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ABSTRACT: Emergent superconductivity is strongly correlated with the
symmetry of local atomic configuration in the parent compounds of iron-
based superconductors. While chemical doping or hydrostatic pressure can
change the local geometry, conventional approaches do not provide a clear
pathway in predictably tuning the detailed atomic arrangement due to the
parent compound’s complicated structural deformation in the presence of
the tetragonal-to-orthorhombic phase transition. Here, we demonstrate a
systematic approach to manipulate local structural configurations in
BaFe,As, epitaxial thin films by controlling two independent structural
factors, orthorhombicity (in-plane anisotropy) and tetragonality (out-of-
plane/in-plane balance), from lattice parameters. We tune superconductivity
without doping utilizing both structural factors separately and controlling T, gl O W

local tetrahedral coordination in the designed thin film heterostructures with T

substrate clamping and biaxial strain. We further show this allows

quantitative control of the structural phase transition, the associated magnetism, and superconductivity in parent material
BaFe,As,. This approach will advance the development of tunable thin film superconductors in a reduced dimension.

above T
@ below T,

Iﬁe
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A pervasive issue affecting the fundamental understanding pressure.””' ~>° It has been suggested that emergent super-
and practical application of high temperature super- conductivity may be associated with local or global strains that
conductors is the identification of the factors that determine change the local atomic structure, affecting the tetrahedral
the maximum critical temperature (T,,,,) for a given material bond angles «, §, and y. However, these external stimuli do not
family. In the case of Fe-based superconductors, the attention provide an ideal approach to assess the relative roles played by
has primarily focused on the inter-relation between super- structural distortions and associated structure—property
conductivity and other broken-symmetry phases found in the relations because the internal distortion of the tetrahedral
phase diagram, principally magnetic order. " Even though the geometry is not predictable. A desired approach is to

physical origin of the symmetry-breaking ground state remains
controversial, structural factors, possibly associated with the
above relationship, have been shown to play an important role
in determining T, and broken symmetries.””'” Several early
investigations of a variety of optimally doped, tetragonal, and
bulk Fe—pnictide superconductors revealed an apparent
correlation between T,  and the proximity to perfect
tetrahedral coordination of the Fe ions, which can control
effective hopping parameters for electrons moving in the
associated Fe—As planes.lg_20 For underdoped compositions,
however, the presence of a tetragonal-to-orthorhombic phase Received:  March 3, 2022
transition makes it considerably more difficult to assess the Accepted:  March 23, 2022
impact of these structural effects on T.. Published: March 31, 2022
Structural distortions and superconductivity have been
induced in the undoped pnictide parent compound by either
chemical substitution or the application of high hydrostatic

determine the orthogonal factors to suppress the orthorhombic
distortion and change the tetragonal unit cell independently
and, hence, control the detailed bond angles of subunit cell
structures in the parent material.

Here, we use epitaxial strain in designed thin film
heterostructures to control crystal symmetry such as in-plane
(orthorhombicity) and in-plane/out-of-plane anisotropies
(tetragonality), and by doing so, the sublattice structure can
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Figure 1. Schematic picture of the structural design in parent Fe-based compounds. Individual control of orthorhombicity and tetragonality
determines lattice stability toward or away from the perfect tetrahedral geometry in the presence of the tetragonal-to-orthorhombic transition. Each
decoupled parameter is tuned by film thickness and biaxial strain, independently. Orthorhombic transition below T is more suppressed in the
thinner film by the substrate clamping effect, and tetragonality is modified by in-plane strain. Orthorhombicity and tetragonality control anisotropy
between angles ff and y and between a and f, respectively, and a perfect tetrahedron can be obtained by reducing structural anisotropy under the
control of orthorhombicity and tetragonality.
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Figure 2. Superconductivity enhanced by suppression of orthorhombic phases. (a) Tetragonal-to-orthorhombic structural change along the [hh8]
direction across the tetragonal (228) reflection by X-ray diffraction at different film thickness. All films were grown on LiF substrates at 680 °C. (b)
Temperature-dependent orthorhombicity & extracted from (228) reflections. (c) Normalized resistivity as a function of temperature for different
film thicknesses. The inset (11 nm, LiF substrate) shows a full superconducting transition with zero resistance at 0.4 K. (d) Superconducting T and
structural phase transition (T,) correlated with & (taken at 10 K). Note that c/a is fixed as 3.348 below T. T_ as a function of film thickness shown
in the inset. Red lines are guides to the eye.

be precisely manipulated. For this, the nominally non- with structural factors. The structural control of Ba-122 thin
superconducting parent compound BaFe,As, (Ba-122) is films was through the epitaxial relationship of the film with the
utilized to grow epitaxial thin films on different substrates™ substrate (see the Supporting Methods and Figure S1) based
with different film thicknesses'> and correlate changes in T, on the study of atomic configurations and their concomitant

1512 https://doi.org/10.1021/acsaelm.2c00291

ACS Appl. Electron. Mater. 2022, 4, 1511-1517


https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c00291/suppl_file/el2c00291_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00291?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00291?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00291?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00291?fig=fig2&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.2c00291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

108
a 170 T T b 4X e 180
-@- 11 nm/LiF (680°C)
. —B- 11 nm/LiF (650°C)
165 F @ ® A 3t —A- 20 nm/CaF,
2 3 -@- 20 nm/STO
c b s - 160}
o 160 [-g @ 13 2$8g‘
| & TTE
| 1
L -@-LF | w .| !
1551 o -A- CaF, 1 P 140f
-@-STO 3 : 3
1500 4'1 é 12 0o 56 160 15'30}260 250 300 £30
=]
. ) 5 108 109.5 111
C s Film thickness (nm) d » Temperature (K) ,g- Bond angle ()
o~ -o- 11 nm/LiF (680°C) . Tc (onset)Tc (onset) g
8 111.0f —B8- 11 nm/LiF (650°C) = 20+ Tc (onset)
) ~ =A-20nm/CaF, 1.0t Sy e
S 11057 ¢ -®-20nm/STO 1
o B . =
©110.0+ “ L {1 Zoot
S LB S 10
S L E A L
T 109.5 AD h — 11 nm/LiF (680°C)
S r @ 0.8} 11 nm/LiF (650°C){
a
D 090l ® AN 20 nm/CaF,
® 5 — 20 nm/STO
108.5 . . . 07 . . . 0 . . .
3.29 331 333 335 3.37 0 10 20 30 40 3.29 3.31 3.33 335 337
cla (a.u.) Temperature (K) cla (a.u.)

Figure 3. Superconductivity tuned by tetragonal structures. (a) Thickness-dependent T in different substrates. The growth temperature on LiF is
680 °C. (b) Identical temperature-dependent & of films with the same T,. (c) As—Fe—As bond angles @, f§, and y in a tetrahedron controlled by the
c/a ratio. (d) Normalized resistivity showing different onsets of T. (e) T, and T as a function of tetragonality (c/a taken at 10 K). T as a function

of bond angles shown in the inset. Blue line is a guide to the eye.

dead layers at the interfaces.”® As indicated schematically in
Figure 1, we employ two strategies to control the degree of
tetragonality c/a above the structural phase transition (which
occurs at a temperature T;), and the orthorhombicity § = (a —
b)/(a + b) for temperatures below T,. First, different cubic
substrates (SrTiO,;, CaF,, and LiF) and growth conditions
directly tune c¢/a above T, without breaking any symmetry.
Second, when films with different thicknesses are grown, the
degree of orthorhombicity & below T is effectively tuned. In
particular, for very thin films, & is suppressed due to a
“clamping” effect arising from epitaxy with the cubic substrate.
This relaxes as the film thickness is increased (approaching a
free-standing bulk crystal), leading to larger values of & for
thicker films. Hence, substrate type and film thickness provide
controls of the As—Fe—As bond angles @, 3, and y even in the
orthorhombic phase.

B RESULTS

Influence of Orthorhombicity and Tetragonality.
Tetragonality and orthorhombicity provide a straightforward
way to manipulate bond angles (Figure 1). In the tetragonal
structure above T, there are only two unique bond angles: a
and f3 = y (see the Supporting Methods). In the orthorhombic
state below T, f differs from ¥ as a result of broken rotational
symmetry arising from anisotropy of the in-plane lattice
constants. The bond angle a is associated with the next-
nearest-neighbor interaction of Fe 3d orbitals, while # and y
are linked with nearest-neighbor ho7pping, which determines
the antiferromagnetic ordering'”*” (see Figure S2). We
control these bond angles as well as the electronic and
magnetic properties with film tetragonality and orthorhombic-
ity.

Control of Orthorhombic Distortion by the Clamping
Effect. Figure 2 shows that superconductivity can be enhanced
by the suppression of orthorhombicity. High-resolution
synchrotron XRD demonstrates that a single sharp peak is

1513

observed above the structural transition temperature T in
Figure 2a. Regardless of film thickness, growing films on LiF
substrates results in identical sharp peak positions for
temperatures just above T, (~160 K), which implies constant
tetragonal lattice parameters of the films. Upon cooling below
T,, the (228) reflection is broadened with a peak intensity drop
due to peak splitting associated with the orthorhombic
transition as observed in bulk.”**’ The splitting is temperature
dependent, increasing with decreasing temperature until
reaching a low-temperature plateau. Its overall magnitude is
reduced in thinner films due to substrate clamping. We
perform fitting on the XRD data to determine the structural
factor of orthorhombicity, § = (a — b)/(a + b), and use its low-
temperature plateau value to quantitatively compare between
films and correlate the structural information with electronic
properties (see the Supporting Methods). Figure 2b shows the
temperature-dependent 6 with a transition to the low-
temperature plateau that is broader in these thin films than
in bulk crystals.” The overall reduction of & with decreasing
film thickness is clearly shown. The low-temperature saturated
0 value is reduced, and the onset of orthorhombicity is shifted
to a lower temperature as film thickness is reduced.”

As shown in Figure 2b,c, there is a resistive anomaly near the
orthorhombic structural transition. We assign T; to the onset
of the upturn in the first derivative of the resistivity with
respect to temperature (dp/dT) and use this value to
characterize the orthorhombic transition (see Figure S3).
This provides a more precise comparison temperature than
that obtained from the XRD data. We confirmed that the onset
of orthorhombic § is consistent with this resistive T, (Figure
2b), as in bulk materials.”*”*! The structural transition
measured by the orthorhombicity shows a broad temperature
dependence, unlike the near first order transition observed in
Ba-122 single crystals.””*' We probe the magnetic phase
transition temperature (T,) with reflection optical polar-
imetry®” (see the Supporting Methods). Here, the measured
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Figure 4. Three-dimensional phase diagram of parent BaFe,As, materials. Demonstration of explicit guidelines showing how to enhance T with
the existence of the tetragonal-to-orthorhombic transition. Decoupling the two structural parameters of orthorhombicity and tetragonality is the key
for approaching the ideal tetrahedron where the three bond angles are identical (yellow dot). Solid red and blue lines are drawn from the measured
superconducting T, under the independent control of orthorhombicity and tetragonality.

ellipticity signal, which arises from the 2-fold in-plane
anisotropy of the refractive index, sets in below T, consistent
with the emergence of orthorhombicity, and exhibits a kink at
T, due to the magnetic feedback effect,*” indicating the
relation to the antiferromagnetic transition. T, does not
coincide with T in our undoped films as shown in anisotropic
characteristics revealed by ellipticity and structural ortho-
rhombicity measurements™® (see Figure S4c), similar to the
behavior of the electron doped parent compound.***

Control of the Tetragonal Structure with Biaxial
Strain. Strain-controlled tetragonality is another structural
factor that controls bond angles. As the c/a ratio is increased
by compressive strain, bond angles o and § change linearly and
approach a single value (Figure 3c). Note that we need to
consider the bond angle y as well because orthorhombicity is
not completely suppressed. We control the ¢/a by film strain,
and As—Fe—As bond angles are systematically controlled by
the ¢/a ratio, approaching the optimal angle of 109.5°.

Since the clamping effect differs on each substrate, the same
orthorhombicity for films of differing tetragonality can be
obtained by varying the film thickness. This allows the
separation of effects due to tetragonality and orthorhombicity.
We confirmed a set of films on different substrates with
identical orthorhombicity but varying tetragonality through
measurements of temperature-dependent § (Figure 3a,b). The
out-of-plane lattice constant varies in this set, determined by
the in-plane lattice constants through elasticity. Thus, substrate
clamping provides tetragonality control through the substrate
in-plane lattice constant. For instance, X-ray diffraction
confirms that Ba-122 films grown on dissimilar substrates
have different in-plane lattice constants and also different
tetragonality (c/a) due to the film strain. In particular, fluoride
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substrates provide more compressive strain than oxides due to
higher thermal contraction and the resulting thermal strain.

Influence of Controlled Structural Distortions on T,
and T. We have demonstrated that tetragonality and
orthorhombicity can be controlled in the undoped BaFe,As,.
Here, we show that these structural distortions determine the
orthorhombic structural phase transition temperature T, and
the superconducting phase transition temperature T, inducing
superconductivity in this undoped parent compound. These
results are summarized in Figures 2d and 3e. Normalized
resistivity of individual samples shows a distinct super-
conducting transition, and the onset of T, is obtained from
the resistivity curve (Figure 3d). Note that, as discussed above,
the 11 nm thick Ba-122 film grown on LiF at 680 °C has zero
resistance at 0.4 K (inset of Figure 2¢).

Figure 3e shows that superconductivity with an onset
temperature as high as 27 K can be induced by a suppression
of orthorhombicity by substrate clamping at low thickness.
Figure 2d shows that films of fixed orthorhombicity but
different tetragonality have the same T, but dramatically
varying T. We can summarize our results in terms of
orthorhombicity, tetragonality, orthorhombic structural phase
transition temperature T,, and superconducting phase
transition temperature T, In the range we investigated,
tetragonality enhances superconductivity and orthorhombicity
degrades superconductivity. Tetragonality does not strongly
influence T, while orthorhombicity correlates with an increase
in T,. Although structural deformations and their interaction
with each other, with electronic and magnetic properties, and
with spatial gradients can be quite complex, our results point to
clear correlations. We have shown that the reduction of in-
plane lattice anisotropy (a and b) increases the super-
conducting transition temperature.
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The constant T, in films with varying tetragonality but
identical orthorhombicity is reflective of the nematic transition
driven by either a spin or orbital mechanism. If a spin or orbital
mechanism drives the nematic transition, its essential coupling
to the orthorhombic structural distortion would connect a
larger low-temperature orthorhombicity with a stronger
nematicity and associated higher transition temperature. We
argue that the dependence of superconducting T. on both
orthorhombicity and tetragonality is related to the Fe—As
bond angles. We found T, is enhanced by the proximity to all
bond angles approaching 109.5° (inset of Figure 3e). Despite
lacking experimental realization of perfect 109.5° tetrahedral
angles, we have shown that the reduction of asymmetry
between & and 8 (or y) enhances the superconducting T..

Superconductivity emerges as reduced film thickness
decreases orthorhombicity, which to our knowledge has not
been previously reported on insulating substrates. The
enhancement of T, is tuned by the film thickness due to the
substrate clamping effect (inset of Figure 2d). The film with
the smallest orthorhombicity becomes fully superconducting
with zero resistance, as shown in the inset of Figure 2c (see
Figure SS). T, and onset T, (due to the broad transition) were
plotted as functions of 0 to show the correlation of the
orthorhombicity factor () with the superconducting T.
(Figure 2d). It is intriguing to see that the reduction of & is
correlated to lower T, and higher T..

Visualizing the Parent Ba-122 Phase Diagram.
Although our films do not cover the complete range of
single-phase structural distortions, we visualize a phase diagram
of parent Ba-122 that guides the manipulation of the As—Fe—
As configuration by controlling two separate structural
variables (Figure 4). With the designed heterostructures, the
selection of substrate templates and film thickness enables one
to individually control the parameters to achieve the desired
structures. The phase diagram summarizes that decoupled
structural factors describing tetrahedral geometry can be
systematically controlled so that superconductivity emerges
in parent Ba-122. Superconductivity is enhanced by reducing
broken symmetry phases as orthorhombicity decreases due to
clamping (along the red line) and by approaching a regular
tetrahedral coordination as compressive strain tunes tetragon-

ality (along the blue line).
B CONCLUSIONS

We experimentally demonstrate a systematic approach to
precisely control tetrahedral atomic configurations in parent
compounds of Fe-based superconductors through the control
of the independent structural factors: orthorhombicity and
tetragonality. Our observations are quantitatively explained
using atomic-scale detailed structures and concomitant super-
conducting properties in the thin film heterostructures. This
confirms our structural approach is applicable to induce and
enhance the superconductivity in ultrathin films without
chemical doping in a predictable way. A pure monolayer
FeSe with our designed heterostructures would be a good
platform to further probe structure—property relationships and
to explore unconventional superconductivity in low-dimen-
sional heterostructure films.*®*” Further, our ultrathin
BaFe,As, films could break new ground in nonequilibrium
materials discovery usin§ terahertz electroma§netic radiation in
the superconducting’®” and nematic states.”’ We believe our
study will provide a path toward tunable low-dimensional
superconductivity by atomic structure design.
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