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Structural characterization by x-ray diffraction

Our Ba(Fe;_,Co,)2As2 (Ba-122) thin films on MgO(001) and CaF5(001) substrates have been
grown by pulsed laser deposition (PLD). The composition of the films is almost identical to that of the
Ba(Fe;_,Co,)2Ass PLD targets, indicative of a successful stoichiometric transfer [S1]. X-ray diffraction
patterns for Ba(Fe;_,Co,)2As, thin films on MgO and CaF, substrates as a function of the Co content
are summarized in Fig. S1. Almost all peaks are assigned as 00/ reflections of Ba(Fe;_,Co,)2Aso and
substrate, indicating a c-axis texture of Ba(Fe;_,Co,)2Ass. For both cases, the 002 reflection of Fe is
observed. The 008 peak position shifts towards higher angles with Co doping (Figs. S1b and S1d), as a
result of a smaller lattice constant ¢ with increasing Co content.

¢ scans of the 103 peak for Ba-122 films on both MgO and CaFs are summarized in Figs. S2a and
S2b, respectively. For both films, ¢ scans of the 220 substrate reflection were also measured. Sharp and
strong reflections from Ba-122 are observed at every 90°. These results highlight that Ba(Fe;_,Co,)2As,
thin films are grown epitaxially. Here, the respective epitaxial relation for Ba-122 on MgO and CaF,
substrates are (001)[100]g1m [[(001)[100]pgo and (001)[110]g1m [[(001)[100]car,. The films on CaF,
(Ba-122/CaFs) with high doping regime (z > 0.175) contained a small amount of in-plane 45 ° rotated
domains.
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FIG. S1. The # — 20 scan of the Ba(Fe;_,Coz)2As: thin films on (a) MgO(001) and (c) CaF2(001) substrates. The
6 — 20 scans in the vicinity of the 008 reflection for (b) MgO(001) and (d) CaF2(001) substrates, respectively. A
clear shift of the diffraction peak is observed with increasing Co content.

Ba-122/CaF; shows smaller full-width at half-maximum values of both out-of-plane and in-plane re-
flections compared to Ba-122/MgO, as shown in Figs. S2c and S2d. Here, the rocking curve of the 004
reflection was measured for all Ba-122 films. The Aw and average A¢ values are mainly constant re-
gardless of Co content.
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FIG. S2. 103 ¢-scans for Ba-122 thin films with different Co levels on (a) MgO and (b) CaF; single crystalline
substrates. The 220 ¢-scans for MgO and CaF; substrates are also shown in the same graphs. (c) Full width at
half maximum (Aw) value of the 004 reflection of Ba-122 thin films as a function Co content prepared on various
substrates. (d) Average full width at half maximum (A¢) value of the 103 reflection of Ba-122 thin films as a function
Co content prepared on various substrates.

Lattice deformation in a tetragonal phase for both Ba-122/MgO and Ba-122/CaF; is summarized in
Figs. S3a and S3b. Clearly, the lattice deformation for both films are almost constant regardless of Co
content.
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FIG. S3. The lattice deformation in a tetragonal phase along the crystallographic a- and c-axis for Ba-122 thin films
on (a) MgO and (b) CaF, substrates.



Origin of biaxial strain

The origin of the biaxial strain in thin films may be understood by considering the evolution of the
lattice constants ¢ with temperature. The temperature dependence of x-ray diffraction patterns in the
vicinity of the 004 reflection of Co-doped Ba-122 films with the same Co doping, x = 0.15, but grown
on different substrates MgO and CaFs, are presented in Figs. S4a and S4b. Our measurements have been
conducted in flowing He gas. For both Ba-122 films, the diffraction peaks are shifted toward lower angle,
indicative of the elongation of the lattice constant ¢ due to thermal expansion. For Ba-122/MgO, the
diffraction intensity is observed to decrease around 673 K and almost disappeared at 773 K, indicating
that the Ba-122 phase was decomposed. On the other hand, for Ba-122/CaF; films the diffraction peak
was still observed even at 773 K, although the peak height is significantly reduced. From the temperature
dependent x-ray measurements, the lattice parameters a of MgO and CaF; substrates have also been
evaluated, as shown in Fig. S4c. The evaluated values of the linear thermal expansion coefficients, a,
are given in Table S1. Based on those results, the temperature dependencies of the lattice constants ¢
for the two films are presented in Fig. S5a. For comparison, the temperature dependence of the c-axis
length of a Ba-122 single crystal is also shown. These data were calculated using the experimental
lattice constant at room temperature and the thermal expansion coefficient for the single crystal with
x = 0.115[S2]. The lattice constants c for the Ba-122/CaF; and the single crystal are close to each other
at high temperature, indicating that the respective in-plane lattice parameters a are also close to each other
at that temperature. Upon cooling, the difference in the c-axis length between the Ba-122/CaF, and the
single crystal increases, which is attributed to a large difference in the thermal expansion coefficients of
the CaF, substrate and Ba-122 (Table S1). This effect is mainly responsible for the compressive strain of
€x0 = —5.8 x 1073 in Ba-122/CaF, thin films.
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FIG. S4. Temperature dependence of the x-ray diffraction patterns in the vicinity of the 004 reflection for (a)
Ba-122/MgO and (b) Ba-122/CaF.. (c) Temperature dependence of the lattice constants a for MgO and CaF5 sub-
strates and the corresponding normalized values at 298 K.

On the other hand, the two traces of the Ba-122/MgO film and the single crystal are almost parallel,
presumably due to a small thermal expansion mismatch (Table S1). Unlike Ba-122/CaF, films [S3, S4], a
clean interface between the Co-doped Ba-122 film and the MgO substrate has been observed by transmis-
sion electron microscopy, as shown in Fig. S2b and reported in Ref. [S5]. In this case, the lattice misfit
yields a tensile strain in the thin films. However, the measured magnitude of the strain, €,, = 5.9 X 103,
is smaller than expected for the relatively large lattice misfit of around -6 % at room temperature. This



TABLE S1. The linear thermal expansion coefficient, a, of the MgO and CaF, substrates at 298 K. The value for
Ba(Feo.835C00.115)2As2 along the crystallographic a-axis at 300 K was taken from Ref. S2.

MgO CaF, Ba(Fe 835C00.115)2A82
a(x10 6K 1) 12.4 22.4 8.5

larger difference is caused by strain relaxation since our Ba-122 films have a thickness of about 100 nm,
which is beyond the critical thickness for relaxation. Indeed, our previous investigations on the Ba-122/Fe
bilayer system revealed a critical thickness of around 30 nm for a lattice misfit of -2.5% [S6], whereas the
corresponding value of Ba-122/MgO results in a few atomic layers [S5]. Therefore, the presence of a
small amount of biaxial strain, €;, = €, = 5.9 X 1073, indicates that residual strain exists beyond the
critical thickness, which was also observed in III-V semiconductors [S7] and P-doped Ba-122 films on
MgO substrates [S8, S9]. Additionally, we have found nanoscale oscillation of uniaxial strain compo-
nents using high resolution electron backscatter diffraction (HR-EBSD) [S10], which will be discussed
later. This strain state can be described by the modulation of €, and €, having opposite sign in the range
of about +0.2% with €., ~ 0. We assume that this strain component originates from the formation of a
low-angle grain boundary network during the coalescence of slightly rotated nanoscale islands nucleat-
ing on the mismatched MgO surface during film growth. These strain inhomogeneities were detected by
HR-EBSD using a comparable experimental and evaluation procedure provided in reference [S11].
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FIG. S5. Temperature dependence of the out-of-plane lattice constants and microstructure: (a) Temperature depen-
dence of the lattice constants ¢ for a Ba-122/MgO and a Ba-122/CaF; film with x = 0.15. The single crystal data
(dotted lines) were estimated from Ref. [S2]. (b) TEM picture in the vicinity of the interface between the Co-doped
Ba-122 film (x = 0.06) and the MgO substrate.

The local strain by HR-EBSD

Local strain components in a Co-doped Ba-122 (z = 0.06) thin film on MgO were measured by high
resolution electron backscatter diffraction (HR-EBSD). HR-EBSD was performed as line scans in a Zeiss
Ultra 55 scanning electron microscope using 20 kV acceleration voltage and 10 nm step size. The EBSD
patterns have been recorded and analyzed subsequently with an in-house written software, based on the
algorithm developed by Wilkinson et al [S10]. Shown in Fig. S6 is the local strain distribution of the



crystallographic a, b, and c direction (normal strains) relative to a chosen reference position as a function
of position. Variations of strain for all directions are within £0.2%.
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FIG. S6. The local strain distribution of the crystallographic a, b, and c direction as a function of position.

Determining the superconducting transition temperature, 7.

FIG. S7. The resistivity curve of a 10 % Co-doped Ba-122 thin film on a CaF; substrate. 7. was determined to
27.1K.

The superconducting onset transition temperature was defined as the intersection between the linear fit
of the normal state resistance and the steepest slope of the superconducting transition (see Fig. S7). Zero
resistivity temperature and middle point of superconducting transition are influenced by flux pinning
effect. Therefore, we chose the onset temperature of resistivity as a criterion of the 7. Our optimally
Co-doped Ba-122 superconducting films showed an exact match of the zero resistivity temperature 7 o
and the onset 7, from magnetization measurements, proving high quality of our films [S1].

Determining the magnetic transition temperature, 7

The peak position of the temperature derivative of the resistivity is related to the magnetic transition
according to x-rays and neutron diffraction measurements [S12]. Therefore, the magnetic transition tem-



perature, Ty, was defined as the peak position, as shown in Fig. S8. In contrast to bulk single crystals
(i.e., unstrained material), the kink above T related to the structural/nematic transition is absent. Re-
cently, a similar behavior was observed under application of uniaxial strain to the ab-plane of Co-doped
Ba-122 single crystals [S13]. Therefore, the uniaxial component in the films obscures the nematic/struc-
tural transition (Fig. S6). However, inhomogeneous strain does not affect 7Ty and T, noticeably, since the
transitions are rather sharp in the strained films.

a b
Ba-122/MgO Tn Ba-122/CaF,
g i g x=0
=} S
g g
S G
~ ~
o | )
X X+
§ &
T T x=0.04
o Ty
T T T T T T T T T T
50 100 150 200 250 50 100 150 200 250
T (K) T (K)

FIG. S8. The temperature derivative of the resistivity curves of (a) Ba-122/MgO and (b) Ba-122/CaF,. The peak
position is assigned as T
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