

Epitaxial Fe1+δSe0.5Te0.5 thin films were grown on CaF2
single crystals cut at angles β between 0° and 20° with respect
to [001] by pulsed laser deposition using a KrF excimer laser
(wavelength: 248 nm). The target was synthesized by a
two-step method as described in detail in [24]: high purity
small-grained powders of Fe, Se and Te were mixed in the
stoichiometric ratio of Fe:Se:Te= 2:1:1, sealed in an evac-
uated Pyrex tube and heated up to 500 °C. A pellet of the
reacted powder was melted in a sealed quartz tube with argon
atmosphere using a high frequency induction furnace. The
films were prepared with a laser repetition rate of 7 Hz under
ultra-high vacuum with a base pressure of 10 9 mbar. The
film growth was monitored by reflection high-energy electron
diffraction (RHEED) for exemplary films. The vicinal cut
substrates were annealed for 1 h at 850 °C in order to achieve
a more uniform surface structure. Two different substrate

temperatures during deposition (Tdep), 260 °C (series 1) and
400 °C (series 2), were investigated. The deposition temper-
ature of 260 °C was motivated by [25, 26] as well as our own
experience. During the course of the experiments, a deposi-
tion temperature around 400 °C turned out to be more suitable
for Fe1+δSe0.5Te0.5 films with high Tc and Jc [27]. Although a
stoichiometric target was used, all films reveal reproducible
indications of iron excess (estimated to be around 10% by
comparing with literature data) including nonmetallic beha-
vior as well as lower Tc and Jc values [28 31]. Therefore, a
composition of Fe1+δSe0.5Te0.5 is stated for the investigated
samples.

The structural properties of the films were measured by
x-ray diffraction (XRD) via a texture goniometer Phillips
X’pert with Cu-Kα radiation. The c-axis lattice parameters
were calculated from θ-2θ scans using the Nelson Riley
function [32]. The thicknesses of the films were determined
from cross sections prepared by focused ion beam (FEI
Helios 600i) and estimated to be around 85 nm. The surface
morphology was studied by atomic force microscopy (AFM)
with an Asylum Research Cypher S.

For the films of series 1, 1 mm wide bridges were fab-
ricated by conventional photolithography and ion-beam
etching. The used cross type geometry allows the measure-
ment of two perpendicularly intersecting current tracks. In
one track the current flows parallel to the ab-planes (long-
itudinal direction) and in the other track the current has a
perpendicular component with respect to the ab-planes
(transversal direction) of the film. For the films of series 2,
only the tracks in the longitudinal direction were prepared by
cutting 1 mm wide bridges with a diamante pin. Silver paint
was employed for electrical contacts. The superconducting
properties were measured in a four-probe configuration in
magnetic fields up to 9 T with a physical property measure-
ment system (PPMS Quantum Design). The critical temper-
ature is defined from resistive transition in zero field at a
criterion of 90% (0%) of the normal state resistance, noted
here as Tc,90 (Tc,0). A voltage criterion of 1 μVcm 1 was
employed for evaluating Jc. Angular-dependent Jc measure-
ments were performed in maximum Lorentz force config-
uration in longitudinal direction, with θ as the angle between
the magnetic field direction and the surface normal of the
film. The samples investigated in this study and their struc-
tural properties are summarized in table 1.

Table 1. Deposition temperatures and structural data for the films.

Series Tdep (°C) Vicinal angle β (°) Growth angle β′ (°) c axis (Å) Longitudinal Δω003 (°) Transversal Δω003 (°)

1 260 0 0 6.02 1.8 1.8
260 5 5 5.90 1.3 1.5
260 10 7.6 5.88 1.6 3.8
260 15 12 5.89 1.4 5.9
260 20 17.6 5.90 2.0 7.1

2 400 0 0 6.00 0.9 0.9
400 5 5 5.99 0.9 0.9
400 10 10 5.87 0.7 0.7



Results and discussion

Figure 1 compares surface crystal orientation by RHEED and
surface morphology by AFM of a 10° vicinal cut substrate
(a, b) with those of the grown film (Tdep = 400 °C, series 2)
on that substrate (c, d). Both substrate and film show a tilt of
10° of the characteristic streaky RHEED patterns. The
RHEED pattern of the film shows elongated spots along the
c-direction, indicating a small but finite surface roughness. No
terrace surface termination at the pristine (annealed) CaF2
substrate surfaces was found. Consequently, the film surface
also did not reveal a terrace structure. All films are very
smooth with a slight increase in root mean square (rms)
roughness for higher deposition temperature (series 2) and
increasing vicinal angle. As an example, the rms roughness of
the 10° vicinal film in series 2, shown in figure 1(d), is
0.64 nm. For all films, an island-type of growth instead of
step-flow growth was found this is due to the absence of a
clear terrace surface termination at the substrate surfaces.

Figure 2(a) shows the θ-2θ scan of the 10° vicinal film of
series 2, measured with a ψ-offset of 10°. For all films only
(00ℓ) reflections of the Fe1+δSe0.5Te0.5 together with (00ℓ)
reflections of the CaF2 are observed, indicating c-axis orien-
ted growth without signs of phase impurities. The lattice
constants c of the thin films on 0° substrates (table 1) are
smaller than those of Fe1+δSe0.5Te0.5 single crystals
(a = 3.801 Å, c = 6.034 Å) [22] (table 1), but in excellent
agreement with the reported values for thin films of a Se:Te
ratio of 1:1 on CaF2 substrates [25, 27]. Since the c-axis
parameters of the vicinal films are reproducibly and

systematically further reduced, it seems the vicinal growth
helps to sustain epitaxial strain in Fe1+δSe0.5Te0.5 films, even
in the absence of step-flow growth.

In order to check the tilted epitaxial growth, (202) pole
figures of the CaF2 substrates and (112) pole figures of the
Fe1+δSe0.5Te0.5 thin films were measured. Figure 2(b) shows
the contour plots for the 10° vicinal substrate and film of
series 2. All films reveal clear four-fold symmetry with a full
45° rotation with respect to the substrate. For the 5° vicinal
film of series 1, the tilt angle of the film equals the vicinal
angle of the substrate. However, for the film deposited on the
10° substrate the intensity maxima of the tilt angle (growth
angle β′) can be found at 7.6°, for the film on the 15° sub-
strate at 12° and for the 20° substrate at 17.6°. In contrast, for
the 10° film of series 2 the c-axis alignment coincides with the
substrate [001] tilted axis. Too low a deposition temperature,
therefore, leads to a systematic back-tilt towards the substrate
normal, presumably due to surface energy minimization.

Rocking curves of the Fe1+δSe0.5Te0.5 (003) peak were
measured in longitudinal and transversal directions, as
exemplarily shown for the 10° vicinal sample of series 2 in
figures 2(c) and (d), respectively. The full width at half
maximum (FWHM) values of these rocking curves for all thin
films are summarized in table 1. They are not corrected for
device broadening. For the films of series 1, the FWHM
values in the longitudinal direction (longitudinalΔω003) show
no remarkable trend. In the transversal direction (transversal
Δω003), however, an increase with increasing vicinal angle is
observed, indicating a larger spread of the ab-plane align-
ment. Films of series 2 show narrower rocking curves (see

Figure 1. Surface orientation and surface morphology of a 10° vicinal cut CaF2 substrate and Fe1+δSe0.5Te0.5 thin film. (a) RHEED image of
the substrate, (b) corresponding AFM image (5 μm × 5 μm). (c) RHEED image of the Fe1+δSe0.5Te0.5 thin film deposited at 400 °C,
(d) corresponding AFM image of the film surface (5 μm × 5 μm).



also [27]) without a difference in the measured direction up to
10°, indicating a higher crystalline quality with better align-
ment due to the better phase formation at higher deposition
temperatures. A similar effect has been reported by Huang
et al for the in-plane texture on MgO substrates [25].

The temperature dependences of the resistivity (ρ) for the
5°, 15° and 20° vicinal Fe1+δSe0.5Te0.5 films of series 1 are
shown in figure 3(a). The resistivities in the longitudinal
direction, ρL, of all vicinal films are similar in the entire
temperature range (15 K 300 K) and show reproducibly
nonmetallic behavior, i.e. increasing resistivity with decreas-
ing temperature. The values and temperature dependences of
ρL are similar to literature data on iron excess Fe1+δSe1 xTex
single crystals in the ab-direction [28]. In contrast,
FeSe1 xTex without iron excess shows metallic behavior with
lower resistivity values [28 31]. In the transversal direction,
the current has to flow in a path along the tilted planes,
containing an ab- and c-axis component. Consequently, due
to the intrinsic anisotropy of Fe1+δSe0.5Te0.5, the measured
resistance in the transversal direction ρT is higher than in the
corresponding longitudinal direction for every film. In the
plot of normalized resistance over temperature (figure 3(b)), it

is also obvious that ρT curves show a systematically
increasing upturn with higher vicinal angle due to the
increased c-axis component.

The inset of figure 3(b) shows the enlarged view of the
normalized superconducting transitions. With increasing
vicinal angle, Tc decreases, whereby the transversal directions
show a lower Tc,0 than the respective longitudinal directions
and hence a larger transition width. This is presumably due to
a vicinal-angle-dependent inhomogeneous excess iron dis-
tribution in the films caused by low deposition temperature.

The c-axis resistivity ρc can be calculated using the rotation
of the resistivity tensor by the vicinal growth angle β′ (table 1)
according to the expression: r r r b b= - ¢ ¢( ) ( )cos sinc T L

2 2

[11]. The results are shown in figure 3(c). The calculated ρc(T)
data also indicate nonmetallic behavior. ρc of the film on 5°
vicinal cut substrate is close to single crystal values of
FeSe0.4Te0.6 [33], although the temperature dependence differs,
which is explained by the iron excess [28]. The calculated ρc
values of the films on 15° and 20° vicinal cut substrates are
significantly lower, which should not be the case for optimally
aligned and defect-free films. The reason is a decreased trans-
verse resistivity due to the larger orientation spread in this
direction for these films. Due to the much lower resistivity in

Figure 2. Phase purity and texture of the 10° vicinal Fe1+δSe0.5Te0.5 thin film of series 2. (a) θ 2θ XRD scan. (b) Pole figures of the CaF2
(202) and Fe1+δSe0.5Te0.5 (112) reflection. Rocking curves of the Fe1+δSe0.5Te0.5 (003) reflection in (c) longitudinal and (d) transversal
direction.



the ab-direction, small portions of misaligned grains already
lead to a strong reduction of ρT.

From the resistance ratio ρc/ρab (figure 3(d)), it is pos-
sible to obtain the mass anisotropy parameter γ near the
superconducting transition, according to the equation:

* *g r r= = =^H H m m ,c2 c2 c ab c ab by assuming that
*r t= m neab ab

2 and *r t= m nec c
2 applies [33], where n is

the carrier concentration, e is the electric charge, τ is the
relaxation time of carriers, and *mab and *mc are the effective
masses in the ab-plane and along the c-axis, respectively. The
value of γ thus obtained for the 5° vicinal film is 5.2 just
above Tc, which is in good agreement with reported values
estimated from the anisotropy of Hc2 from FeSe0.5Te0.5 thin
films and single crystals [27, 34, 35]. Due to the micro-
structure-induced reduction of ρT, the films grown at higher
vicinal angles show apparent lower anisotropy parameters
with γ = 3.2 and γ = 3.4 near Tc for the 15° and 20° vicinal
film, respectively.

The films of series 2, deposited at 400 °C, were used to
investigate the critical current density of vicinal
Fe1+δSe0.5Te0.5 thin films. The film deposited on the 0°
substrate shows a Tc,90 (Tc,0) of 15.5 K (13.3 K) and the film
on the 5° substrate a Tc,90 (Tc,0) of 17.0 K (15.2 K). The film
on the 10° substrate has a reduced Tc,90 (Tc,0) of 10.3 K
(5.7 K). No correlation between Tc and the c-axis constants of
the films was found.

For the 0° and 5° vicinal thin films with high Tc, we
measured Jc in a longitudinal direction at several temperatures
for H||c and H||ab, as shown in figure 4. The 0° film shows a
self-field Jc of 42 kA cm 2 at 4.2 K, whereas the 5° vicinal
film shows a slightly lower self-field Jc of 30 kA cm 2 despite
the higher Tc. These values are approximately one order of
magnitude lower compared to stoichiometric FeSe0.5Te0.5
films on CaF2 [26, 36 38] due to iron excess and reduced Tc.
Both films show a fast decrease in Jc for H||c at temperatures
above Tc/2. Jc for H||ab shows a weaker dependence on the
applied field. Obviously, the flux pinning for both films is
anisotropic. At low temperatures, the 0° sample shows higher
Jc values in the whole magnetic field range investigated. At
high temperatures, however, the 5° sample shows higher Jc
values for the same temperature. This is not an effect of
vicinality but of the difference in Tc. At temperatures
corresponding to nearly the same T/Tc value (i.e. the pairs
8 K/10 K and 10 K/12 K) magnitude and field dependence of
Jc are very similar.

Figure 5 compares the corresponding normalized pinning
force densities ~ -( )f h h1 ,p q

p fp = Fp/Fp,max, where
Fp,max is the maximum pinning force density and h = H/Hirr

is the reduced magnetic field with respect to the irreversibility
field Hirr. The H||c data of the 0° film fall approximately on a
single curve with p = 1.02 and q = 2.04 in a broad temp-
erature range. These values are very close to the expected
values p = 1 and q = 2 for normal core point pinning [39]

Figure 3. The temperature dependence of the resistivity of the 5°, 15° and 20° vicinal Fe1+δSe0.5Te0.5 thin films of series 1. (a) Resistivity
versus temperature in longitudinal and transversal directions. (b) Normalized resistivity versus temperature plots. The inset shows normalized
resistivity traces. (c) Temperature dependence of ρc. (d) Temperature dependence of the resistivity anisotropy ρc/ρab.



and in agreement with reports on stoichiometric Fe(Se,Te)
thin films [40 42]. The H||c data of the 5° vicinal film can be
fitted with similar values p = 0.95 and q = 1.85. This indi-
cates the same pinning mechanism dominates in both films,
and no additional pinning by surface defects (p = 0.5 and
q = 2) as expected for grain boundaries is induced in c-axis
direction by the vicinal growth. The absence of flat terraces
on the vicinal CaF2 substrates (in contrast to vicinal SrTiO3

substrates with single termination) seems to hinder the for-
mation of antiphase boundaries and grain boundaries in the
c-direction. This has to be confirmed by transmission electron
microscopy investigations in the future.

Due to the limited available magnetic field, for H||ab
only Jc at temperatures near the superconducting transition
was used for scaling. Nonetheless, for the 0° film the f (h)
dependence at 12 K with p = 0.63 and q = 2.29 points to a
pinning rather dominated by surface defects, indicating an
influence of extended ab-planar defects. In contrast, for the 5°
vicinal film we found p = 0.94 and q = 1.86 for H||ab and
therefore pinning dominated by point defects.

The comparison of the Jc(θ) dependencies between the
0°, the 5° and the 10° film (figure 6) illustrates the effect of
the vicinal growth on Jc. For all films, we found a maximum
in Jc for H||ab, whereby the ab-planes of the films were
determined from the position of the ab-peak at high magnetic

fields (9 T). The 0° film displays a weak field dependence in
this direction, in accordance with the enhanced pinning by
extended ab-defects as determined by the Fp analysis for high
temperatures. The vicinal films show a stronger field
dependence for H||ab, although the curves also indicate that
pinning by extended planar defects is present at lower tem-
peratures. The slight asymmetry in the ab-peak is attributed to
the broken symmetry, i.e. the angle between film surface and
crystallographic ab-plane. This effect is further investigated
on the 10° film below. With the exception of the 1 T Jc(θ)
curve for the 5° film which shows a slightly maximum for
θ ≈ 180°, no clear further peaks are visible for all films. In
contrast, Maiorov et al observed for YBCO films on tilted
IBAD-MgO-tapes a distinct Jc peak positioned close to the
surface normal, which had its origin in edge dislocations
between the grains growing perpendicular to the surface [43].

Figure 7(a) shows the enlarged view of the ab-peak of
the 10° film from figure 6(c) in the angular range from 55° to
115°. At high fields, the Jc(θ) curves are nearly symmetric
around the ab-peak, while they become increasingly asymmetric
with decreasing field. At 1 T, a clear shift of the maximum
towards the surface (90°) is visible. For a more accurate quan-
titative description, we used the vortex-path model by N Long
et al [44] based on the principle of entropy maximization. We
fitted the data as a sum of two Lorentz-distribution peaks plus

Figure 4. Magnetic field dependence of the critical current densities
in longitudinal direction for Fe1+δSe0.5Te0.5 thin films of series 2
with vicinal angle β = 0° for (a) H||c and (b) H||ab and β = 5° for
(c) H||c and (d) H||ab.

Figure 5. Normalized pinning force fp as a function of the reduced
magnetic field h in the longitudinal direction for Fe1+δSe0.5Te0.5
films of series 2 with vicinal angle β = 0° for (a) H||c and (b) H||ab
and β = 5° for (c) H||c and (d) H||ab.



constant background (equation (1))
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where Jci are the Jc components, γi the peak widths, and θi the
offset angles (i = 0, 1, 2). This function describes our data very
well for all fields (figure 7(a)). In figure 7(b) the estimated
maxima positions of the two contributions, i.e. 90°-θ1 and
90°-θ2, are plotted in dependence of the applied magnetic field.
For contribution 1 we found a clear shift below 2 T. With an
upper critical field in the range of 50 100 T [23] (and estimated
using the data of the FeSe0.5Te0.5/CaF2 film in [27]), this cor-
responds to a reduced field of h ≈ 0.02, which agrees with the
results of Silhanek et al [45] and Maiorov et al [43]. The
direction of the shift (i.e. towards the sample surface) can be

assigned to the ‘geometry-dominated case’ [45] and is explained
by a misalignment between the internal and external magnetic
field due to the energy minimization of the flux lines. This is in
agreement with the theoretical prediction for low-anisotropy
superconductor thin films with the given aspect ratio of thick-
ness/width ∼10 4, but is contrary to the experimental results of
Trommler et al [18] for BaFe2As2 on Fe/MgO-buffered metal
tapes and Maiorov et al [43] for YBCO on IBAD-MgO tapes.
However, the situation is complicated by planar defects resulting
in an additional influence and may lead to the linear peak shift of
contribution 2. This effect should be subject of further studies,
also on stoichiometric Fe(Se,Te) thin films.

Conclusion

We deposited reproducibly epitaxial superconducting
Fe1+δSe0.5Te0.5 thin films on 0°, 5°, 10°, 15° and 20° vicinal

Figure 6. Angular dependent critical current densities in longitudinal direction in maximum Lorentz configuration for Fe1+δSe0.5Te0.5 films
of series 2 with vicinal angle β of (a) 0° (b) 5°, and (c) 10°. The ab peak is shifted by the angle β for both vicinal films; the shift direction is
determined by the in plane sample mounting orientation.

Figure 7. (a) Jc(θ) in the vicinity of the ab peak for the 10° vicinal Fe1+δSe0.5Te0.5 thin film of series 2. The peaks are fitted with the vortex
path model by equation (1). (b) Estimated maxima positions of contribution 1 and contribution 2. The solid lines are a guide to the eye.



cut CaF2 single crystals by pulsed laser deposition. An
alignment of the Fe1+δSe0.5Te0.5 c-axis with the tilted sub-
strate [001] axis was possible up to a vicinal angle of 10°. The
use of vicinal cut substrates allowed the measurement of the
resistivity anisotropy of thin films and therefore the mea-
surement of the mass anisotropy parameter near Tc. The
obtained values are in good agreement with reported data for
single crystals. To investigate whether the tilted growth
affects the flux pinning, we performed detailed Jc measure-
ments for a 0° and a 5° vicinal film. We obtained that no
effective correlated defects are generated by the vicinal
growth, and pinning by normal point core defects dominates
for H||c. For H||ab, pinning by extended planar defects is
dominant for the 0° film, whereas point defects are more
effective in the 5° vicinal film. For the 10° vicinal film, we
furthermore observed a clear shift of the maxima position(s)
in Jc(θ) with respect to the ab-planes. The sign of misalign-
ment between the internal and external fields is as expected
for low-anisotropy superconducting thin films.
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