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ABSTRACT

Understanding the nature of grain boundaries is a prerequisite for fabricating high-
performance superconducting bulks and wires. For iron-based superconductors
[e.g. Ba(Fe,Co), As, , Fe(Se,Te), and NdFeAs(O,F)], the dependence of the critical
current density J, on misorientation angle (8;;) has been explored on [001]-tilt

grain boundaries, but no data for other types of orientations have been reported.
Here, we report on the structural and transport properties of Fe(Se,Te) grown on

CeO, -buffered symmetric [010]-tilt roof-type SrTiO, bicrystal substrates by

pulsed laser deposition. X-ray diffraction and transmission electron microscopy
revealed that 8;, of Fe(Se,Te) was smaller whereas 6., of CeO, was larger than

that of the substrate. The difference in 6, between the CeO, buffer layer and the
substrate is getting larger with increasing 6, . For 8., =24° of the substrates, 6,
of Fe(Se,Te) was zero, whereas 6, of CeO, was continuously increasing. The

inclined growth of CeO, can be explained by the geometrical coherency model.
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The c-axis growth of Fe(Se,Te) for 6, =24° of the substrates is due to the domain
matching epitaxy on (221) planes of CeO,. Electrical transport measurements

confirmed no reduction of inter-grain J, for 6,; <9°, indicative of strong coupling

between the grains.
KEYWORDS
Fe(Se,Te); roof-type grain boundary; domain matching epitaxy

1. Introduction
Grain boundaries (GBs) are interfaces between crystalline grains at which the
crystallographic orientation abruptly changes. Microscopically, the overlap of the wave
functions is perturbed by GBs, leading to a change in the electronic structure. The
electronic structure is also affected by local strain and dislocations in and around the GB.
Hence, physical properties across GBs are expectedly altered, and understanding the nature
of GBs is therefore an important step for further improvement of the functionalities of
materials. Polycrystalline samples contain many types of GBs, which complicates the
investigations of specific GBs. To understand the nature of such a specific GB, they have
to be fabricated artificially. For instance, the attempt at realizing artificial GBs in silicon
ingots has been reported recently [1]. For high-temperature superconductors (HTS, e.g.
YBa,Cu,0, ;, YBCO) as well as iron-based superconductors (IBSs), thin films
containing a well-defined single GB have been fabricated, since the critical current would
be too large to evaluate by electrical transport measurements on bulk samples. In this case,
superconducting thin films have been grown biaxially on bicrystal substrates, which
consist of two single crystals having a, usually common symmetric, rotation along [001]
that are joined by a solid-state reaction [2]. After growth, the electrical transport properties
across the GB are investigated as a function of misorientation angle. Such experiments are
recognized as a powerful method for understanding the GB properties of HTS, for reviews
see [3, 4].

For cuprates, not only GBs with in-plane misorientation ([001]-tilt GB) but also
with out-of-plane misorientation ([010]-tilt GB) as well as [100]- and [001]-twist GBs have
been realized [5, 6]. The inter-grain J_, across [001]-tilt GBs was shown to decrease

exponentially above a 6, around 3° ~5° [2, 3, 5]. This angle is defined as the critical
angle @, . Similar to the [001]-tilt GBs, the inter-grain J, reduced significantly at the
[100]-twist type GBs. On the other hand, the inter-grain J_ of [001]-twist GBs for Bi, Sr,
CaCu,;Oy,s was unaltered regardless of misorientation angle [7]. For YBCO, the inter-
grain J_ of [010]-tilt GBs was almost constant even for 6.,,=8" [5, 6], indicating that 6,
can depend on the type of GB.

For Ba(Fe,Co), As, [8], Fe(Se,Te) [9, 10], and NdFeAs(O,F) [11, 12], only [001]-
tilt GBs have been investigated so far. The common feature of those IBSs is that &, is
around 9°, which is 2-3 times larger than for YBCO of the same type of GB. Additionally,
the inter-grain J_ stayed constant in the range 15° < 6, <45°, whereas for YBCO it
decreases further exponentially with 6., . These prominent features of GBs in IBSs may

originate from their s+ wave symmetry. However, no data for other types of orientations
have been reported. Hence, it is interesting how J, is affected by [010]-tilt as well as twist

GBs. To address this issue, we have fabricated Fe(Se,Te) thin films on symmetric [010]-tilt
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roof-type SrTiO, bicrystals with 6, up to 30° and investigated the structural and

transport properties.

We have selected Fe(Se,Te), since it has the simplest crystal structure among IBSs.
Hence, it is considered easy to extract the factors governing the superconducting
properties. However, growing Fe(Se,Te) thin films with good superconducting properties
is not easy due to the excess Fe, which localizes conducting carriers, leading to a lower J,
[13]. In fact, as-grown films under our growth conditions contain excess Fe.

In this paper, we firstly optimize the post-annealing conditions for Fe(Se,Te) to
remove excess Fe. Then Fe(Se,Te) bicrystal films are fabricated by employing the
optimized post-annealing condition, followed by structural and electrical transport
characterizations.

2. Experiment

CeO, was grown on SrTiO;(001) (K&R Creation Co., Ltd.) in p O, =1 Pa at 600 °C by
pulsed laser deposition (PLD), where a commercially available CeO, sintered target
(Toshima Manufacturing Co., Ltd.) was ablated by a KrF excimer laser (wavelength A
=248 nm) with 1 Hz. An energy density of ~ 1.2 J/em? at the target surface was
employed. A total pulse number of 1320 yielded a 30 nm-thick CeO, film confirmed by
X-ray reflectivity measurements (Supplementary fig. S1). After deposition, the CeO, -
buffered SrTiO, substrates were transferred to the UHV chamber (base pressure ~ 1x10

7 Pa) for deposition of Fe(Se,Te) without exposing them to air. The Fe(Se,Te) target with
nominal composition Fe:Se:Te=1:0.5:0.5 was prepared by spark plasma sintering [14]. The
precursor powders were mechanically alloyed prior to the sintering [15]. The nominal FeSe
o5 Te,s films were also grown on CeO, -buffered [010]-tilt roof-type SrTiO, bicrystal

substrates (8° < 63;° <30°, Furuuchi Chemical Co.) at 300 °C and with 5 Hz laser
repetition rate. The energy density of laser was the same as for the CeO, deposition. A
pulse number of 7500 yielded a 135-155 nm-thick FeSe ;Te,, layer, which is an
optimum thickness for achieving a high T, [16, 17].

Post annealing has been conducted by referring to [18, 19]. The samples were again
transferred to the CeO, deposition chamber after growth of FeSe ;Te,; followed by
annealing at 100 "C<7, . <350 “C in a fixed pO, of 1 Pa. The dwell time at the

maximum 7, for each experimental run was fixed at 10 min.

anneal

Structural properties of the films were characterized by X-ray diffraction (XRD)
using Cu K ¢ radiation and transmission electron microscopy (TEM). The [001] directions
of both FeSe ;Te,; and CeO, are expected to be away from the substrate normal by

g5’ /2, when FeSe, Te,, is grown on CeO,-buffered symmetric [010]-tilt SrTiO,
bicrystal substrates having 55 . Hence, the growth angles (i.e. offset angle) for FeSe ,; Te

o5 and CeO, were determined by w-scans, where the angle 26 was fixed as the 002

reflections of each layer. TEM was performed on a cross-sectional foil sample covering the
grain boundary. The foil sample was made by focused ion beam (FIB) in a scanning
electron microscope (SEM) called Helios Hydra CX (Thermo Fisher Sci., USA). The
scanning TEM (STEM) observations were carried out for high-resolution microstructural
analyses by a TEM called Titan Cubed G2 (Thermo Fisher Sci., USA). In order to
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accurately assess the grain boundary angle in each layer, the automated crystal orientation
mapping (ACOM) technique in a TEM called ARM-200F (JEOL Ltd., Japan) was
performed by using ASTAR device (NanoMEGAS, Belgium) with a spatial resolution at 4
nm and an acceleration voltage of 200 kV. Details of the ACOM in TEM are described in
refs. [20, 21].

After structural characterization, micro-bridges for electrical transport
measurements were formed by laser cutting and conducted using a 4-probe method. The
bridges of 100 m width had a length of 2 mm for inter-grain measurements, and 1 mm
for intra-grain measurements, respectively. The superconducting transition temperature (
T ,,) was defined as a 10% drop of the normal state resistance R, at which the resistance
deviated from the linear fit to the normal state in the vicinity of the superconducting
transition. J_, was determined by an electrical field criterion of 1 pV/cm.

3. Results and discussion

3.1. Removal of Excess Fe

The as-grown FeSe,,Te,; films on CeO, -buffered ordinary SrTiO,(001) substrates
contained excess Fe, inferred from a resistance upturn before the superconducting
transition [fig. 1(a)]. This is due to the charge carrier localization by excess Fe in Fe(Se,Te)
[13]. Figure 1(a) shows the normalized resistance curves of the FeSe Te,; thin films

after post-annealing. The resistance upturn was gradually suppressed with increasing 7,

anneal

.At200 "C< T, ..., <220 °C, the upturn disappeared. Simultaneously, the superconducting

transition temperature 7, ,, increased with 7, .. and reached a maximum 7, around 15

Kat T,,.,=200°C [fig. 1(b)]. Further increasing T, ., reduced T, . For 7, ., >300°C,

anneal anneal
superconductivity disappeared completely. Additionally, the resistance curve for the film
annealed at 300° C showed semiconducting behavior. Figure 1(c) shows the XRD patterns
of FeSe . Te s annealed at various temperatures. In the XRD 2 - @ scans, no appreciable
differences between the as-grown film and the film annealed at 200° C were observed. On
the other hand, significant shifts of the 00/ reflections toward higher 26 values were

observed for the film annealed at 300 ° C, indicative of a decrease in ¢ -axis length. This is
mainly due to the loss of Te, since severe annealing conditions may terminate the Fe-Te
bonds leading to a loss in Te [22] and the c-axis length is decreasing with decreasing Te

content in FeSe ; Te  ; single crystal [23]. When the film was annealed at 350 ° C, further
shifting of the 00/ peaks together with peaks originating from impurities was recognized.
300° C [fig. 1(d)], whereas the c¢ -

axis length of the superconducting films was located between 6.0 A and 6.1 A . From
those results, the optimum post-annealing temperature was determined as 200 ° C.

The post-annealing conditions in this study differed from the ones reported by
Zhang et al. [18] with respect to pO,, annealing temperature and dwell time, which
were there 100 mbar (~ 13.3 Pa), 90 “C and 1~ 2 h. The annealing temperature of 200 °C
in our case is almost the double of Zhang’s study, whereas our dwell time is shorter. In our
study, the resistance upturn was suppressed even at 7, =100 °C. Hence, it may be
possible to remove more Fe with further increasing the holding time. The post-annealing
reported by Zhang et al . not only led to removal of excess Fe but also to a significant
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enhancement of critical currents, although 7, was slightly reduced. Post-annealing at low

temperatures may indeed be used to tune the properties of superconducting films further,
such as critical current properties of REBCO films [24]. Nevertheless, in the following, the

FeSe,;Te,; films on CeO, -buffered [010]-tilt SrTiO, bicrystal substrates were post-

annealed at 200 ° C for 10 minutes in 1 Pa of oxygen.

3.2. Structural Analyses
Figure 2(a) exhibits the XRD 2 8- patterns of FeSe,, Te,, grown on CeO, -buffered

[010]-tilt SrTiO, bicrystal substrates with various misorientation angles. The filmfor 655"
=0° was grown on an ordinary SrTiO,(001) substrate. The angle 8, shown in the panel
indicates the measured offset angle of FeSe ;Te,; multiplied by two [i.e. the actual
misorientation angle of FeSe, Te ], and the angle in parenthesis is the misorientation
angle of the SrTiO, bicrystals (83;°). For 855°=0°, the 00/ reflections of FeSe , Te

and CeO, together with SrTiO, were observed. Additionally, the 101 reflection of the ¢

scan showed a fourfold symmetry [Supplementary fig. S2(a)], which proves the phase-pure
and epitaxial growth of FeSe ,; Te ;.

On the other hand, almost only the 00/ reflections of FeSe,; Te,; were observed
for 63;° > 0°, indicating that the offset angle of FeSe,  Te, differs from those of CeO,
and SrTiO,. In fact, the respective misorientation angles of FeSe ; Te ,; and CeO, are
different from each other and from those of the SrTiO, bicrystals [fig. 2(b)]. As can be

seen, the actual misorientation angle of CeQ, (6 2) is getting larger than 651° , whereas

O is always smaller than 651, A similar effect was observed in FeSe ,, Te , thin films
on vicinal CaF, substrates deposited at 260°C [25]. For &5.° >24°, 65" was zero,
indicating the absence of a GB in FeSe ; Te . These observations can be explained by

the geometrical coherency model [26-28], according to which 85 2 —651° = A6, and

o — HGC;Oz = A, can be calculated by

— STO

Al _ tan”! dsro dCe02 tan O
STO 2

— CeO

Absp, _ tan”! dCeOZ disy tan O 2
2 CeO2 2

where dg, deeo, » and d.g, are the out-of-plane, monolayer step height of SrTiO, (3.91
A), CeO, (541 A), and FeSe, Te,; (5.96 A), respectively. The direction of the tilt of

[001] CeO, from [001] SrTiO, is away from the substrate normal, because dCe02 >dgro -
Similarly, the direction of the tilt of [001] FeSe ; Te s from [001] CeO, is away from the

substrate normal. For 85.°=30°, A8, /2 is calculated to 5.9°, which is close to the
measured angle from the STEM image shown in fig. 2(c). The grain boundary angles of
5
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CeO, (05;02) lie on the calculated lines (dotted blue line) [fig. 2(b)], indicating that the

geometrical coherency model is valid. However, this model seems not to be valid for FeSe
05 L€,5/Ce0,, since the experimental data did not lie on the dashed red line calculated

from the model. The vicinal angles of FeSe  ; Te,; grown on off-cut CaF, substrates at

260 ° C deviated similarly from the calculation (supplementary fig. S3). This may be due to
the low growth temperature, leading to a low surface mobility of atoms [28]. In fact,

vicinal angles of FeSe . Te,; grown at a higher temperature of 400°C were almost
identical to those of the CaF , substrates (fig. S3). Possibly, film surfaces and CaF , at low

temperatures do not have well defined terraces needed for the geometry coherency
mechanism. Finally, for a proper analysis, the lattice parameters at growth temperature
should be considered, which we omitted here for our estimates.

Figure 3(a) shows the cross-sectional view of FeSe,; Te,; grown on the CeO, -
buffered SrTiO, bicrystal with 85, =30°. The respective layer thicknesses of FeSe  Te
s and CeO, were 135 nm and 30 nm. The film contained planar defects with a thickness
of ~ 1.5 nm along the ab -plane, fig. 3(b). Atomic-resolution images of StrTiO, and CeO,
buffer layer around the GB confirmed that the respective GB angles are &5.,°=30° and

CeO2

Ois 2 =42.4° [figs. 3(d) and 3(e)]. Those values are consistent with the ones evaluated by
XRD measurements. Figure 3(c) confirms the presence of a GB in the CeO, buffer layer,
whereas no visible GB was present in the FeSe j; Te, layer as stated above. Additionally,
the FeSe ,; Te s layer grew biaxially textured as shown in fig. 3(f). The in-plane texture
was also confirmed by the ¢ scan of the 101 reflection [Supplementary fig. S2(b)].

According to the geometric considerations based on the TEM observation, the epitaxial
relation (001)[100]FeSe ,; Te, |[(114)[221]CeO, is realized as domain growth [29]. In

fact, a domain wall structure was observed in the FeSe ,, Te . film along [010], i.e. across
the GB for &5.,°=30", and their average width was 32+ 12 nm [figs. 4(a) and 4(b)]. Note
that such a structure has not been observed in the FeSe ;Te,; film grown on CeO, -
buffered single-crystal SrTiO, substrate (Supplementary fig. S4). The relation
(001)[100]FeSe s Te ,; ||(114)[22 1]CeO, also holds for 855> =24°. Due to the extinction
rule, the diffraction peak arising from the 114 reflection of CeO, could not be observed in
XRD pattern.

The domain growth is expressed by the following index, C,"", where (hxkXI)
lattice of the CeO, buffer layer and (mxnxo) lattice of the Fe(Se,Te), refer to [29]. The

respective indices are C4% for along the GB and C,77 for across the GB. However, the

most probable index for the latter is C,7, since the domain misfit (¢,) expressed by eq.
(3) is smaller, as shown in table 1. Additionally, the domain width 9Xa.; =34 nm (a.q;:
in-plane lattice parameter of FeSe , Te ) corresponds well to the average domain width
of 32 nm observed in ACOM, and the opposite mismatch compared to the FeSe . Te

(100) direction may slightly lower the total energy.



Nm? +n’ +0’apg —h +k° +ZZaCe02
Nm®*+n’ + 0% apg +NI + K’ +lzaCeoz

€ =2

The ¢, of C*’ is smaller than that of C,>?, which is reflected in the full width at

1,1,0 442 °
half maximum values (Aw) of the 00/ rocking curves [Supplementary fig. S2(h)~ (k)].
As can be seen, the Aw for the [110] (along the GB, denoted as “L” in fig. S2) is smaller

than that for the [22 1] (across the GB, denoted as “T” in fig. S2). For cubic lattices, the =
value of symmetrical GB is expressed by the sum of the squares of the Miller indices [30].

In our experimental results, a X9[110]/{221} GB with an ideal GB angle of 38.9° has
formed in CeO, on both 24° and 30" substrates with sufficiently close real GB angles of

354° and 42.2°, respectively. Unlike other GBs (e.g. X11[110]/{332}), the
29[110]/{221} GB is, together with the twin Z3[110]/{111} (not observed here), the
most stable structure [31].

Due to the difference between the ideal and real GB anglein CeO, (3.5° for 63

=24" and 3.3° for &5.,°=30", respectively), the (114) planes on either side are tilted by

half of this difference, and a GB angle of ~3.5" should be expected in the FeSe ,, Te
films, which however is not observed in fig. 4(c). From figs. 4(c) and 4(d), the respective

misorientation angles between domains were within 4° and 3° for in-plane and out-of-
plane. The artificial GB (or rather the two sides of the bicrystal) may be still recognized as
a more macroscopic shift of the base line (average) misorientation (with respect to a

common starting point) of ~ 0.7° out-of-plane and ~ 0.9° in-plane, which, however, is
well within the range of domain-to-domain misorientations. Two more effects may explain
that. First, the geometry coherency growth may happen again, now on (114) instead of
(001), and since the c-axis of FeSe ;Te,; is shorter than the single-layer distance in

(114) direction in CeO ,, the ¢ -axis will tend towards the substrate normal, although just

about negligible ~ 0.1°. Secondly, since FeSe ,, Te,, single crystals typically grow in ab

-oriented platelets, the surface energy of (001) may be concluded to be by far the lowest
one. Hence, the system tends to adjust (001) parallel to the surface.
For the low-angle GBs, a similar combination of special GB in CeO, (

233[110]/{441} or Z51[110]/{551} may be candidates), geometry coherency on the
relevant, vicinal planes [(118) or (1110) for the abovementioned GBs], and surface energy
reduction may explain the FST GB angles being lower than expected.

3.3. Transport Properties
The temperature dependence of the resistivity p of the inter- and intra-grain bridges is

shown in fig. 5. Although FeSe,, Te,, GBs were absent for the §5.°=24" and 30° of
films, the data for inter-grain were acquired from the bridges located on the GB of CeO,
and SrTiO,. For 65’ >24°, the normal state resistivity of the intra-grain bridges was

somewhat higher than that of the inter-grain bridges. The semi-logarithmic plots of fig. 5
(g)-(k) proved the resistivity dropped to the detection limit of the voltmeter below the
transition. Additionally, the transition temperature of the intra-grain and the inter-grain
bridges was almost the same for all samples.

7
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Figure 6(a) shows the inter- and intra-grain J, as a function of &5.° at 4.2 K. For
G55 =0°, the micro-bridge was fabricated from the film grown on the ordinary SrTiO,
substrate. All bridges showed a J, of 8x10* A/cm” except for the bridge with 85" =0° (
J.=1.6x10° A/cm?). The reason for higher J, is that the only J, component is the ab -
plane. On the other hand, for 63" >0°, the inter- and intra-grain measurements contained
two components of J_: along the c-axis and the ab -plane. However, inter-grain J, for
the films having a €5,° =24° and 30° was ~8x10* A/em” [fig. 6(b)] although those
films had a 6, close to 0°, fig. 2(b). These results infer that the domain wall structure
gave a negative impact on J,. Additionally, the maximum in-plane misorientation was ~
3° [fig. 4(d)], which also reduces J, although the in-plane misorientation angles are less
than the critical angle. In fact, the inter-grain J, of the [001]-tilt Fe(Se,Te) GB having a
misorientation angle of 3° was reduced around 20% relative to the intra-grain J, [9].

The ratio of inter-grain to intra-grain J, as a function of 85 is shown in fig. 6(c).

The data for the [001]-tilt GB are also shown for comparison [9, 10]. The ratio was almost
1 up to 85 ~9.5°, which is similar to the [001]-tilt GBs. Hence, absence of weak-link

behavior also for [010]-tilt GBs up to ~9.5" 1s confirmed in FeSe . Te ;.

4. Conclusion
FeSe . Te, thin films have been grown on CeO , -buffered symmetric [010]-tilt roof-type

SrTiO, bicrystal substrates by pulsed laser deposition. Excess Fe was successfully
removed by post-annealing at 200 °C for 10 min in p O, =1 Pa. The misorientation angle
of the CeO, buffer layers and FeSe ;Te,; were different from those of the SrTiO,
bicrystal substrates. The inclined growth of CeO, can be explained by the geometrical
coherency model. For the nominal €5.°= 24° and 30° of the [010]-tilt SrTiO, bicrystal
substrates, domain wall boundaries rather than grain boundaries were formed in FeSe ; Te
.5 due to the epitaxial relation (001)[100]FeSe s Te 5 ||(114)[22 1]CeO, . The inter-grain
J, of the [010]-tilt GB did not decay below 9.5° of the misorientation angle. The current

results offer implications for mitigating the weak-link issue in HTS, since CeO, has been
used as common buffer layers for HTS.
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Table 1. The domain indices C;’}’” and the corresponding domain mismatch calculated

from eq. (3).
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Figure 1. (a) The resistance curves of the as-grown FeSe ,; Te s (FST) and the FST films

annealed at various temperatures normalized to the value at 300 K. Inset shows the
magnified image of (a) around the superconducting transition. STO represents the SrTiO,

substrate. (b) The transition temperature 7.,, as a function of the annealing temperature

1 =200 °C. (c) The XRD

anneal *

patterns of the FeSe,, Te,, thin films annealed at 200 °C, 300 °C, and 350 “C. For

comparison, the data for the as-grown film is also shown. Beyond the optimum 7, the

anneal *

The maximum 7,,, around 15 K was observed at T,

anneal

00/ diffraction peaks shifted to higher angles. For T

anneal

=350 °C, some diffraction peaks
marked as “e* other than FST and CeO, were observed. The peaks marked as “**
originate from SrTiO;. (d) The c-axis length as a function of the annealing temperature
T,

anneal *

A.

The c-axis length of the superconducting films was located between 6.0 A and 6.1
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Figure 2. (a) The XRD pattern of the FeSe ,; Te; thin films grown on CeO, -buffered
[010]-tilt symmetric SrTiO, (STO) bicrystal substrates having various grain boundary
angles 65 . Here, the angle 6., corresponds to twice the offset angle of FeSe, Te, .
The peaks marked as “** originate from SrTiO,. Because of the different offset angles
between FeSe  Te,; and CeO, as well as FeSe ; Te 5 and SrTiO ,, almost only the 00/

peaks from FeSe , Te,, were observed. (b) The 85" for FeSe,, Te,; (closed symbol)
CeO,

and 6 > for CeO, (open symbol) as a function of 655" . The dashed red and dotted blue

lines are calculations using the geometrical coherency model [26, 27, 28]. (¢) The atomic
resolution HAADF-STEM image of the interface between CeO, and SrTiO, having a

@31°= 30°. The calculated value of (85 2 —65°)/2 is 5.9°, which is close to the

measured value of ~5.5°.
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Figure 3. Microstructure of the FeSe ; Te . /CeO, sample grown on the 30" [010]-tilt
symmetric SrTiO, bicrystal substrate. (a) Cross-sectional view near the GB acquired by

ADF-STEM. (b) ADF-STEM image taken away from GB. Planar defects shown by a black
arrow are visible. (c) Magnified image of (a). The GB is absent in FeSe ,, Te .. Atomic-

resolution HAADF-STEM image of the GBs in SrTiO, (d) and CeO, (e). The GB angle
in CeO,, 6’(?;02 , 18 42.4°, consistent with the value by XRD. (f) Atomic-resolution image

of the interface between CeO, and FeSe  ; Te,,, which was clean and without reaction

layer.
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Figure 4. (a) Automatic crystal orientation mapping of FeSe . Te,, grown on CeO, -

buffered SrTiO, with 85,°=30° by scanning precession diffraction. (b) Inverse pole figure

map. (¢) Out-of-plane and (d) in-plane misorientation profiles from the first point along the
orange line shown in (b).
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Figure 5. The electrical measurement using the intra- and inter-grain bridges is
schematized in (a). The resistivity curves of the inter- and intra-grain bridges with various

65:° [(b)~ (k)]. The open and solid symbols represent the intra- and inter-grain bridges,
respectively. 65.°=0° [(b)] refers to the ordinary substrate. Semi-logarithmic plot of (b) ~
(f) in the vicinity of the transition [(g) ~ (k)].
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Figure 6. (a) J_ of the inter- and intra-grain bridges as a function of &5° at 4 K. The
0STO
GB
substrate. J, was almost constant around 8x10* A/cm? except for the film grown on the
ordinary SrTiO, substrate. (b) Data of (a) replotted as a function of . . (c) The 8.

dependence of the normalized J, for the Fe(Se,Te) bicrystal films measured at 4 K in
comparison to data of [001]-tilt GBs.

micro-bridge with =0" was fabricated from the film grown on the ordinary SrTiO,
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The issue of weak-links inherent in iron-based superconductors, Fe(Se,Te), can be avoided
by employing CeO,-buffer layer containing the £9[110]/{221} grain boundary.
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1. X-ray reflectivity measurement for CeO, grown on SrTiO3(001)

T T T T
CeO; on SrliOy
1 Hz, 1320 pulse, ¢=32 nm
—— Measured data
—— Simulation

Intensity (arb. units)

10°

10°

20 (degree)

Figure S1| X-ray reflectivity measurement confirmed that the thickness of CeO» is 32 nm, which

is almost identical to the one measured from the cross-sectional ADF-STEM image [fig. 3(a)].



2.The 101 reflection of g@scans and the 00/ rocking curves of FeSeosTeos grown on the CeO»-

STO
=30°.

buffered SrTiO; ordinary substrate and bicrystal substrate with Ogp
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rigure d|(a) 1 Ne ¢rscans oI tNe 1V 1 TETIECTION OT FedEy s 1 €95 ZFOWN 0N Leu,-butrerea ordinary
#$%
SrTiOs substrate and (b) bicrystal substrate with 50 - (c) The schematic illustration of the

X-ray scan direction for the 00/ rocking curves. (d)-(g) The 00/ (=1, 2, 3 and 4) rocking curves
of FeSepsTeos grown on CeOs-buffered ordinary SrTiO; substrate. “T” and “L” denote the

transverse and longitudinal directions of the X-ray scans, shown in (c). As expected, no difference
#$%
=30°),
in FWHM were observed. On the other hand, for the film grown on bicrystal substrate (6, )
the FWHM for “T” (i.e., perpendicular to the GB) are larger than those for “L” [(h)~(k)].



Table S1 shows the FWHM exhibited in fig. S2(a) and (b). The A of the FeSeysTeos film on
#$%
single crystal StTiOs (O~ 0°) is smaller than of the film on bicrystal substrate. Table S2

summarizes the crystalline quality of the out-of-plane direction of the FeSepsTeos films on single

crystal and bicrystal substrates. The FWHM of FeSeosTeos on ordinary SrTiOs are almost the
same values regardless of the scan directions. On the other hand, for FeSeosTeos on bicrystal
substrate, FWHM shows a strong directional dependence: FWHM of “T”-direction are always

larger than those of “L”-direction.

gﬁ‘&’!ﬁcsl%JsQfeslr:W&l\élu%As{%%f(]@@’S@ﬂé?6"-\?. grown on the CeOs-buffered ordinary SrTiOs substrate

FeSersFerson o T R = 7 T = 7 B = <
ordinary SrTi(gg 2.20 2.24 2.15 2.28
#$%
=30°) 3.82 3.95 3.82 4.07

bicrystal SrTiO; (6,
gﬁ&’g’lCSI%;ISHFSIEWI@I}\Quﬁ)AS%gt%f@ﬁS%:@S%.grown on the CeO,-buffered ordinary SrTiO; substrate

FeSeosTeos on direction Awrg (°) Awry (°) Awr= (°) Awry (°)
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2. Vicinal angle evaluated from the geometrical coherency model
To evaluate vicinal angles of FeSeo sTeo.s grown on off-cut CaF, substrates, the following equation
is employed: d d

8 = gran0&* 12N T T/ ang120.8 (1)

diz/
with 6. =a0_. tO0_.  (S2)
/#$.18 the vicinal angle of FeSeosTeos, di2/) is the lattice parameter of CaF (5.462 A),
where /%*- 12))

5. is the c-axis length of FeSeosTeos (5.96 A) [S1]and 18 the vicinal angle of the CaF

substrates. Due to /¢ > d12/), the direction of the tilt of [001] FeSeosTeos from [001] CaF is
away from the substrate normal. The FeSeosTeo s thin films were grown on off-cut CaF, substrates

at 260 °C and 400 °C, respectively [S2]. Figure S3 shows the measured vicinal angle of
12/)

FeSeosTeos by X-ray diffraction as a function of 6_ - The dashed lines are calculation from

equations S1 and S2. As can be seen, the vicinal angles of FeSeosTeos grown at 260 °C deviate



from the calculation, whereas they lie on the calculated lines for the films grown at 400 °C. These
results suggest that the inclined growth mechanism based on the geometrical coherence model is

operative at high growth temperature, but not at low growth temperature.

25 T T T T P
@ 260°C s
oL ™ 400 °C P 4 ]
— — Calculation 7
= ’ L
i s
% 15¢ R .
< /e
52.; 10 p a E
< e
,7 e
sp d 1
7
7

{' 1
0 5 10 15 20 25
8,;.c* (degree)
Figure S3| The vicinal angle of FeSeosTeos on off-cut CaF, substrates grown at 260 °C and 400

12/)

°C as a function of _
4. Cross-sectional TEM image of FeSegsTeos on CeO:-buffered ordinary SrTiO; substrate
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Figure S4| The cross-sectional view of FeSeosTeg s grown on the CeO»-buffered SrTiO; substrate

(O
= (°) obtained by ADF-STEM.

(Og.

Reference

[S1] Musaka K, Matsuura K, Qin M, Saito M, Sugiura Y, Ishida K, Otani M, Oishi Y, Mizukami
Y, Hashimoto K, Gouchi J, Kumai R, Uwatoko Y, Shibauchi T. High-pressure phase diagrams of
FeSe .. Te,: correlation between suppressed nematicity and enhanced superconductivity. Nat.
Commun. (2021);12: 381. doi: 10.1038/s41467-020-20621-2

[S2] Bryja H, Hiihne R, lida K, Molata S, Sala A, Putti M, Schultz L, Nielsch K, Hénisch J.



Deposition and properties of Fe(Se,Te) thin films on vicinal CaF, substrates. Supercond. Sci.
Technol. 2017; 30: 115008. doi: 10.1088/1361-6668/aa8421



