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Chapter 1: General introduction

Chapter 1: General introduction

1.1. Background of present study

1.1.1. History of superconductors and the discovery of new high-T. superconductor:
“Iron-based superconductor”

In 1911, Heike Kamerlingh Onnes discovered that the resistivity of the mercury
becomes completely “zero” at 4.2 K. This is the first discovery of superconductor™.
Since the first discovery of the superconductors, many kinds of superconductors were
discovered. Figure 1 - 1 shows the history of superconductors and improvements of
superconducting transition critical temperature (T.) in the representative categories™™".
Superconductors have been mainly categorized into BCS (Bardeen, Cooper and
Schrieffer) '® type metals, organics, and cuprates. In the case of the BCS type
superconductivity, electron-phonon interaction mediates the formation of electron-pair
(cooper-pair). The highest T. of BCS metals is 39 K of MgB, ’. For organic-based
superconductors, (TMTSF),PFs (TMTSF = tetramethyltetraselenafulvalene) is firstly
reported as an organic-based superconductor'’. However, their T, had been much lower
than those of the BCS type metals and the cuprates. While, in 1991, dramatic
improvement was observed in an alkali metal intercalated Cg which exhibited
superconductivity at 18 K **. Tuning the alkali metal dopants, maximum T, becomes 33
K for (Cs;Rb)Cgo *°.

In 1986, the first “high-T, superconductor was discovered. Bednorz and Miller *°
reported that (La,Ba),CuO, exhibits superconductivity at T, ~20 K. This report is the
first report of the cuprate superconductor. After this report, many kinds of

superconductors with various crystal structures containing CuO, planes were discovered


https://en.wikipedia.org/wiki/K._Alex_M%C3%BCller
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and many kinds of doping variation were examined comprehensively ®**. The T,
increased drastically up to 133 K in HgBa,Ca,CusOx ** and the highest T, record of
superconductors is reported under high pressure (164 K at 31 GPa) *°. Cuprates became
the first superconductors which have the higher T. than the boiling point of liquid
nitrogen and they are stable in the air. Therefore, the discovery of the cuprate
superconductors promotes not only the research of fundamental science but also the
development of the superconducting wire and tapes.

After the discovery of the cuprates, perovskite type oxide and various layered
structure materials have attracted attention. 20 years later from the discovery of the

cuprates, Kamihara et al.?

discovered the new layered superconductor LaFePO in 2006
through their researches to explore new type of magnetic semiconductors in oxypnictide
RETMPNO (RE = rare earth, TM = transition metal, Pn = pnictogen). LaFePO exhibits
the paramagnetic metal state and the superconducting transition at 5 K. However, when
Pn site is substituted from P to As alog with doping of F at O site, T, increases up to 26
K?! and the T, drastically increased up to 55 K % by changing RE site from La to Sm,
which is much higher than T, of BCS metals and other kinds of superconductor except
those of the cuprates. These findings rekindled enthusiastic material researches on the
new superconductors based on FePn, or FeCh, tetrahedra because it had been thought
that magnetic elements such as Fe disturb superconductivity. These compounds are now

categorized into “iron-based” superconductors and many kinds of parent materials

containing FePn, or FeCh, tetrahedral layer were discovered® .

1.1.2. Crystal structures of iron-based superconductors

At the early stage of discovery of the cuprates, many kinds of related
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superconductors containing “CuQ, planes” were discovered. In the same way, one of the
significant characteristic of the iron-based superconductors is “FePns, or FeCh,

tetrahedral layer”

Figure 1 - 2 summarizes representative crystal structures of iron-based
superconductors. The firstly discovered system is REFeAsO as | mentioned above. This
system has the chemical composition of 1:1:1:1 for each element. Thus, it is abbreviated
as 1111-type [Figure 1 - 2 (a)]. After the discovery of 1111-type, AEFe;As; (AE =
alkaline earth and Eu) was rapidly dicovered. This family is called “122-type” with the
ThCr,Si,-type structure 3. Then, AFeAs (A = alkali. This family is called “111-type™)
with the CeFeSi-type structure ** and FeCh (Ch = chalcogen) with the anti-PbO type
structure (This family is called “11-type”) 2> were discovered in the same year. As
shown in Figure 1 - 2, FePn, or FeCh, tetrahedral layer exists between blocking layers
except for 11-type (i.e., 11-type does not have blocking layer.). In the case of
iron-pnictide superconductors, the space between FePn, tetrahedral layers can be
controlled by changing the blocking layer from simple atoms or square net to skuttrudit-
29,30

and perovskites-types®”*2. Moreover, intercalation between FeSe, tetrahedral layers

are also reported® and unique Fermi surface was reported®.

1.1.3. Doping variations and pressure effects

In an analogous way to the cuprates, iron-based superconductors have many
variations of doping methods. In the case of cuprates, the parent materials are
antiferromagnetic (AFM) Motto insulator but insulator-superconductor transition occurs

when carriers are doped by chemical substitution and/or controlling concentration of
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oxygen vacancies. Undoped parent materials of the iron-based superconductors are also
AFM metals. The AFM ordering occurrs at 100-200 K along with structural phase
transition from tetragonal to orthorhombic structures “***. However, the AFM long
range order and the structural transition can be suppressed by doping carriers (electron
and hole) or applying high pressures. After that, superconductivity is induced in

iron-based layered parent materials.

Doping variation is categorized in “indirect” and “direct” dopings based on
difference in its chemical substitution site. Indirect doping is the doping in blocking
layer (e.g., doping to AE site in the case of AEFe;As;). On the other hand, direct doping
is the doping at Fe site of FePn, or FeCh, layer. Combining choices of carrier types with
variation of the indirect or direct dopings, there are many variations of doping methods
in iron-based superconductors. In Table 1 - 1, representative doping methods are

summarized.

Another method to induce the superconductivity is to apply external high-pressures
to parent materials (Table 1 - 2). Undoped parent phases of iron-based superconductors
are AFM metals. The AFM ordering occurs along with the structural phase transition
from tetragonal to orthorhombic lattices. While, external pressures can suppress the
AFM transition by structural tuning. Moreover, external pressure works well to increase
the T, except for the 122 system (Table 1 - 3).

(1) 1111 system

LaFeAsOggoFo.11 exhibits T, at 26 K but T, extremely enhanced up to 43 K. This
report activated the research for the high pressure studies of iron-based superconductors.

However, the application of external pressure in undoped LaFeAsO without intentional
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impurity-doping induced onset T, = 21 K at 12 GPa, although clear zero resistivity was
not observed ¥
(i) 122 system
In 122-type system, undoped parent phases under an external high pressure
exhibits clear zero-resistivity at high T. of 34 K for SrFe,As; at 3.5 GPa * and 35 K for
BaFe,As; at 3.0 GPa *. On the other hand, T, of the 122 system does not increase by
applying pressure. This point is an exception among the iron-based superconductos.
(iii) 111 system
In 111 system, parent material LiogFeAs shows the superconducting transition at 18
K at ambient pressure. However, T of LipgFeAs decreases with increasing pressure. On
the other hand, T. of NaggFeAs increases with increasing pressure. While, at higher
pressures than 3 GPa, T, gently decreases.*
(iv) 11 system
In this system, parent Fe; o;1Se is a superconductor but its T largely enhanced by an

external pressure from 8 K to 37 K *%.

1.1.4. High upper critical magnetic field and small anisotropy

One of attractive properties of the iron-based superconductors are large upper
critical magnetic fields He; with small anisotropies (y = Hc(0)//ab / Hc2(0)//c) because
the BCS-type superconductors have usually small He, (0) < 30 T. Although the cuprates
have extremely large Hq but their wires and tapes are still expensive due to the
complicated fabrication process and/or components of precious elements such as silver.
Soon after the discovery of the iron-based superconductors, H., measurement of

polycrystalline LaFeAs(O_<Fy) revealed its quite high He(0) > 60 T [Figure 1 - 3 (a)] .
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After that, it is also reported that (BaiKy)Fe,As, [Figure 1 - 3 (b)] * and
Ba(Fe,Co),As, [Figure 1 - 3 (c)]* have the large He(0) over 60 T with small
anisotropies. Reflecting its three-dimensional Fermi surface structure of 122-type
materials, they exhibit isotropic Hc, properties. Therefore, isotropic J. properties are
also expected because anisotropy of J. is also affected by anisotropy of coherent length

and penetration depth, which are directly related to its electronic structure.

1.1.5. Heteroepitaxial growth and superconducting properties of iron pnictide thin
films: Advantageous properties for application

Since the discovery of the iron-based superconductors, much effort has been
invested in thin film growth and their characterizations. Hiramatsu et al. first reported
1111-type iron-pnictide epitaxial films in Aug. 2008. They attempted to grow epitaxial
films of LaFeAsO (La-1111) using several techniques, including conventional laser
ablation, post-deposition thermal annealing in evacuated ampoules, and reactive
solid-phase epitaxy method, which are effective for the fabrication of epitaxial films of
the other ZrCuSiAs type compounds. However, not even a polycrystalline film of the
target La-1111 phase was obtained, even when a single-crystal substrate was used.
Hence, they reoptimized the preparation conditions of bulk La-1111 samples and
obtained a pure-phase laser ablation target free from wide-gap impurity phases such as
La,03; and LaOF. Moreover, they also changed the excitation source of laser ablation
from an ArF excimer laser to the second harmonics (A = 532 nm) of a
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser.*>*® These improvements

along with further optimization of the substrate temperature to 780 °C under a vacuum
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of ~107° Pa led to the successful growth of epitaxial La1111 thin films [Figure 1 - 5 (a)].
However, the resulting LaFeAsO epitaxial films did not show superconducting
transition owing to severe deficiency of F dopant in the films [Figure 1 - 5 (b)].

Then, the dopant was changed from F to Co with lower vapor pressure, and the
AE(Fe,Co),As; epitaxial films exhibited clear superconducting transitions at T, = ~20 K.
These are the first fabrication of superconducting epitaxial films of the iron-based
superconductors. [Figure 1 - 5 ()]’

To apply this high-T.superconductor film for application, enhancement of critical
current density (Jc) was absolutely necessary. Katase et al. succeeded in fabrication of
Ba(Fe,Co),As; epitaxial films exhibiting high J. > 1 MA/cm? by precisely-optimized
film-growth conditions and using high-purity targets. Impurities was eliminated in high
quality (HQ) films [Figure 1 - 6 (a)(b)] and the HQ film exhibits a sharp
superconducting transition [AT. = 1.1 K, Figure 1 - 6 (c)]. In additinon, the HQ film has
strong c-axis pinning centers that work even at high fields up to 15 T [Figure 1 - 6 (d)].
Origin of such a high J., which is much larger than J; of ~10° A/lcm? for single crystals
with the same chemical composition, was clarified to be good crystalinities and strong
c-axis pinning centers.

On the other hand, S. Lee et al*. succeeded in fabricating Ba(Fe,Co).As; epitaxial
films exhibiting J. > 1 MA/cm? using perovskite-oxide buffer [Figure 1 - 7 (a)].
Moreover, SrTiO; (STO) buffer layer provides oxygen to the film, and BaFeO,
nanorods* whose diameter is about 4nm are introduced during thin film growth [Figure
1 - 7 (b)]. These nanorods become high density pinning centers and the film on STO
buffer layer exhibits such a high J;, not only in self-field but also in high magnetic fields.

[Figure 1 - 7 (c)]
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lida et al. also succeeded in fabricating high-J. Ba(Fe,Co),As; epitaxial films using
thin Fe buffer layer between films and substrates. Figure 1 - 7 (d) shows cross-sectional
HR-STEM and HR-TEM images between the Ba(Fe;_xCoy)2As, film and the Fe buffer
layer. The Ba(Fe,Co),As; film is grown heteroepitaxially on the Fe (001) buffer layer
with the epitaxial relationship of [001] Ba(Fe,Co),As, // [001] Fe buffer layer for
out-of-plane and [100] Ba(Fe,Co),As, // [110] Fe buffer layer for in-plane. The Fe
buffer layer improves crystallinity of the film and the film exhibits high-J. [Figure 1 - 7
(b)]. Therefore, to achieve fabrication of the high-J. epitaxial films, it was believed that
these were necessary: (i) Nd:YAG laser as the excitation source for direct deposition
(i.e., withuout any buffer layer) or (ii) buffer layer on single-crystal substrates.

After these achievements of the high-J. films, an advantageous grain bounrdary
(GB) nature of Ba(Fe,Co),As, films for superconducting tapes was clarified using
biaxialy grain boundary (BGB) junctions with entire misorientation angle (ésg) range of
3-45°.*° The primary point is that the Ba(Fe,Co),As; BGB junctions exhibit a transition
from strong-link to weak-link at a critical &g angle (&) of 9°[Figure 1 - 8 (a)], which is
much higher than that of cuprates (€. = 3-5°). No deterioration of J. even at 4. = 9°
makes it easier to produce high-J. superconducting tapes [Figure 1 - 8 (b)] with
lower-cost fabrication process because formation of a buffer layer with large in-plane

0

mis-orientation (A¢) < 9° is much easier than those (Ag < 5°), which is used for
cupurate-based superconduting tapes such as YBa,CusO7_s Figure 1 - 8 (c) shows p - T
curve of a Ba(Fe;_xCoy).As; film on IBAD-MgO substrate (red closed circles) and an
epitaxial film on MgO single-crystal substrate (blue open circles) in temperature range

15-35 K. T, of the film on IBAD-MgO substrate is almost the same as that on single

crystal, and superconducting—normal transitions are sharp until Aemgo = 7.3°. These
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results are consistent with BGB junctions experiment data and clarify advantageous GB

nature of Ba(Fe,Co),As; films for superconducting tapes.

1.1.6. Comparison with other superconductors: toward future applications
Table 1 - 4. summarizes superconducting properties and anisotropies of the

%9 and representative other suerpconductors®®*. As |

iron-based superconductors
mentioned in section 1.1.4., the iron-based superconductors have extremely high Hc,
with small y and good GB properties. Compared with the cuprates, 122-type and
11-type iron-based superconductors are particularly superior to the cuprates. Although
anisotropies of the BCS metals such as Nb-Ti, NbsSn, and MgB, are almost
negligible®®®®, He, of these materials are lower than 30 T. Therefore, the iron-based

superconductors are promissing for superconducting wires and tapes for high field

applications.

Figure 1 - 9 summarizes the current state of the iron-based superconductor with
other superconoductors. Figure 1 - 9 (a) shows the magnetic field dependence of J. of a
Ba(Fe1_xCoy)2As; epitaxial film on IBAD-MgO substrate®®. Reflecting the robustness
for the misorentation, self-field J. is over IMA/cm? but the in-field J. is lower than that
of cuprates and conventional superconductors. These results indicate that the
microstructure engineering is necessary to improve the in-field J.. Figure 1 - 9 (b)
shows temperature dependence of He,. As shown in Figure 1 - 9 (b), Hc, is enough for
high-field application. Figure 1 - 9 (c) shows applicable conditions of the conventional
superconductors and the cuprates. The low-temperature region area (magenta shaded
area) can be covered by using the conventional superconductors and they are practically

used in this region. As mentioned above, the iron-based superconductors have extremely
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high He; and comparatively high T, compared with the conventional superconductors.
Compared with the conventional superconductors, the iron-based conductors have great
potential not only for high magnetic field application but also for high temperature
application (red shaded area). While, Hc, line is observed p = 0.9p,. Therefore, how to

disturb the deterioration of J. is the key for the future application.

1.2. Objectives and outline of this study

Based on the above overview of the iron-based superconductors, the most

noteworthy issues are the following three points:

1. Critical factor of the thin film fabrication process. 3 groups achieved the fabrication

of the high performance Ba(Fe,Co),As;, but the fabrication process and its properties

are completely different.

2. T, of 122 type superconductors. Because of the wide growth window, low anisotropy,

and extremely high Hg, 122-type superconductors are the most promissing materials
among the iron-based superconductors. However, the T, of 122-type superconductor is
still lower than that of MgB,. If it is not enhanced, application of the iron-based

superconductor is very limited because of high fabrication cost.

10
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3. Microstructure engineering and demonstration of the potential for future practical

apprication. Because J. of 122-type superconductors still lower than that of practical
superconducting wires and tapes. Ba(Fe1_xCoy).As, exhibit the strong c-axis pinning,

but it depends on the fabrication process.

In this study, the following three objectives were therefore established to examine
the intrinsic/extrinsic properties and to demonstrate the superconductor tapes.

1. Clarification of the critical factor in the fabrication process of high-quality 122-type
BaFe,As; epitaxial films grown by pulsed laser deposition: High-quality epitaxial films
are inevitable to clarify the intrinsic physical properties and to examine the potential for

the practical applications.

2. Establishment of the way to enhance the T, of 122-type superconductors utilizing the
heterointerface structure and the investigation of the relationship among
superconductivity, local structure and carrier density. In addition, the fabrication of the
epitaxial film which exhibits higher T, should be examined by changing the doping

mode.

3. Evaluation of the vortex pinning properties and feedback to the demonstration of the

fabrication of the thin film on the practical superconducting tape.

This thesis is summarized into the following 9 chapters.

Chapter 1 describes the general introduction and objectives of this study.

1



Chapter 1: General introduction

Chapter 2 describes how the excitation wavelength and pulse energy affected the
growth of cobalt-doped BaFe,As; films on (La,Sr)(Al Ta)Os single-crystal substrates. |
found that the optimal deposition rate, which could be tuned by pulse energy, was
independent of laser wavelength.

Chapter 3 describes the mixed state Hall effects in a Ba(Fe; «Coy)2As; epitaxial film to

examine the vortex pinning mechanism.

Chapter 4 describes the new approach to apply the anisotropic pressures utilizing the
hetero-interface properties such as differences in thermal expansion coefficients and the

compressibilities between optimally cobalt doped BaFe,As; and various substrates.

Chapter 5 describes pressure effects on superconductivity of metastable indirect

electron-doped BaFe2As: films.

Chapter 6 and 7 describes the heteroepitaxial growth of phosphorous-doped BaFe,As;

film and characterization of its vortex pinning properties.

Chapter 8 demonstrates the fabrication and characterization of phosphorus-doped

BaFe,As; films on practical metal-tape substrates.

Chapter 9 summarizes this study.
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Chapter 1: General introduction

Table 1 - 1. Summary of the doping variation and T..

Dopant/site
System Parent
[doping mode]
Co(d7)/Fe(d6) La®*/Ae* A A P/As
[electron] [electron] [hole] [isovalent]
122 CaFe,As, 20 1 34 181 15 [
SrFe,As, 20 221 37 3317
BaFe,As, 2214 22 1M 37 3111
EuFe;As, 20.5 8 33 29 &
Co(d7)/Fe(d6) F /0% Th**/IRE* Sr?*IRE® P/As
[electron] [electron] [electron] [hole] [isovalent]
1111 CaFeAsF 22 18]
SrFeAsF 42
LaFeAsO 13 83 26 21 30.3 64 25 [ 11 [
CeFeAsO 12.5 1 41 NO-sc
PrFeAsO 16 19 47 Y 16.3
NdFeAsO 16.5 1% 45 194 38 1% 13.5 1
SMFeAsO 17.2 1 55 (221 51.5 %] NO-scC
GdFeAsO 20 [1001 53 [101] 56 [102]
ThFeAsO 45.5 11081 52 [104]
DyFeAsO 45.3 103 49 [105]
HoFeAsO
ErFeAsO
YFeAsO 10.2 [106]
Co(d7)/Fe(d6) TelSe
Non-doped
[electron] [isovalent]
111 &11 NaFeAs 21 b 10 07
Continuously
LiFeAs 18 (10
decrease ¢!
FeSe 14 110 g !
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Chapter 1: General introduction

Table 1 - 2. Summary of pressure induced superconductivity of parent materials of
ironbased-superconductors. 111 type and 11 type superconductors are not listed because they exhibit

superconductivity at ambient pressure.

System Parent TP (K) P (GPa) Ref.
1111 CaFeAsF 29 5 [111]
LaFeAsO 21 12 [112]

SmFeAsO 11 9 [112]

122 CaFe,As; 12 0.5 [113]
SrFe;As; 34 35 [114]

BaFe,As, 35 35 [39]

EuFe,As, 41 10 [115]

Table 1 - 3. Pressure effects on iron-based superconductors.

System Superconductors T. (OGPa) dT./dP (K/Gpa) T (P) Ref.
1111 CaFe9Cop1ASF 23.8 +0.9 24.7 [111]
LaFeAsOqsoFo.11 26 +5.7 43 [116]
CeFeAsOqasForn 44 ~16 [117]
NdFeAsOoss 53 ~26 [118]
SMFeAsOoss 55 ~20 [118]
122 Bag 55K 4sF€2AS; 30 -0.2 [119]
[120,121
Ba(Fe0.026C00.074)2AS2 22 -22
]
BaFe;(AsossPoss)s 31 ~03 [122]
EuFe;(Asos1Po.19)2 23 -26 [122]
111 NaFeg 97,C00.028AS 20 +4.8 31 [123]
NaFe 99C00.01AS 22 +1.7 325 [123]
LiFeAs 18 ~13 [124]
1 Fe.o:Se 8 +32 36.7 [41]
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Chapter 1: General introduction

Table 1 - 4. Summary of the superconducting properties of iron-based superconductors and other
representative superconductors. T, & He, A and y are critical temperature, coherent length, upper
critical magnetic field, penetration depth and anisotropy factor. Here, & is estimated from Hg(T)
using the Ginzburg-Landau expression, & = @u/(2npo(dHe/dT)|re T)¥? and penetration depth A is
measured by muon spin relaxation and/or tunnel diode resonator techniques.

Material To(K)  Go(m)  &(m)  He®©)(T)  He'(0)(T)  Aa (nm) y Ref.
NdFeAsO,_Fy 55 1.8 0.45 70 304 195 5 [51,52,56,57,125,126]
Ba(Fe1«C0y):As, 24 2.4 1.2 50 70 200 15 [56,61,126]
(BaixKy)Fe,As; 38 34 2.9 75 80 140 ~1.2 [54]
FeSe;Tex 15 2.8 3 43 62 400 1-2 [58,127]
Nb-Ti 9.4 55 12 120 1 [128]
NbzSn 18.3 3 30 85 1-3 [65]
MgB: 39 10.2 2.3 3.2 145 50 4.6 [60]
YBa,Cusz0;-5 93 21 0.4 72 350 140 5-7 [62,64]
Bi»Sr,Ca,Cu3010+5 110 2.3 0.15 60 850 124 50-200 [129]
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Chapter 1: General introduction

Figure 1 - 2. Crystal structures of iron-based sueprconductors. (a) 1111-type (represented by
LaFeAsO), (b) 122-type (represented by BaFe,As;), (c) 111 (represented by LiggFeAs) and (d) 11
(represented by FeSe)
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Figure 1 - 3. Upper critical magnetic fields Hc2 of iron-based superconductors. (a) polycrystalline

LaFeAsO, F,*, (b) (Ba,K)Fe,As,* (c) Ba(Fe,Co),As,".
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Figure 1 - 4. Phase diagrams of 1111-type (left) and 122-type (right) superconductors.'*
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Figure 1 - 5. (a) XRD patterns of LaFeAsO;_F epitaxial films. (b) p — T curve of LaFeAsO epitaxial
films which treated by annealing technique. (c) p — T curve of Sr(Fe;xCoy),As; film in temperature
range 0-30 K*'.
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Figure 1 - 7. (a) Schematically illustrated concept of using perovskite-oxide buffer to obtain
high-quality Ba(Fe; «Co,),As, epitaxial films on LSAT, LAO etc.*® (b) Cross-sectional TEM image
on interface between Ba(Fe;—«Coy).AS; and substrate. STO buffer layer introduced in the surface of

substrate and large amount of columnar defects are observed. (c) J. of samples on bare LSAT, 100
u.c. STO/LSAT, 50 u.c. BTO/LSAT and bare STO as a function of magnetic field. (d)
Cross-sectional HR-STEM and HR-TEM images between Ba(Fe,;—Coy),As, and Fe buffer layer. (e)

Transport-J. as a function of normalized temperature T/T..
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bridges rectangular solid is an enlargement at the BGB junction. Lower panel show the decreasing

rate as function of misorientation angle 6gg. (b) Upper panel shows he schematic multi-layered

structure of Ba(Fe;.«Coy)2AS; superconducting tapes and lower panel is photography of IBAD-MgO
buffered metal tape substrate. (c) p — T curve of Ba(Fe;.«Coy).As; film on IBAD-MgO substrate (red
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Figure 1 - 9. Comparison of superconducting properties with other superconductors. (a) magnetic

field dependence of J.. Also shown for comparison are the data for YBCO™’, MgB, **®, NbsSn® and

Nb-Ti. Dashed lines indicate the J. limits if it was operate in practical applications. (b) Temperature

dependence of Hc,

39 (c) Applicable conditions for engineering J. J. >10* A cm’ for various

superconducting tapes and wires. The low temperature and low temperature region area (magenta

shaded area) can be covered by using conventional superconductors. Compared with conventional

superconductors**’, iron-based conductors have great potential not only in high magnetic field but

also high temperature (red shaded area).
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Chapter 2: Critical factor for heteroepitaxial growth of
cobalt-doped BaFe,As, thin films

2.1. Introduction

The report of an iron-based superconductor in 2008' soon provoked extensive
research on growing thin films of the related materials.>” These materials are
advantageous for high magnetic-field applications, such as superconducting wires and
tapes, because they have high upper critical fields of > 50 T,% small anisotropy factors,’

and good grain boundaries.’® Many researchers have reported superconducting

11-13 14-16

wires and tapes made from these materials that exhibit high critical current
densities (Jc) under high magnetic fields. Among the iron-based superconductors,
122-type cobalt-doped BaFe,As, [BaFe,As;:Co] has been extensively studied because
of its chemical stability'’ and its ease of epitaxial growth compared with other
iron-based compounds such as LaFeAs(O,F) and (Ba,K)Fe,As,. These advantages
originate from the lower vapor pressure of the Co dopant compared with those of F and
K dopants. Researchers have been able to achieve high J. (=1 MA/cm2) in high-quality

18-20

BaFe,As;:Co epitaxial films, leading to demonstrations of Josephson

102122 and superconducting quantum-interference devices® built from those

junctions
films.

So far, BaFe;As;2:Co epitaxial films with high J. have been effectively grown on
two kinds of buffer layers: perovskite-type oxides,'® such as SrTiOs, and metallic Fe.?*
These buffer layers relax the in-plane lattice mismatch between the single-crystal
substrate and the BaFe;As;:Co film. In contrast, | have grown these films with high J.

on single-crystal substrates without buffer layers by optimizing the growth conditions of
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1824 employing buffer layers have

pulsed laser deposition (PLD).**% Other researchers
used KrF excimer lasers as their PLD excitation source; in contrast, | used a
neodymium-doped  yttrium aluminum garnet (Nd:YAG) laser to produce
high-performance BaFe,As;:Co epitaxial films ever since we epitaxially grew the
iron-based superconductor LaFeAsO.? The reason why the laser choice mattered is not
yet clear because PLD has many parameters such as the geometrical configuration, the
base pressure of the growth chamber, the quality of the targets, and the excitation laser
source. Among these parameters, we thought the important difference in our setup was
the wavelength of the excitation laser used for PLD.

In this study, we grew BaFe,As,:Co epitaxial films by using four types of ns-pulsed

lasers; by growing films over a variety of pulse energies, we found the film crystallinity

depended on the growth rate (pulse energy), rather than the excitation laser wavelength.

2.2. Experimental procedure

2.2.1. Thin film fabrication
BaFe,As;:Co films were deposited on (001)-oriented (La,Sr)(Al, Ta)O; (LSAT)

single-crystal substrates without buffer layers. | deposited these films by using PLD to
ablate Ba(Feo.s2C00.0s)2As, target disks.'®? | used the same deposition chamber for
every growth. | used four excitation sources for the pulsed laser: (i) an ArF excimer
laser (wavelength 4 = 193 nm), (ii) a KrF excimer laser (248 nm), (iii) the second
harmonic of a Nd:YAG laser (532 nm), and (iv) the fundamental harmonic of a Nd:YAG
(1064 nm) laser. The COMPex 205 series (Lambda Physik, maximum pulse energies are
400 mJ for ArF and 700 mJ for KrF) was used for the excimer lasers, and the INDI-40

series (Spectra Physics, maximum pulse energies are 200 mJ for 532 nm and 450 mJ for
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1064 nm) was used for the Q-switched Nd:YAG laser. The laser spots at the target
surface were 1.5 x 2.0mm rectangles for the excimer lasers and 2-mm-diameter circles
for the Nd:YAG laser. The growth temperature was 850 °C.% In this study, we only
varied the pulse energy. The pulse width and pulse energy were measured with a
photodiode and an energy meter, respectively, which were calibrated for each
wavelength. The repetition rate of each laser was 10 Hz. The distance between the
substrate and the target was 30 mm. The base pressure of the PLD growth chamber was

~5x 107 Pa.

2.2.2. Characterization

The film thicknesses were 200-300 nm, measured with a stylus surface profiler,
while thickness of the thinner films (~90 nm) was determined by using X-ray
reflectivity measurements. Using out-of-plane and in-plane X-ray diffraction (XRD), we
confirmed that all the films grew heteroepitaxially on the LSAT (001) substrates.25
Variations of the crystallite orientation were characterized by XRD rocking curves of
the out-of-plane 004 diffraction (26—fixed w scans, Aw = tilting angle) and in-plane 200
diffraction (26y—fixed ¢ scans, A¢ = twisting angle). These measurements used Cu Kal
radiation with a Ge (220) monochromator. The samples’ microstructures were observed
by cross-sectional transmission electron microscopy (TEM). The chemical compositions
of the films were analyzed with an energy dispersive X-ray (EDX) spectrometer with a
spatial resolution of ~1 nm, attached to a scanning TEM. The magnetic J; at 2 K up to 9
T was extracted using the Bean model from magnetization hysteresis loops, measured
with a vibrating sample magnetometer. In these measurements, an external magnetic

field (H) was applied normal to the substrate plane (i.e., parallel to the c-axis of the
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films). Optical transmission (Tqps) and normal reflectance (Rqps) Spectra were measured
with a conventional spectrophotometer at room temperature in the ultraviolet to
near-infrared region. The absorption coefficient (a) was evaluated from Tobs and Robs
by the following relationship: Tops/(1-Robs) = exp (—ad), where d is the film thickness

(90nm).

2.3. Results and discussion

2.3.1. Optical properties and pulse-energy dependence of deposition rate

Figure 2 - 1 (a) shows the optical spectra of a 90-nm-thick BaFe,As;:Co epitaxial
film. In the wavelength region of Nd:YAG, the a values were 4.3 x 10° cm™ at 4 = 532
nm and 3.0 x 10° cm™ at 1064 nm, indicating that the pulse energy was absorbed down
to several tens of nanometers below the surface (i.e., the penetration depth). These
spectra are explained well by intraband transitions in the metallic band structure of
BaFe,As,:Co.%® In contrast, at the wavelength of the excimer lasers, the a values were >
1 x 10° cm™ and the penetration depths were a few nanometers. Figure 2 - 1 (b) shows
the deposition rate (DR) of the BaFe,As,:Co film as a function of laser pulse energy.
For Nd:YAG ablation at 1064 nm, the DR was extremely high compared with the other
cases and grew linearly with pulse energy, but a distinct kink was present at a DR of ~3
AJs. For Nd:YAG ablation at 532 nm, the DR was linear in the high-energy region, but a
distinct kink was also present at ~3 A/s (see the inset of Figure 2 - 1 (b) for a magnified
view). | found similar trends also for ablation using the KrF excimer laser. Although the
ArF excimer laser provided a maximum output pulse energy of 400 mJ, the maximum
pulse energy irradiating the target was reduced to 165 mJ, mostly because of absorption
of the deep ultraviolet light by O, molecules in the ambient air. In addition, for this laser,

it was hard to observe a visible plume from the surface of the target disk at pulse
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energies less than 100 mJ, where the resulting thin films were very inhomogeneous and
too thin. Therefore, for the ArF laser, we measured the DR between 115 and 165 mJ. A
similar phenomenon occurred also for the KrF ablation, where the minimum pulse
energy required to form a plume was 50-60 mJ. These results indicate that the ablation
threshold energy is higher for shorter wavelengths. Because BaFe;As,:Co has a metallic
band structure,?® ablation should be dominated by the thermal effect, rather than
electronic excitation such as multi-photon processes.?’ | believe that the high ablation
threshold energy and low DR when using excimer laser excitation was caused by the

very thin absorption layer.

2.3.2. Relationship between crystallinity of the films and pulse energies.

Next, we examined how the crystallinity of the BaFe;As,:Co film depended on
pulse energy. Because all the films exhibited c-axis orientation in the out-of-plane XRD
measurements and because they did not differ significantly in concentrations of
impurities (e.g., Fe)?® we examined in-plane /-scans of the 200 diffraction to confirm the
heteroepitaxy. Because BaFe,As,:Co has a tetragonal lattice, we expect a four-fold
symmetry at 90 _in this scan if the film lacks a rotational domain. However, for ArF
ablation [(i) in Figure 2 - 2 (a)], we observed two kinds of domains rotated by 45 _in all
pulse-energy regions, indicating that ablation using the ArF excimer laser did not
produce a high-quality epitaxial film. Also, for KrF ablation, we observed a similar
rotational domain at a relatively low pulse energy [(ii) in Figure 2 - 2 (a)]. This result is

similar to that without a buffer layer reported by Lee et al.'®

employing the KrF excimer
laser. However, we found that, by further increasing the pulse energy, BaFe,As,:Co

films exhibiting four-fold symmetry grew directly on the LSAT substrates, as shown in
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(i) and iv) in Figure 2 - 2 (a). For Nd:YAG ablation [Figure 2 - 2 (b)], we did not
observe any rotational domain over the entire pulse-energy region we examined. | also
evaluated the full width at half maximums (FWHMSs) of the rocking curves for the
out-of-plane [Figure 2 - 2 (c)] and in-plane [Figure 2 - 2 (d)] measurements as functions
of pulse energy. These data have inverted bell-like shapes, and the minimum FWHMs
fall in a range ofAw, A¢ = 0.6 — 0.7° ; the optimum pulse energy depended strongly on
the wavelength, shifting to higher energy with decreasing wavelength.

From the above results, we discuss why the crystallinity takes the optimum values
against pulse energy. | believe that the DR of this process was dominated by the density
of deposition precursors adsorbed on the growing surface and their re-evaporation rate,
we can reasonably assume that the re-evaporation rate was constant for the range of
laser power we used. Thus, the low DR at pulse energies lower than the kinks in Figure
2 - 1 (b) can be explained by the re-evaporation rate being comparable to the adsorption
rate in that regime. In fact, the DRs at low pulse energy were smaller than expected
from extrapolating the linear relationship from the higher pulse energies, as seen in the
inset of Figure 2 - 1 (b), supporting the dependence of DR on re-evaporation in the
low-energy regime. In other words, we believe the kinks observed at a DR of ~3 A/s
correspond to a transition to the supersaturation regime.30 In contrast, at high pulse
energy, the DR was too high to complete the surface reconstruction, leading to the
increased FWHMs with increasing pulse energy, completing the inverted bell-like shape
of the FWHM. lida et al.?*® also reported epitaxial growth of BaFe,As,:Co films using
a KrF excimer laser, but they need to use a Fe buffer layer to obtain good epitaxial films.
This would be because that their laser power was in the range of 3-5 Jcm? which is

much lower than our optimum values (see Table 2 - 1), and their substrate-to target
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distance was longer (50mm) than that of our PLD growth chamber (30mm); therefore,
we speculate that the above-discussed supersaturation regime is not attained due to the
low density and the low kinetic energies of the deposition precursors, and consequently

the Fe buffer layer is required to assist improved epitaxial growth.

2.3.3. Microstructure analysis: defects and reaction layer between film and LSAT

Based on these results, the optimum range of pulse energy is 200-300 mJ
(excitation density.6.7-10 J/cm?) for KrF, 70-100 mJ (2.2-3.2 Jicm?) for Nd:YAG at
532 nm, and 40-50 mJ (1.3-1.6 J/cm?) for Nd: YAG at 1064 nm.

Figure 2 - 3 (a) shows a cross-sectional TEM image of the BaFe,As,:Co epitaxial
film, deposited using the KrF excimer laser at an optimum pulse energy. Similar to films
grown by Nd:YAG ablation at 532 nm,**3" we observed line defects along the c-axis,
indicated by vertical white arrows, that act as vortex pinning centers. At the interface
between the substrate and film, we observed a bright region with a thickness of a few
nanometers, a feature more easily seen in Figure 2 - 3 (b). | found no differences from
the KrF-deposited film in the defect structure or interface structure/contrast in the
cross-sectional TEM images of the films deposited with the Nd:YAG laser at 532 and
1064 nm at optimal pulse energies (see Figure 2 - 3 (d) and (e)). Next, we show the
interfacial chemical composition of the film deposited using the KrF excimer laser
(Figure 2 - 3 (c)). The EDX intensities of Ba, Fe, Co, and As were almost constant in the
deep film region, while they gradually decreased as the probing beam approached the
interface, and elements from the substrate (La and Sr) were detected at the interface.
The transition width was ~8 nm, much larger than the spatial resolution of this EDX

measurement (~1nm), which we attribute to diffusion. However, we found no
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segregation of specific elements, such as Fe, at the interface. This result differs from

that reported by lida et al.”®

they observed a biaxially textured thin Fe layer at the
interface and claimed that the thin Fe buffer layer was important to heteroepitaxially
growing their BaFe,As,:Co films.?*3? Our present result is more similar to that reported

by Rall et al.?°

they reported a 2-nm-thick Fe-rich and Ba-poor reaction layer. | observed
similar reaction layers also in the 532 and 1064nm laser ablations. In previous work on
MgO substrates,* we did not observe a thin reacted interfacial layer. Thus, we believe
this interfacial phenomenon will commonly occur when epitaxially growing
BaFe,As;:Co films on LSAT substrates.

As seen in Figure 2 - 2 (a), our BaFe,As,:Co films possess rotational domain
structures when the DRs were low. Also in these cases, we always observed reaction
layers similarly to those observed in the optimal samples (Figure 2 - 3 (f) for TEM
images and EDX spectrum), but we could not find clear difference in their structures
and compositions. However, atomic structures of the growing surfaces of these reaction
layers should play an important role for determining the epitaxial structures of the
growing thin films, e.g., it is reported that c-plane a-Ga,Os on c-plane a-Al,O3 (Ref. 34)
exhibit similar rotational domains because a-Al,O3 (0001) surfaces have different

atomic structures that are rotated by 180° with each other and the rotational domains are

formed where a single-molecular layer step is formed at the substrate surface.

2.3.4. J. properties of the epitaxial films grown by several lasers at the optimal growth
rate.

Figure 2 - 4 shows the magnetic J. at 2 K of the BaFe,As,:Co epitaxial films
deposited with KrF and Nd:YAG lasers at optimum pulse energies. Irrespective of the

excitation wavelength used during growth, the films exhibited high self-field J. (>1
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MA/cm?), comparable to those of films grown on SrTiOs buffer layers'® and higher than
those of films grown on metallic Fe buffer layers.*® The in-field properties of the film
grown at 532 nm appeared slightly better than the others, implying a slightly higher
defect density (i.e., density of pinning centers); however, the samples had similar decay
ratios under magnetic fields. Thus, we conclude that high-J. BaFe;As,:Co epitaxial
films can be fabricated by using a variety of excitation wavelengths, assuming they are

deposited at an optimum pulse energy.

2.4. Discussion

Next, we discuss how the laser excitation parametersaffected crystallinity of
BaFe,As,:Co films. Table 2 - 2 summarizes the optimum pulse energy for each laser to
fabricate BaFe,As;:Co epitaxial films with high J. as well as related optical parameters.
Although the optimal pulse energy and pulse width for each laser were very different,
the DRs produced by those optimum conditions were almost the same (3.3+0.5 A/s.),
indicating that the most important growth parameter was the DR. This finding explains
why a high-J. BaFe,As,:Co film with the ArF excimer laser could not be produced: its
maximum pulse energy was limited to 165 mJ (5.5 Jcm?), producing a maximum DR
(2.3 AJs) far lower than the optimum value (3.3 A/s). As explained before, the optimum
pulse energies and thus the excitation energy densities differed significantly between the
lasers; in contrast, the photon number, PN (10'") and peak power density, PPD (108
W/cm?) were on the same order of magnitude for all the wavelengths used. To further
discuss these parameters, we re-plot the data from Figure 2 - 2 (c) and Figure 2 - 2 (d) in
Figure 2 - 5 with respect to (1-Rops)PN and (1-Rqus)PPD, where the PN and PPD are

corrected with the actual photon count absorbed by the BaFe;As;:Co [Rops Values are

39



Chapter 2: Critical factor for heteroepitaxial growth of
cobalt-doped BaFe2As?2 thin films

taken from Figure 2 - 1 (a)]. As for (1-Rons)PN [Figure 2 - 5 (a) andFigure 2 - 5(b)], the
optimum range is narrow, (1.3-3) x 10%", while the values for ablation at 248 nm are
higher than those for ablation at longer wavelengths. As for (1-Rq,s)PPD [Figure 2 - 5
(c) and (d)], the optimum range is again narrow, but the value for ablation at 1064nm
deviates much from the others. These results suggest that (1-Rons)PN is closely
correlated with the DR. However, although this result implies that the DR (i.e., the
ablation rate) was determined by a single-electron excitation process, this explanation is
not consistent with previous research on the mechanisms of laser ablation. In the
previous research, electron excitation processes become dominant at shorter pulse
widths (larger energy densities) and are important for insulator and semiconductor films.
In contrast, when ablating metallic materials like BaFe;As,;:Co with nanosecond pulses,
the thermal process should dominate.?” Therefore, we tentatively believe that the DR is
mostly determined by the absorbed PPD. The deviation observed for ablation at 1064
nm can be explained by its large penetration depth (33 nm) compared with ablation at
532 nm (23 nm) and 248 nm (~5 nm). The 1064nm laser ablated a larger amount of the
PLD target, resulting in a high ablation efficiency and very high DR, as shown by
Figure 2 - 1 (b); in contrast, the lasers with shorter wavelengths ablated thinner surfaces,

resulting in lower DRs even at the same PPD.

2.5. Conclusion

In summary, we epitaxially grew BaFe,As,:Co films by using PLD and examined
how the laser wavelength and pulse energy affected the growth by using four different
excitation wavelengths. | found that the optimal DR, which could be tuned by pulse

energy, does not depend on the type of laser (i.e., wavelength). This study also explains
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why the Nd:YAG laser is better for producing high-J. BaFe;As,:Co films with high
crystallinity at a low laser power, and will help improve the fabrication of other
iron-based superconductorfilms such as REFeAsO (RE = rare earth), BaFe,(As,P),, and

Fe(Se,Te).
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Table 2 - 3. Optimum pulse energies and deposition rates for each laser to fabricate BaFe,As,:Co
epitaxial films with high J. as well as related optical parameters.

Laser wavelength (nm) 248 532 1064
Pulse wideth (ns) 20 5 10
Spot area (10%cm?) 3.0 3.1 3.1
Optimum pulse energy (mJ) 200-300 70-100 40-50
Deposition rate (A/s) 3.1-3.6 2.8-3.3 3.5-3.8
Photon number per pulse, PN (10%)° 2.5-3.8 1.9-2.7 2.2-2.7
Excitation energy density (J/cm?)° 6.7-10 2.2-3.2 1.3-1.6
Peak power density, PPD (10% W/cm?)® 3.3-5.0 4.5-6.4 1.3-1.6

# Taked from Figure 2 - 1 (a)
® Photon number per pulse.Pulse energy (J)/Photon energy (J).
® Excitation energy density (J/cm?).Pulse energy (J)/Spot area (cm?).

9 peak power density (W/cm?).Pulse energy (J)/Pulse width (s)/Spot area (cm?).
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Figure 2 - 1. (a) Optical spectra (Tops, Rons, and ) of a 90-nm-thick BaFe,As,:Co epitaxial film at
room temperature. The vertical dashed lines indicate the laser wavelengths used in this study. (b)
Dependence of deposition rate of BaFe,As,:Co films on pulse energy. The PLD laser wavelengths
are shown in the upper right. The inset shows an enlarged image from the region of deposition rates
less than 8A/s, more clearly showing the kinks.
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Figure 2 - 2. Relationship between thin film crystallinity and pulse laser energy. (a) and (b): XRD
results from in-plane ¢-scans of 200 diffraction of BaFe,As,:Co films grown by (a) excimer and (b)
Nd:YAG lasers. The horizontal arrows show a 90° interval because of the film’s tetragonal symmetry.
(c) and (d): FWHMs of rocking curves of (c) outof-plane 004 diffraction and (d) in-plane 200
diffraction of BaFe,As,:Co epitaxial films without a rotational domain, grown by KrF and Nd:YAG

lasers as a function of various pulse energies.
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Figure 2 - 3. Examination of a BaFe,As,:Co epitaxial film grown by several excitation sources. (a)

Cross-sectional TEM image of a BaFe,As,:Co epitaxial film grown by the KrF excimer laser at the

optimum pulse energy. The vertical white arrows indicate defects along the c-axis. The horizontal

black arrow on the right shows the position of the film/LSAT interface. (b) Magnified view of the

white square shown in (a). (c) EDX line-scan spectra along the red vertical line shown in (b).

Cross-sectional TEM images of BaFe,As,:Co films grown by ablations at (d) optimum pulse energy

(70 mJ) of 532 nm, (e) optimum pulse energy (40 mJ) of 1064 nm, and (f) low pulse energy (70 mJ)

of 248 nm. The vertical and horizontal white arrows indicate the vertical defects along the c-axis and

stacking faults, respectively. (right) EDX line-scans along the red lines in the TEM images.
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Figure 2 - 4. Magnetic J; at 2 K of BaFe,As,:Co epitaxial films grown using three types of lasers, at

their respective optimal pulse energies, as a function of magnetic field. The inset shows the
magnetization (M) hysteresis loops measured at 2 K used to extract the magnetic J. for each sample.

Jis calculated by Bean model®.
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Chapter3: Anomalous scaling behavior in mixed-state
Hall effect of a cobalt-doped BaFe,As, epitaxial film

3.1. Introduction

Compared to cuprates, the properties of iron-pnictide Josephson-junction devices
remain inferior due largely to their metallic characters. However, their superior grain
boundary properties’ along with high upper critical magnetic fields (He) > 50 T and
small anisotropic factors y = He,"® / He"® = 1-2 2 are promising for wire>® and tape
applications.®” Similar to cuprates, the extrinsic pinning centers largely control J; in
iron pnictides. Therefore, the vortex pinning mechanism for high-J. BaFe;As;:Co
epitaxial films is important to understand the ultimate potential of the iron pnictide
superconducting wires and tapes. Although the pinning properties have been studied

extensively on single crystals,®®

there are few reports on high-J. pnictide films,
particularly about transport measurments.*°

Because most high-J. BaFe,As;:Co epitaxial films are grown on electrically
conductive buffer layers such as Fe metal™ and SrTiOs,*? it is difficult to extract reliable
transport properties. On the other hand, BaFe,As,:Co epitaxial films with J; > 1
MA/cm? have been successfully grown directly on insulating single-crystal substrates

without a buffer layer,>**

allowing the transport properties of iron-pnictide epitaxial
films to be directly and reliably examined.

The Hall effect measurement in a normal-superconducting mixed-state is a
representative probing technique of a vortex motion. High-T. superconductors such as
cuprates and MgB, follow a power law scaling of pyy = Apx, where Pxy and pyx are the

transverse and longitudinal resistivities, respectively. The behavior of the g value has
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actively been discussed in relation to the superconducting and vortex pinning
mechanisms.*>%°
Although sign reversal of p,, has been observed, its origin remains

.22 Vinokur et al. considered the momentum balance and proposed a

controversia
model where a system of interacting vortices under quenched disorders and thermal
noises follows a universal scaling law with a universal = 2.0.2* However, this model
does not explain all the mixed-state Hall effects of high-T. superconductors. Wang et al.
considered both backflow currents and thermal fluctuations, and suggested that the S
value varies from 2.0 to 1.5 as the pining strength increases.”® Comparison of the
experimental results to theoretical models is important to understand the vortex
dynamics in a mixed-state of high-J. BaFe,As;:Co epitaxial films.

In this study, the transport properties were examined in a mixed-state high-quality
BaFe,As,:Co epitaxial film with a high J. over 1 MA/cm?. The pinning mechanism is
discussed based on the obtained £ values < 2.0 and different behaviors observed during
the temperature (T) sweeps and magnetic-field (H) sweeps. Furthermore, the
comprehensive Hall effect measurements confirm that a BaFe;As,:Co epitaxial film

does not exhibit a sign reversal in the entire ranges of magnetic fields (1-9 T) and

temperatures (13-16 K).

3.2. Experimental procedure

3.2.1. Thin film fabrication

A 350-nm-thick BaFe,As;:Co epitaxial film was grown directly on an insulating

(La,Sr)(Al, Ta)O; (001) single-crystal substrate by pulsed laser deposition (PLD)

o1



Chapter3: Anomalous scaling behavior in mixed-state
Hall effect of a cobalt-doped BaFe2As?2 epitaxial film

without a buffer layer. The second harmonic (the wavelength = 532 nm) of a
neodymium-doped yttrium aluminum garnet laser®® and a polycrystalline disk of
Ba(Feos:C00.0s)2As, > were used as the excitation source and the PLD target,
respectively. Detailed growth conditions and film quality are reported in the
literature.*®'* The transition width AT, of px (~1 K) and the transport J. at 4 K (2.4
MA/cm?) under a self-field of the resulting film were comparable to those in previous

papers.t3*4

3.2.2. Mixed-state Hall effect measurements

To examine the mixed-state Hall effect, the film was patterned into an
eight-terminal Hall bar structure by photolithography and Ar ion milling. To minimize
the contact resistance, a Au film was formed on the contact electrode pads using a
lift-off process.?” pyx and pxy Were measured by applying a dc current at a density of 5
kA/cm? using two measurement modes: (i) a T sweep mode with a fixed H and (ii) a H
sweep mode with a fixed T. Cancelling the offset effects using the relation pxy = (pxy" —
pxy )12, where py," and py,~ were measured under inverted magnetic fields, the net pyy
values were extracted. The measurement limit of the system was ~125 nV due to
fluctuations in T/H and the digital voltmeter. Thus, the reliability was for py, > 5.0x107°
Qcm and pxx > 1.4x107° Qem. Magnetic fields were applied parallel to the c-axis of the

filmand varied upto 9 T.
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3.3. Results

3.3.1. Mixed-state Hall effect measurements with T sweep and H sweep

Figure 3 - 1 (a) and (b) show the T sweep results of px and pxy under fixed
magnetic fields varied up to 9 T, respectively. As H increases, AT broadens along with
shifts in T, and T.° toward lower temperatures. As discussed later, this broadening
originates from the presence of a vortex liquid state.® The negative pxy Fig. 1(b)
indicates that the majority of charge carriers are electrons, which is consistent with
aliovalent ion doping, i.e., the substitution of Co®* with Fe?* sites. The Hall coefficient
at 25 K is —1.7 X 10°% cm*/C, which is comparable to those reported for single crystals
with the same doping level as the present PLD target disk,?® and implies that the Co

dopant concentration in the film is almost the same as that of the PLD target disk.?

Figure 3 - 1 (c) and (d) show the H sweep results at temperatures from 13 to 16 K
for pxx and pyy, respectively. Due to its high He, > 50 T,? superconductivity remains at
13-16 K even when high magnetic fields up to 9 T are applied. Similar to observations

in MgBs films, neither the T nor H sweep results exhibit a Hall sign reversal.?

However,
these observations sharply contrast most cuprates such as YBa,Cu3O7_s(YBCO),
Bi,Sr,Ca,Cuz059 (BSCCO), and HgSr,CaCuOg s ,>™*?* in which the sign of pyy

changes from positive to negative near the superconducting transition.

Figure 3 - 2 replots the T sweep results of Figs. 1 (a, b) in terms of the scaling
behavior between pxy, and pxx. Throughout the entire mixed-state region, pxy and pxx
follow the relation py, = Apy! very well. The f values are extracted from the slopes of
the double logarithmic plots by a least squares fit (the resulting standard errors o, are <

0.008, except for 1 T, which is ce = 0.03). All the § values are similar and definitely less
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than 2.0; they are between 1.7-1.8 and independent of the applied magnetic field up to
at least 9 T. These g values are lower than those reported for Ba(Fe;-xCoy)2As, single
crystals with g = 3.0-3.4 for x = 0.08 and # = 2.0 + 0.2 for x = 0.10,%° but are
comparable to those of YBCO epitaxial films with strong pinning centers.” Similar g
behaviors with magnetic fields (i.e., no variation with H) are also observed in BSCCO
single crystals'’ and MgB; films,® in which weak pinning centers are introduced.
However, in those two films, the f§ values are close to 2.0. The above behavior for a
Ba(Fe1-xCoy)2As, film, in which a small and constant f is maintained under various
magnetic fields, is generally reported for superconductors with strong pinning centers
such as twinned YBCO epitaxial films,* irradiated YBCO single crystals,"® and

irradiated Tl,Ba,CaCu,Og films.1%3!

Figure 3 - 3 replots the H sweep results of Figure 3 - 1 (c, d) in terms of the
scaling behavior between py, and pyx. Similar to the T sweep results, most of the data
follow the power scaling law. However, the S values between the T and the H sweeps
clearly differ. Unlike the T sweep results (Figure 3 - 2), the § value increases from 1.8 to
2.0 as the T increases from 13 to 16 K. According to the above discussion for Fig. 2,

this result suggests that the pinning mechanism changes as T increases.

3.3.2. Summary of anomalous Hall scaling with large vortex phase diagram

Table 3 - 1 summarizes the scaling results of the T and the H sweeps. For the T
sweep, the scaling behavior shows low £ values (1.7-1.8), which are independent of
magnetic fields at least up to 9 T. In contrast, the § value changes from 1.8to 2.0 as T

increases in the H sweep. Wang et al.?® proposed a unified theory based on the normal
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core model*? by taking both the backflow currents and thermal fluctuations into account.
According to the Wang’s theory for systems with strong pinnings, the pinning effect
becomes dominant and the scaling behavior changes from g ~ 2.0 to ~1.5, indicating
that a reduced g corresponds to the weakening of the pinning strength. In fact, the g
values of most cuprate superconductors exhibiting strong pinning are 1.0-1.8, which are

considerably less than 2.0.151018:19

Based on the Wang’s theory,”® used experimental results with # = 1.7-1.82 indicate
that strong pinning centers effectively work for the T sweep in the entire H region
examined in this study. The strong pinning centers are also effective for the H sweep
only in the low T (< 14 K) region, but the pinning strength rapidly weakens as T
increases and approaches T.. Maiorov et al. observed a similar behavior in the angular
dependence of J;;'? i.e., strong c-axis pinning remains under high magnetic fields but

weakens as T increases.

On the other hand, the BaFe,;As;:Co epitaxial film displays an anomalous scaling
behavior (i.e., different g values are observed in the T and the H sweeps even for the
same T and the H conditions). Figure 4 (a) shows the vortex phase diagram of the
BaFe,As,:Co epitaxial film normalized by Hc, and T, while Figure 3 - 4 (b) compares
the vortex phase diagrams of other superconductors. The irreversibility line Hig,
[defined by p(T, H) = 0.01pn, Where py denotes the normal state resistivity at 25K
(dotted lines)] and Hc, [defined po(T, H) = 0.90py (dashed lines)] are obtained from Figs.
1(a) and (c). The horizontal and vertical lines indicate the T sweep and the H sweep
trajectories, respectively. The corresponding S values are indicated on the left (for H

sweep) and right (for T sweep). The two AT, H) values obtained by the T sweep and
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the H sweep are similar, 1.7-1.8 in the relatively low T and high H region, as indicated
by the dashed square area. By contrast, the two A(T, H) values clearly differ between the
T sweep and the H sweep even at the same T and H in the high T and low H region, as
indicated by the solid square area. This behavior has not been observed in other
superconductors. Because this difference is observed at the same T and H and depends
on the sweep history, it originates from a hysteresis phenomenon probably due to the

dynamics of the vortices.

| also like to note that the normalized vortex phase diagram of the BaFe,As;:Co
film has a wider vortex liquid region than those of YBCO and MgB,. Although the H,
lines are similar for all three, the Hj, line of the BaFe,As; film extends to the lower T
(i.e., to lower H) region [Figure 3 - 4 (b)]. The width of the vortex liquid phase is
narrower for a BaFe,As,:Co single crystal, indicating that the vortex liquid phase in the
BaFe,As;:Co film is wider due to the extrinsic disorder introduced during the thin-film

growth process.

3.4. Discussion

This phenomenon where the g values depend on the measurement history shows
that the vortex penetration process affects the vortex dynamics in BaFe,As;:Co epitaxial
films, especially at a relatively high T and a low H. Figure 3 - 5 illustrates the proposed
vortices penetration model. A low T and zero H condition in Figure 3 - 5 (a) is start to
describe. U denotes the effective pinning potential. Ny and N, denote the numbers of
penetrated vortices and pinning centers, respectively. For the T sweep, H is initially

applied at a low T, and then T is swept to higher values. For the H sweep, T is initially
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adjusted while maintaining the zero H, and then H is swept to higher values. First, we
considered the case of high H (i.e., the final Ny >> N,) and a relatively low T (b), which
corresponds to the dashed squares in Figure 3 - 4 (a). The short and long vertical arrows
denote pinned vortices and unpinned vortices, respectively. For the T sweep, when a
high H (i.e., Ny >> Ny) is applied at a low T (upper left), a large portion of the vortices
spills over from the pinning centers. The pinned vortices are maintained at a high T,
while the vortices unpinned in the strong pinning centers are mobile (upper right). For
the H sweep, the effective pinning force weakens at higher T (lower left). Then vortices
are introduced at the high T, where most of the pinning centers are filled due to the
condition Ny >> Nj, and the extra vortices that spill over from the pinning centers are
mobile (lower right). Thus, the difference in the T and H sweep data is small. The
condition of low H (the final Ny ~ Ny) and high T, which corresponds to the solid square
area in Figure 3 - 4 (a), provides a different result. For the T sweep, the pinning centers
trap the penetrated vortices upon applying H. All the penetrated vortices are effectively
trapped at the pinning centers at low T because the effective pinning force is sufficiently
strong (upper left), and their positions are stabilized and maintained even at a high T
(upper left). Consequently, a strong pinning condition with g < 2.0 is produced. By
contrast, for the H sweep, the effective pinning force weakens at high T (lower left), and
vortices are penetrated at the high T with a weak pinning force. This leads to a large
thermal fluctuation at high temperatures near T.. Consequently, fewer vortices are
trapped by the pinning centers, and the vortices are mobile (lower right), giving rise to a

weak pinning condition with g~ 2.0.

This model explains well the observation that the (T, H) value at the same T and H

condition depends on the measurement history for a BaFe;As,:Co epitaxial film, e.g.,

57



Chapter3: Anomalous scaling behavior in mixed-state
Hall effect of a cobalt-doped BaFe2As?2 epitaxial film

the T sweep or the H sweep. This phenomenon may occur in other superconductors, but
has only been observed in a BaFe,As,:Co epitaxial film. The above model indicates that
the difference of the f values between in the T and H sweep data occurs for the
condition Ny < Np, which suggests that the BaFe,As;:Co epitaxial film has high-density
pinning centers. In MgB, and YBCO films without artificial pinning centers, it is
estimated that their dominant intrinsic pinning centers are planar defects (i.e., grain
boundaries and twin boundaries) due to the scaling behaviors of their normalized
pinning force and transmission electron microscopy image.**** On the other hand, the
scaling behaviors of their normalized pinning force and magnetic Bitter decoration
indicate that BaFe,As,:Co has intrinsic pinning centers®*’ and extrinsic c-axis pinning
centers exist in BaFe,Asy:Co epitaxial film.'® The F, maximum position of
BaFe,As,:Co epitaxial film is about 0.4 H/H;, ', indicating that origin of the pinning is
not purely the collective pinning and includes the strong core pining. This mechanism is
similar to the case of columnar BaFeO, pinning centers *® in a BaFe,As,:Co epitaxial
film grown using SrTiO3 buffer layer. These experimental results indicate the existence
of a dense vortex-pinning structure in a BaFe,As,:Co epitaxial film; these conditions
give a larger N, than those of other superconductors. Furthermore, because the width of
the vortex liquid phase is larger in a BaFe,As;:Co epitaxial film than that of the single
crystal, the BaFe,As,:Co epitaxial film has additional extrinsic pinning centers besides
the intrinsic ones in the single crystal. Thus, the distinct scaling behaviors in the
BaFe,As;:Co epitaxial film at a relatively high T and in a low H should originate from
the high-density pinning structure, which consists of the intrinsic and the extrinsic

pinning centers.

15,16, 18, 19
0,

Unlike cuprate superconductors exhibiting 1.0 < S < 2. the sign of pyy in
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this study does not reverse in either the T or the H sweep results. Wang’s theory®
predicts that the scaling behavior exhibiting g < 2.0 occurs after a sign reversal, which
is inconsistent with the present results. Therefore, we would like to discuss the sign
reversal based on the Hall conductivity, which is defined as cxy = pxy/(pxy” + pxd),
because a general argument of vortex dynamics indicates oy, IS insensitive to disorder
effects.**" Indeed, for cuprates, the sign reversal is clearly observed in oxy.*** Figure 3
- 6 replots Figure 3 - 1 in terms of oy,. The H and the T sweep results substantiate that
oyy tends to diverge to a large negative value and sign reversal is not detected. Matsuda

1.% and Nagaoka et al.”® have experimentally suggested that the sign of px, depends

eta
on the doping level in most cuprate superconductors; i.e., a sign reversal occurs in an
underdoped regime but diminishes in overdoped ones. Kopnin et al.** and Dorsey*
have also discussed the Hall anomaly based on a microscopic approach and proposed
theories of a mixed-state Hall effect based on a time-dependent Ginzburg-Landau
model; they postulate that the sign reversal depends on the gradient of the density of
states at the Fermi surface. According to these experimental and theoretical results,
researching the doping concentration dependence may provide a definitive conclusion

on the Hall sign reversal in high-J. BaFe,As;:Co epitaxial films because this study

employed a slightly overdoped sample.**

3.5. Conclusion

The transport properties in a mixed-state of a high-J. BaFe,As,:Co epitaxial film
was investigated. The scaling behavior in the T sweep measurements shows constant f
values less than 2.0 under magnetic fields up to 9 T. On the other hand, the £ values

clearly increase from 1.8 to 2.0 in the H sweep measurements as T increases from 13 to
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16 K. These results indicate that strong pinning centers trap the vortices introduced at
low temperatures, but some of the vortices introduced at high temperatures are not
trapped and that pinning weakens at higher temperatures near the normal state. In the
entire H and T ranges examined in this study, the sign does not reverse. These distinct
scaling behaviors, which sharply contrast cuprates and MgB,, can be explained by the
high-density c-axis pinning centers in a BaFe,As;:Co epitaxial film, which are

consistent with wider vortex liquid phase.
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Table 3 - 1. Summary of the mixed-state Hall effect of a BaFe,As,:Co epitaxial film for T and H

sweep modes.

Sweep variable Temperature Magnetic field
Fixed parameter Magnetic field Temperature
Range 1-9T 13- 16K
constant monotonically increase
p value
1.7-1.8 1.8 - 20

Sign reversal

i(a)

10 15 20 25
Temperature (K)

Not detected

1077 S S S &
0 3 6 9
Magnetic field (T)

Figure 3 - 1 (a), (b) T sweep and (c), (d) H sweep results of py and px, of a BaFe,As,:Co epitaxial
film. Measurements were performed under fixed magnetic fields between 0 and 9 T (a), (b) and at
fixed temperatures between 13 and 16 K (c), (d). Horizontal dotted lines show the measurement

limits.
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10764 7 1.80
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g 1+ 1 1.71
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Figure 3 - 2. T sweep scaling behavior between py, and p,, under fixed magnetic fields varied from 1
to 9 T. Solid lines show fitted results using the relation p,y = Apy’. Magnetic fields and the 4 values

are shown on top left.
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Figure 3 - 3. H sweep scaling behavior between p,, and p. at fixed temperatures varied from 13 to

16 K. Solid lines are fitted results. Measurement temperatures and the § values are shown on top left.
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Figure 3 - 4. Vortex phase diagrams of (a) BaFe,As,:Co epitaxial film and (b) BaFe,As,:Co epitaxial
film with YBCO?**? and MgB,*® normalized by Hc, and T.. Dotted and dashed lines indicate the

irreversibility lines (Hi,) and H,, respectively, which are schematically shown in (c) as a general

vortex diagram. (a) Vertical and horizontal lines show the results of the T sweep (taken from Fig. 3)

and the H sweep measurements (taken from Fig. 4), respectively.
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Figure 3 - 5. Vortex-penetration processes under various conditions for the T sweep (H is increased
and then T is increased) and H sweep (T is increased and then H is increased) processes. U denotes
the effective pinning potential. N, and N, denote the numbers of penetrated vortices and strong
pinning centers, respectively. Short and long vertical arrows denote pinned vortices and unpinned
vortices, respectively. (a) Initial state at low T (e.g., 5 K) and H = 0 (N, = 0). (b) Final condition
corresponds to a high H (i.e., the final Ny, >> N,) and a relatively low T. For the T sweep, the strong
pinning centers are filled with vortices, and many extra vortices spill over upon applying high H
(upper left). Pinned vortices are maintained at higher T but extra vortices are mobile (upper right).
For the H sweep, the effective pinning force weakens at higher T (lower left); then vortices are
introduced and most of the pinning centers are filled due to the condition N, >> N, and the extra
vortices are mobile (lower right). This final situation is the same as the T sweep case. (¢) Final
condition corresponds to low H (the final N, ~ Ny) and high T. For the T sweep, the penetrated
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vortices are trapped by the pinning centers upon applying H (upper left). These trapped vortices are
maintained at high T (upper right), giving a strong pinning condition with g < 2.0. For the H sweep,
effective pinning force weakens at high T (lower left); then vortices are introduced, but many
vortices are not trapped and remain mobile (lower right), giving rise to a weak pinning condition

with g~ 2.0. The final state differs from the T sweep case.
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Figure 3 - 6. H dependence of the Hall conductivity o,y = pxy/(pxyz + pyc) at 13-16 K. Inset shows T

dependence of oy, under 1-9 T.
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Chapter 4: Anisotropic  pressure effects on
superconducting properties of cobalt-doped BaFe,As,
epitaxial films

4.1. Introduction

Since the early stage of researches on iron-based superconductors’, it has been
known that applying external pressures is an effective way to enhance their critical
temperatures (T)*®; e.g., Tc of 1111-type LaFeAsOggoFo11 and 11-type FeiiSe are
drastically enhanced from 27 to 43 K? and from 8.5 to 35.7 K* respectively.
Additionally, it is reported that a double-dome-shaped superconducting phase diagram
of LaFeAsO:¢Hy ° is merged into an one-dome-shaped one under 6 GPa and its
maximum T, reaches 52 K, which is almost the same as those (55 K) of the
highest-Tc-family, 1111-type SmFeAsO:,F, ® and SmFeAsO1_H, *. This result indicates
that applying high pressures is an attractive way not only to enhance T. but also to

control it in iron-based superconductors.

On the other hand, 122-type AEFe;As; (AE = Ca, Sr, Ba), which is the most
promising materials for applications in iron-based superconductors ®, are very sensitive
to the direction of the pressure °. According to the results of the comparison of pressure

apparatus and pressure medium **°

, the pressurizing along c-axis is very effective for
inducing the superconductivity in parent material AEFe;As, and it is understood in
terms of the stability of tetragonal structure. However, T. of optimally and over- doped
122-type BaFe,As; does not largely increase under high pressure (~ 1 K increase or

decrease) ™%, According to the results of thermal expansion and heat capacity
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measurements *° [i.e., Ehrenfest relationship: dT. / dPi = VmAar / (ACy/Tc) for
second-order phase transitions. Here, P; is pressure along i direction, V,, is molar
volume, Aariis the jJump in the thermal expansion coeeficient (ar) along i direction and
AC, is the specific-heat jump], the anisotropic pressure along a-axis is effective for
enhancing its T, but that along c-axis decreases T, which is contrary to the undoped
parent material case; i.e., applying external pressures to undoped parents emerged
superconductivity *°. However, applying strong anisotropic pressure and controlling its
direction exactly are very difficult in the case of bulk samples because of the obtained
sample shapes (e.g. plate like single crystals) and configuration of high pressure

apparatus.

On the other hand, in the case of thin films, the anisotropic pressure can be easily
generated by epitaxial strain utilizing lattice mismatch between films and substrates and
it is well-known effective technique to enhance the T. in cuprates *"*2. For cobalt-doped
BaFe,As; epitaxial films, it has also been reported that the ratios of a- and c-axes
lengths can be controlled by epitaxial strain and their T, strongly depend on the c/a
ratios *°?°. However, types of substrates which can be used are limited because the
epitaxial films cannot be grown if we employ substrates with large in-plane lattice
mismatches. Therefore, other ways are necessary to induce stronger anisotropic

pressures and enhance their T.

To overcome this issue (i.e., applying stronger anisotropic pressures), we propose a
guiding principle concept utilizing differences in thermal expansion coefficients (ar)
and compressibilities (ap) between films and substrates as well as in-plane lattice

mismatches. Figure 1 summarizes the concept. | utilize heterostructure interfaces
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between epitaxial films and single-crystal substrates to realize this concept. As we
mentioned above, epitaxial strain is induced by the lattice mismatch between film and

Film

substrate. When the lateral lattice parameter of film (a™) is larger than that of substrate

(aSub.

), the compressive strain induced [Figure 1 (a) Right panel]. On the other hand,
tensile strain is induced in the case of a™™ < a>*™ [Fig. 1 (a) Left panel]. In addition, the
differences of ar and ap inducethe anisotropic strain. When a substrate has larger ot and
op than those of a film [Fig. 1 (b)], the film is strongly compressed along the lateral
direction (i.e., along the in-plane direction) in cooling process caused by larger
shrinkage of substrate and the shrinkage along the normal to the plane is suppressed by
Poisson’s effect. Moreover, hydrostatic pressure also makes the anisotropic pressure in
herterointerface. When the hydrostatic pressure is applied to the thin films, the
anisotropic pressures can be induced at the hetero-interface because of the differences in
the ap between film and substrate. On the other hand, the opposite variation of the thin
film occurs when the substrate has smaller ar and ap [Fig. 1 (c)]. Finally, anisotropic
pressure is induced in the cooling process from room temperature to low temperature
utilizing differences in ot Thus, we can apply complex and effectively strong

anisotropic external pressures originating from lattice mismatches, and differences in ar

and op between films and substrates.

In this study, we selected 150 — 200 nm-thick 122-type optimally cobalt-doped
BaFe,As, (Bal22:Co) epitaxial films, an iron-based superconductor with a bulk T, of 22
K 2!, because T. of the optimally doped Ba122:Co is robust to the hydrostatic pressure
1112 hyt sensitive to the anisotropic pressure **?°. According to the results of thermal
expansion and heat capacity measurements *°, the anisotropic pressure along a-axis is

effective for enhancing its T, but that along c-axis decreases T, and hydrostatic pressure
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slightly decrease its T summarizing the these pressure effects (dT¢ /dPhydrostatic = 2dT¢
[dP, + dTJ/dP. = — 0.9(3) K/GPa). These mean that we can examine effects of
anisotropic external pressures on T, by applying based on our concept. To realize our
concept, four kinds of single-crystal substrates were selected; two kinds of fluoride
substrates (CaF, and BaF,) with large ot and ap and two kinds of oxide substrates [MgO
and (La,Sr)(Ar,Ta)O; (LSAT)] with small ar and op than those of Bal22:Co (The
substrates’ structural and physical parameters are summarized in Table 1). To utilize the
lattice mismatch, two kinds of substrates which have a>** < a™'™ (CaF, and LSAT) and
a>* < a"'™ (BaF,, MgO) are mixed in each kind (fluoride and oxide). To examine the
pressure effects generated by thermal expansion, structural parameters of films are
examined with increasing temperature and it is clearly shown that the crystal structures
of thin films are strongly affected by thermal expansion of the substrates. Applying the
hydrostatic pressure to the films, T(3GPa) — T¢(0) is proportional to the compressibility
of substrates. These results also indicate that the anisotropic pressure was induced
obeying with mentioned concept and it is consistent with the Ehrenfest relationship. To

discuss the dominant parameters of superconductivity, the relationship of Hall

coefficients and T, is investigated under high pressure.

4.2. Experimental procedure

4.2.1. Thin film fabrication and structure characterization

BaFe,As,:Co epitaxial films were fabricated on (001)-oriented cubic CaF,, BaF,,
MgO and LSAT single-crystal substrates by PLD method. The substrates’ structural and
physical parameters are listed in Table 1. The second harmonics (the wavelength = 532

nm) of a neodymium-doped yttrium aluminum garnet laser and a polycrystalline disks
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of Ba(Fep92C000s)2AS, were used as the excitation source and the PLD targets,
respectively. Detailed growth conditions are reported in refs %>, Structural parameters
and crystallinity are examined by high resolution (HR) XRD apparatus [radiation: Cu
Ka; monochromated by Ge (220) crystals] at room temperature. To determine the lattice
parameters at high temperature up to 500 °C, a dome-type hot stage (Anton Paar, DHS

1100) was used as a XRD sample stage under a vacuum condition ~ 1 x 1072 Pa.

4.2.2. Electrical transport measurements under ambient and high pressure

Thin films were patterned as a Hall bar structure using photolithography and Ar
milling technique. After the Hall-bar fabrication process, Au electrode pads were
formed by DC-sputtering and lift-off process. To measure the longitudinal electrical
resistivity p (pxx) under ambient pressure, p — T measurements were performed with
constant current along a-axis of films by a four-probe method using a physical property
measurement system (PPMS). Temperature dependence of transverse Hall resistivity
(pxy) Was also measured using the four-probe technique. External magnetic fields up to 9
T were applied parallel to the c-axis. In the case of high pressure measurements, Daphne
7474 oil and a piston-cylinder-type high-pressure cell were employed as a liquid
pressure medium and a high pressure apparatus, respectively to obtain the hydrostatic
external pressure . The hydrostatic pressures of 0 — 3.5 GPa were applied in this study.
For the pressure calibration in the high-pressure cell, pxx of a Sn wire in the same
high-pressure cell was measured and the absolute values of applied pressures were
determined by T. of Sn. A Cernox thermometer was directly mounted at the bottom of
the high pressure cell to calibrate the actual measurement temperature because there is a

small difference between temperature of the high pressure cell and that of PPMS mainly
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caused by a large heat capacity of the high pressure cell. In order to decrease the
difference, we slowly swept the measurement temperatures at 0.5 K/min so as to control

the temperature difference less than 0.1 K around the superconducting transition.

4.3. Results

4.3.1. Structural parameters of the films

Wide range X-ray diffraction (XRD) patterns [Supplemental figure 2 (a) and (b)]
exhibited clear 00l diffractions for out-of-plane and hOO diffractions for in-plane with
small peak of non-oriented Fe and/or Fe-Co alloy particles [H.sato APL Supple (2014)].
According to the tetragonal lattice of Bal122:Co, clear four-fold symmetric peaks were
observed in in-plane ¢ scans [Supplemental figure 2 (c — f)]. These data indicate that all
of the BaFe;As,:Co thin films heteroepitaxially grow on the all substrates with the
heteroepitaxial relationship of [001]Bal22:Co || [001] substrates for out-of-plane and
[100]Ba122:Co || [100]MgO,LSAT or [100]Bal22:Co || [110]CaF;,BaF, for in-plane.
This epitaxial relationship can be explained by lattice mismatching for in-plane as
summarized in Table 1. Figures 2 (a) and (b) show the magnified patterns around 400
and 004 peaks of Bal22:Co epitaxial films on each substrate, respectively. 400 peaks of
BaFe,As,:Co epitaxial films on MgO and LSAT were observed at almost the same 26
angle with each other and at lower 260 angle than that of a single crystal #; while those
of BaF, and CaF, were observed at higher 26 angle than those of films on oxide

substrates and a single crystal #

, indicating that the a-axes of Bal22:Co epitaxial films
on BaF, and CaF, are compressed and those on MgO and LSAT are expanded. It should
be note that BaF, has larger lateral lattice parameter (a/N2 = 4.38) than that of a single

crystal with the same chemical composition Ba(Feg92C0008)2AS, single crystal (a =

74



Chapter 4: Anisotropic pressure effects on
superconducting properties of cobalt-doped BaFe2As2 epitaxial films

3.9639) # but the thin film has shorter a-axis; i.e., compressed, not tensile. This
phenomenon cannot be explained only by epitaxial strain and should be originated from
the large lattice variation in cooling process from growth temperature (GT) to room
temperature (RT) caused by large ot of substrate (see Supplemental table 1 and figure 1).
This phenomenon is also observed in the case of FeSe thin film on CaF, %°. In addition,
similar opposite strain effect was observed also in the films on LSAT with shorter a-axis
(a = 3.87). In this case, the origin seems to be the smaller shrinkage of substrate in
cooling process from GT to RT and/or thin reaction layer between BaFe,As;:Co and
LSAT %. It should be note that CaF, and LSAT have almost same lattice mismatch at
room temperature but the films on CaF, are most compressed (~ — 1.6 % : same
variation which is induced by 4.2 GPa hydrostatic pressure along in-plane direction
among 4 kinds of substrates because of the combination of negative lattice mismatch
and larger shrinkage of substrate in cooling process from GT to RT. These results
indicate that utilizing the differences of thermal expansion become powerful tool to
control the structure of thin film combined with epitaxial strain. Also for out-of-plane,
004 peaks of BaFe,As;:Co epitaxial films on MgO and LSAT were observed at almost
the same 26 angle with each other but those of CaF, and BaF,were observed at lower
26 angle angle, indicating that c-axis of those on CaF, and BaF; are expanded compared
with those on MgO and LSAT and Ba(Fep.92C00.05)2AS; single crystal. These results are
summarized in Figure 2 (c). Upper left shaded area indicates that a-axis is compressed
and c-axis is expanded. Lower right shaded area indicates a-axis expanded and c-axis is
compressed. The plotted points obey the linear scaling of solid line in Fig. 2 (c),
implying that change in lattice parameters is proportionate to Poisson’s ratio and it is

not caused by Co doping (i.e. structure changes in obedience to different trend)
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4.3.2. Investigations on strain effects using high temperature XRD

In order to examine how the structural changes of substrates affect to the structure
of the thin films, high temperature (HT) XRD measurements were performed at 30-500
°C because Bal22:Co films start being decomposed at > 600 °C under a vacuum
atmosphere (~107 Pa). Figures 2 (d) and (e) shows the a-axis and c-axis lengths of
BaFe,As;:Co thin films on each substrate at high temperature, respectively with those of
bulk Bal22:Co. Table 2 shows the summary of ar of the films and substrates. In the
case of thin films on fluoride substrates with larger ar, a-axis lengths of the films
increase rapidly with increasing temperature and a-axis ot (ata) becomes extremely
larger than that of Bal22:Co single crystal . To maintain the cell volumes, c-axis «
(a1c) becomes smaller values. On the other hand, a-axes of the films on oxide substrates
gently changes with increasing temperature because smaller difference in ar between
the film and oxide substrates (see Table 2). It should be note that ar, of the film on CaF,
is larger than arc. In the case of BaFe,As,:Co single crystal, ac is about 3 times larger
than ara %'; i.e., anisotropy of ar (i.e., ara / atc) of the film on CaF, is opposite

compared with that of single crystal. This would be one of the reasons of the unusual

physical properties of BaFe,As;:Co on CaF; as discussed in the next section.

4.3.3. Electrical transport properties under ambient pressure: the unique
characteristics of strained films on CaF;

First, we performed temperature dependence resistivity (p—T) measurements to
check strain effects from substrates on T, at ambient pressure. Figures 3 (a) and (b)
shows the p — T curves of BaFe;As,;:Co thin films on each substrate and magnified

figure of p — T curves around superconducting transition, respectively. The origin of the
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high normal state p in CaF, sample would be the electron/magnetic scattering, which
will be discussed later. T, of the films on CaF,, BaF,, MgO and LSAT are 19, 25, 19 and
21 K, respectively. It should be noted that T. of the film on BaF; exhibited higher than
that of single crystal (T, = 22 K) and slightly higher than maximum T, of the Ba122:Co
films (24.5 K) reported in Ref 19. In addition, the film on CaF; exhibited upturn like
behavior at T"“™ ~ 80 K (see the vertical arrow in Fig. 3a), similar to that of
(Ba;_«RE,)Fe.As, (RE = La, Ce, Pr, Nd) %%. To examine the magnetic properties,
magnetoresistance (MR = 100 x [p(H) —p(0)] / p(0)) is measured in all films. Different
from a BaFe,As,:Co single crystal *, the film on CaF, exhibits negative MR [Figure 3
(c)] in contrast to the other samples which exhibit weak positive MR similar to that
observed in a single crystal [Supplemental figure 2]. In addition, the film on CaF,
exhibit anomalous behavior also in py,. Figure 3 (d) show py, as a function of the
magnetic field and temperature for the film on CaF,. At lower temperature than T*"™,
pxy rapidly increase to the positive value in low magnetic field region (0.3 T). As

reported previously **

, anomalous Hall effects (AHE) of a BaFe;As,:Co film are
observed caused by magnetic impurities * and/or intrinsic properties of the electron
doped BaFe,As; [La doped BaFe,As, also exhibits AHE around low magnetic field %
but the isovalent doped BaFe,As;, (Phosphorous-doped BaFe,As;) does not exhibit AHE
(Supplemental Figure 4)]. However, these AHE is continuously suppressed with
decreasing temperature in contrast to AHE in BaFe;As,:Co. Therefore, the large
enhancement of AHE in BaFe,As;:Co thin film on CaF; is totally different from those.
Summarizing the unique properties of the BaFe,As;:Co thin film on CaF, it exhibits

(1) upturn like behavior in p — T curve, (ii) negative MR and (iii) large enhancement of

AHE in lower than T*™. These results imply that BaFe,As,:Co thin film on CaF,
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would have another magnetic fluctuation or ordering.

4.3.4. Electrical transport properties under high pressures

Next, high pressure effects were examined using piston-cylinder-type high pressure
cell. Figure 4 (b) and (c) show the p — T curves of BaFe,As;:Co thin films on MgO and
LSAT, respectively. In the case of films on oxide substrates, normal state p and T.
continuously decrease ~4 K from that in ambient pressure with increasing external
pressures up to ~3 GPa. These trend are also observed in K and P optimally and
over-doped BaFe,As; system under high pressures **'* but they are different from that
of La-doped BaFe,As;, .

As shown in Figure 3 (a), BaFe,As,:Co thin films on CaF, exhibits upturn like
behavior unlike those on other substrates. Figure 5 show p — T curves under high
pressure of BaFe,As;:Co thin films on CaF,. Applying the pressure, upturn like
behavior is suppressed and it completely diminishes at 3.3GPa (Fig. 5(a)). The upturn
like behavior of p — T can be explained by electron scattering which caused either by
carrier localization with disorder scattering ****. Thus, these results indicate that the
pressure suppresses electron scattering in the BaFe,As;:Co thin film on CaF,. In this
experiment, all of the films include small amount of non-oriented Fe and/or Fe-Co alloy
particles in the matrix of film *. The amount of impurities and the crystalline qualities
are almost the same among all of the films. Therefore, the electron scattering cannot be
explained by extrinsic effects such as magnetic impurities and crystallinities of the films.
Inset of figure 5 (b) shows the pressure dependence of MR at 30 K. MR under high
pressure exhibited almost the same trend as that in ambient pressure [Fig. 3(c)]. These

results indicate that the external pressure does not work to suppress the magnetic
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ordering. As a results, the upturn behavior of BaFe,As;:Co thin films on CaF; does not
originate from its magnetic scattering and would be caused by carrier localization In
fact, the carrier density increases with applying high pressure as we mentioned below.

In contrast to the other samples, T, of the film on BaF;, increased under high
pressure up to 3.4 GPa [Figure 6] from 25 to 27 K at 3.4 GPa. T¢(P) — T¢(0) is higher
than that of a single crystal under high pressures ' i.e. is this maximum T is highest in
optimally doped Bal22:Co. AT, is almost same among all pressure region, which means
there is no inhomogeneity of the pressure and increase of T, is clearly originated from
pressure unlike bulk experiments which shows broadening of superconducting

transitions !

. This result show the opposite direction of predicted one from the
experiments of thermal expansion measurements (dT¢/dPhydrostatic = — 0.9 K) [ F. Hardy

et al., PRL 102, 187004 (2009)].

4.4. Discussion

Figure 7 (a) and (b) summarizes the changes in T, under high pressures. T, of the
films on CaF;, MgO, and LSAT continuously decreased but that on CaF, shows the
gentler decay against the pressure compared with those of MgO and LSAT.
Consequently, only T, of the film on BaF; increased. Figure 7 (b) show the relationship
between the ap of substrates and T,(3GPa) — T.(0). The ap of LSAT is not reported, to
our knowledge, but we can easily speculate that it is close to oxide substrates such as
STO and LAO (the ap of SrTiOs is 5.67 10° GPa * and that of LaAlO; is 5.65 10°°
GPa) ¥'. Thus, we plot it as ap (LSAT) = 5.6 10 GPa in Fig. 6 (c). It is noteworthy that
Tc(3GPa) — T¢(0) is proportional to the ap of substrates. As shown in Fig 1. the crystal

structure of the thin film is strongly affected by the structural changes of the substrates.
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In fact, that is strongly affected by thermal expansion of substrate in temperature
variation. Therefore, the differences in the ap of substrates make the anisotropic
pressure in pressure variation as we proposed in Fig. 1 and it is proved that this concept
is very powerful technique for inducing anisotropic pressures. This results is also
consistent with the Ehrenfest relationship (dT/dP, = + 3.1 K/GPa, dT/dP, = — 7.1
K/GPa. P,: pressure along a-axis, P¢: pressure along c-axis) *°.

However, what is the dominant parameter to determine the T, in BaFe;As,? This is
the long-time-unresolved problem, especially the relationhip between the carrier density
and structure because of the difficulties of the Hall measurements under high pressure.
To discuss the dominant parameters of superconductivity of BaFe,As;, we also
examined the Hall effects of BaFe,As,:Co thin films on BaF,, CaF, and MgO under
high pressure. Figures 8 (a) — (c) show the results of pxy as a function of the magnetic
field at 30 K. The slopes of p,y decrease with increasing the pressure in all films. These
results indicate carrier density of BaFe,As,:Co thin films increase with increasing the
pressure. Figure 8 (d) — (f) show the temperature dependence of Ry. As mentioned
before, normal state p of the films on CaF; is much higher than those of others [Fig.
3(a)] and its pyy show the enhancement of AHE at low temperature. Therefore, the Ry of
BaFe,As;:Co thin films on CaF; is determined using linear region under high magnetic
field. |Ry| of all the films increase with decreasing the temperature but they decrease
with increasing the pressure at low temperature. To examine the relationship between T,
and carrier density, T, is plotted as a function of Ry in Figure 8 (d). In the case of single
crystal of BaFe,As;:Co, clear correlation between T, and Ry is reported as shown in
Figure 8 (e) . However, there is no significant correlation between Ry and T in

BaFe,As;:Co films [Fig.8 (d)]. The region from Ry = — 2.0 to — 1.0 corresponds to the
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over-doped region in BaFe,As,:Co single-crystal. According to the small MR of the
films on MgO and BaF, and LSAT in supplemental Fig. 3, these films are speculated to
belong in the optimal — over-doped region. However, T, of the film on BaF, increased
regardless of the increase in Ry (i.e., carrier density). These results indicate that the
carrier density is not dominant parameter determining T. in BaFe;As;:Co films and
difference in the local structure induced by anisotropic pressures is a possible origin of

increase/decrease in Te.

4.5. Conclusion

In summary, we proposed the concept to induce the anisotropic pressure utilizing
the differences of ar and the ap between BaFe;As;:Co and substrates with epitaxial
strain. Affected from substrates, as-grown films have the strained structures. According
to the results of HT-XRD, it is clearly shown that the crystal structures of thin films are
affected by the change of structure of substrates. BaFe,As;:Co epitaxial films on CaF,
exhibit unique properties such as (i) upturn like behavior in p — T curve, (ii) negative
MR and (iii) large enhancement of AHE. According to the results of high pressure
experiments, T.(3GPa) — T.(0) is proportional to the ap of substrates and T. of
BaFe,As;:Co thin films on BaF, largely increased compared with the single-crystal.
This would be the reason why strongest anisotropic pressure is applied to the film.
These results are also consistent with the Ehrenfest relationship derived from thermal
expansion and heat capacity measurements. The Hall effects of BaFe,As,:Co thin films
also examined to discuss the dominant parameters of superconductivity but there is no
significant relationship between Ry and T, These results indicate that the carrier density

is not dominant parameter determining T. in BaFe,As,:Co and the local structure of

81



Chapter 4: Anisotropic pressure effects on
superconducting properties of cobalt-doped BaFe2As2 epitaxial films

BaFe,As>:Co would control the increase/decrease of T..
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Table 4 - 1. The structural and physical parameters of single-crystal substrates. Lattice mismatches
of oxide substrates (MgO and LSAT) and those of fluoride substrates (BaF, and CaF,) are calculated

by (aSLIb. _ aBa122:Co) / aBa122:Co and (aSLIb./\/z _ aBa122:Co) / aBa122:Co, reSpeCtIVG|y

Substrate BaF, MgO LSAT CaF;
6.196 421 3.87 5.46
Lattice parameter at 300 K (A)
4.38 (a/\2) 3.86 (a/2)
Lattice mismatch with Ba122:Co (%) +10.5 +6.21 —-2.37 —2.62
op (10°GPa™) 17.6 6.50 5.68 11.6
at (107K) 18.3 10.3 8.2 18.9

Table 4 - 2 . Thermal expansion coefficients ar of BaFe,As,:Co films obtained from Fig. 2(c). The
ar of single crystal is taken from ref**[M. S. da Luz et al., PRB 79, 214505(2009)]

BaF, MgO Single LSAT CaF;
Substrate
crystal
ot of substrate 18.3 10.3 — 8.2 18.9
o1, at 300 K (10‘6/K) 17.0 10.2 8.21 7.56 18.9
o1 at 300 K (10‘6/K) 19.8 26.9 24.6 29.9 155
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Fig. 1. Strain engineering utilizing heterointerface. (a) Epitaxial strain is induced by the lattice

Film

mismatch between film and substrate. When the lateral lattice parameter of film (a
Sub.

) is larger than

that of substrate (2™ ), the compressive strain induced (Right figure). On the other hand, tensile

strain is induced in the case of a™'™ < a5

(Left figure). In addition, the anisotropic pressure induced
by the variation of environment because of the differences of thermal expansion coefficient (a1) and
compressibility (ap) in heterointerface. When the substrate has larger ot and op than those of the film,
the lateral compressive strain induced by cooling and pressurizing process is more compressible than
that in bulk (b). On the other hand, that is more incompressible than that in bulk when the substrate

has smaller o and ap than those of the film (c).
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Fig. 2. XRD patterns and structural parameters of BaFe,As,:Co thin films on oxide and fluoride
single-crystal substrates. (a) In-plane ¢-coupled 26y patterns around 400 diffractions at room
temperature. Solid lines are results of deconvolution. (b) Out-of-plan w-coupled 26 patterns around
004 diffractions at room temperature. (¢) Summary of lattice parameters calculated from (a) and (b).
Vertical dotted lines in (a) — (b) indicates the peak position of a single crystal taken from ref ** [A. S.
Sefat et al.,, PRL (2008)]. Upper left shaded area indicates a-axis is compressed and c-axis is
expanded. Lower right shaded area indicates a-axis expanded and c-axis is compressed. (d, €)
Temperature dependence of lattice parameters of the films. The shaded temperature regions

correspond to the epitaxial growth windows. Solid lines are fitted lines from RT to 500 °C as the
guide to the eye.
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Fig. 3. Transport properties of BaFe,As,:Co thin films under ambient pressure. (a) p — T curves. The

vertical arrow indicates """

in the film on CaF,. (b) Magnified figure of (a) around

superconducting transition. (c) Magnetoresistance MR as a function of the magnetic field for the film

on CaF,. (d) Hall resistivity as a function of the magnetic field and temperature for the film on CaF,.

Inset of figure (d) shows the magnified figure in low magnetic field region. The symbols are the

same as those in (c).
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Cu-Be plug with Sn manometer. (b) Temperature dependence of resistivity of the film on MgO, (c)
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Supplemental information

Supplimental Table 1. The structural and physical parameters of single-crystal substrates and
Bal22:Co. Lattice mismatches of oxide substrates (MgO and LSAT) and those of fluoride substrates
(BaF, and CaF») are calculated by (a%** — a®#22:C%) | gB122C0 gnq (o502 — gBH122C0) | gBatzco
respectively. Here, GT, RT and LT are growth temperature (~1123 K), room temperature (~300 K)
and low temperature. a(P) and a/N2(P) are simplistically calculated by a(P) = a(0GPa)x(1+apxP).
Substrate BaF, MgO Bal22:Co LSAT CaF,

Structural parameters at RT

ar at RT (107°/K) 183 103 8.21(ar ™) 8.2 18.9
6.196 5.4527
a(RT) or aN2(RT) (A) 4.210 3.964 3.868
4.38 (al\2) 3.856 (a/V2)
Lattice mismatch with
10.5 6.21 - -2.42 —-2.62
Ba122:Co (%)
Epitaxial strain direction Tensile Tensile — Compressive Compressive
Structural parameters at GT
Lattice parameter at GT (A) 4.47 4.26 — 3.90 3.94
Epitaxial strainat GT Tensile Tensile — Compressive Compressive
Cooling process (GT—RT)
ar at GT (107%/K) 25.6 15.5 - 10.8 27
a(GT) — a(RT) (A) or
-0.071 -0.049 - -0.032 -0.060
aN2(GT) — al2(RT) (A)
Pressurizing process
15
op at RT (102 GPa™) 176 6.5 5.68 116

(anisotropic)

a(3GPa) — a(0GPa) or

—-0.079 —0.028 —0.044 —-0.022 —0.045
a/N2(3GPa) — a/N2(0GPa) (A)
In-plane pressure effect Compressible  Incompressible — Incompressible Compressible
Cooling process (RT—LT)
ar at RT (107°/K) 183 103 8.21(ar ™) 8.2 18.9

a(LT) — a(RT) or —0.0150 —0.007 —0.0063 —0.0055 —0.0125

aN2(LT) — a/\2(RT) (A) (at 30K) (at 77K) (at 30 K) (at 15K) (at 6K)
thermal expansion strain Compressible Compressible — Incompressible Compressible
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Supplemental Figure 1. (a) Temperature dependence of lattice parameters of the substrates and bulk
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Supplemental Figure 2. HR-XRD data of BaFe,As,:Co thin films. Wide range scan data of

BaFe,As,:Co thin films show the clear 00l diffractions in out-of-plane (a) and h00 diffractions in

in-plane (b) with small peak of non-oriented Fe and/or Fe-Co alloy particles. According to the

tetragonal lattice of BaFe,As,:Co, clear four-fold symmetric peaks are observed in ¢ scan (c — f).

BaFe,As,:Co on CaF; has very close a-axis value; therefore 103 reflection is used to confirm the

four-fold symmetry of tetragonal lattice.
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Supplemental Figure 3. Magnetoresistance MR as a function of the magnetic field for BaFe,As;:Co
thin film on MgO (a), LSAT (b) and BaF; (c). the asymmetry of MR is caused by effects of Hall

resistivity because those MR signal are small and they are same order as Hall resistivity.
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Supplemental Figure 4. (a) Hall resistivity of BaFe,(As,P), as a function of magnetic field and

temperature. (b) Magnified images around low magnetic field.
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Chapter 5: Unusual pressure effects on the
superconductivity  of indirectly electron-doped
(Bay«Lay)Fe,As; epitaxial films

5.1. Introduction

Since the first report on an iron-based superconductor,® it has been recognized that
applying external pressure is one of the predominant ways to enhance the
superconducting critical temperature (T.).>® An iron pnictide BaFe,As, has a layered
crystal structure composed of alternating stacks of alkaline earth (A = Ba, Sr, and Ca)
and FeAs layers, called a “122-type structure,” as shown in Figure 5 - 1. Undoped
BaFe,As, is an antiferromagnetic metal and does not exhibit a superconducting
transition under an ambient pressure.* However, it exhibits superconductivity with a T,
up to 34 K by applying external pressures of 1-3 GPa,>® along with suppression of the
antiferromagnetism. This crystal structure has two major doping sites thaT.an induce
superconductivity under an ambient pressure. Substitution with a different transition
metal at the Fe site is called “direct doping” and substitution with a different ion at the A
or As site is called “indirect doping.” This is because the Fermi level is mainly formed
of Fe 3d orbitals. So far, pressure effects on the superconductivity of BaFe,As;, single
crystals have been examined for Co doping (direct electron doping at the Fe sites),” K

doping (indirect hole doping at the Ba sites),®™°

and P doping (indirect isovalent doping
at the As sites)** for wide ranges of doping concentrations. For the series of Co-, K-, and
P-doped BaFe,As; crystals, the T, was only enhanced in the underdoped regions and
never in the optimally doped and overdoped regions. This result is consistent with

experimental results, showing that an external pressure significantly affected the
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superconductivity in the underdoped regions. It had very little effect in the overdoped
region where the magnetic instability was completely suppressed.*?

Indirect doping in 122-type AFe,As, was reported with only hole doping (K at the A
sites) and isovalent doping (P at the As sites), but not with electron doping, and the T,
was limited to 38 K.}* More recently, high T. values up to 49 K (Ref. 14) were
demonstrated in indirectly electron-doped [rare earth (R) metals at the A sites] 122-type
CaFe,As; single crystals grown using a flux method.® The reported T, is the highest
among the 122-type AFe,As, series. On the other hand, we recently succeeded in
indirect R- (electron) doping (R =La-Nd) at the Ba sites in 122-type BaFe,As; using a
film growth process. This was thermodynamically unstable under an ambient pressure
and demonstrated bulk superconductivity with a maximum T, = 22 K with La
doping.’®*" This unstable phase was stabilized using the highly nonequilibrium nature
of the thin film growth via a vapor phase. The maximum T, of the (Ba; xRx)Fe-As; films
was much lower than that of the R-doped CaFe,As; single crystals. According to the
scenario of the above R-doped CaFe,As, crystals (smaller R doping such as Pr led to a
higher T), we expected that the external pressurewould induce lattice shrinkage, similar
to theR-doped CaFe,As;, and then enhance the T, of the (Ba,—xLax)Fe,As, epitaxial
films.

In this study we have examined the pressure effects up to 3.5 GPa on the
superconductivity of indirectly electron-doped 122-type (Ba;xLax)Fe.As; epitaxial
films with a wide range of x values from the underdoped (x = 0.08) to the heavily
overdoped regions (x = 0.30). This is different from the previously reported results on
other doped modes of the 122-type AFe,As,. The (Ba;—Lax)Fe,As, films exhibited a

large enhancement of the T, as well as narrowing of the transition width, in the wide
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doping region from the underdoped to the optimally doped and overdoped regions. This
distinct characteristic is discussed in relation to the changes in the electron transport

properties.

5.2. Experimental procedure

5.2.1. Thin film fabrication and patterning of the films

Here, 200-nm-thick epitaxial films of (Ba;—xLax)Fe,As, with x = 0.08, 0.09, 0.13,
0.18, 0.21, and 0.30 were prepared on MgO (001) single-crystal substrates by pulsed
laser deposition. Details on the procedures and sample quality are reported in Ref. 16.
Each film was patterned in a six-terminal Hall-bar structure using photolithography and
Ar ion milling, followed by the formation of Au electrode pads using sputtering and a

lift-off process.

5.2.2. Electrical transport measurements under high pressures

High-pressure experiments were performed wusing a pistoncylinder-type
high-pressure cell. The Hall-bar samples were introduced into a Teflon cell together
with a liquid-pressuretransmitting medium (Daphne oil 7474), which solidifies at 3.7
GPa at room temperature.®® Thus, hydrostatic external pressures of 0-3.5GPa were
applied in this study. The pressure in the cell was calibrated using the measured T, of
99.99 % pure Sn wires, located in the vicinity of the sample. A Cernox thermometer,
attached to the body of the cell, was used to determine the sample temperature (T ). The
electrical resistivity p (px) and Hall resistivity py, were measured using the four-probe
technique. The electrical current flowed along the a axis in the film plane. Magnetic

fields up to 9 T were applied parallel to the ¢ axis, normal to the film plane. After the
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pressure was released we confirmed that the T¢, px«, and pxy, recovered the initial

ambient state, guaranteeing no pressure-induced degradation of the films.

5.3. Results and discussion

5.3.1. Electron transport properties under ambient pressure

Before showing the results of high pressure effects, the electron transport properties
of (Ba;—Lay)Fe,As; epitaxial films are characterized at ambient pressure. Electronic
phase diagram of (Ba;_xLax)Fe,As; epitaxial films summarized in Figure 5 - 2 (a) using

the data from Ref °

. In this study, we investigated the whole range of doping
concentration from under- to over doping. For a quantitative discussion of the mobile
carrier density under ambient pressure and high pressure, we should assess whether we
can apply the Hall effect relation Ne = 1/ (e % |Ry|) (where Ry is Hall coefficient, N is
the mobile carrier density and e is the elementary electric charge) to BaFe,As; because
BaFe,As, has a complex Fermi surface composed of three hole bands and two electron
bands. In the case of directly electron-doped (Co-doped) BaFe,As,, it has been reported
that the hole contribution to the carrier transport was negligible and the above relation
provides reasonable N. at low T in most of the doping regions.™ In Figure 5 - 2 (b), we
measured Ry at P = 0 GPa and estimated the values of N, per Fe site (Ne¢/Fe) using the
equation N¢/Fe = 1/ (e x |Ru|) /V/4, where V is the unit cell volume containing four Fe
atoms for (Ba,xLay)Fe,As; epitaxial films. Figure 5 - 2 (c) shows that the normalized
Ne/Fe [plotting against x/2 for (Ba,_xLax)Fe.As, and x for Ba(Fe; xCoy).As, (Ref. 2]
follows the same relationship between the directly Co-doped and the indirectly

La-doped BaFe,As,. This result supports the idea that the same conclusion can be

applied also for (Ba;—xLax)Fe,As,. Therefore, we directly estimated Ne as 1/ (e x |Ry|).
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5.3.2. Electron transport properties under high pressures

Figure 5 - 3 (a) shows the p-T curves of the optimally doped (Bags7Lap13)Fe2As;
epitaxial film measured under external pressures up to P = 3.2 GPa. The p at the normal
state monotonically decreased and the T, shifted toward higher T as P increased. The
p-Teurves in the wide T range up to 200 K are explained well with a simple linear law of
p" = AT" + po with the exponent n = 1, where po is the residual resistivity [see the solid
straight lines for the fitting results in Figure 5 - 3 (a)]. For P =0GPa, the p-T.urve
followed the linear relation well into the high-T region, but deviated, showing an upturn
at T lower than Tmin = 120 K [the solid triangle of the p-T curve at 0 GPa in Figure 5 -
3 (a)]. With an increase in P the deviations from the linear relations became smaller and
the Tmin shifted to lower T. The upturn in p is attributed to electron scattering by the La
dopants, as recently discussed in Ref. 17. Compared with the results of indirectly
Co-doped films, which do not exhibit any resistivity upturn, the amount of the Fe
impurity phase and the crystalline qualities are almost the same in both the La- and
Co-doped films.'®# Therefore, the electron scattering cannot be explained by external
effects such as Fe impurity and different crystalline qualities. In addition, the La-doped
film did not show any magnetoresistance, which implies that the electron scattering with
the La dopants cannot be explained by magnetic scattering and should be attributed to
disordering of the charges at the (Ba,La) sites."” This result indicates that the electron
scattering was significantly suppressed by applying P. This will be further discussed
below. The P dependences of the onset of T, [T (P)] and the
superconductingtransition width [AT. (P)] (defined by AT, = TS — T.°) are

onset

summarized in Figure 5 - 3 (b) and (c), respectively. The T, was extremely sensitive
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to P and increased from 22.6 to 30.3K at 2.8 GPa, leveling off at P = 3.2 GPa. | also
confirmed that when a magnetic field was applied at P = 3.2 GPa, the superconducting
transition became broader and T, decreased, further supporting the superconductivity
[Figure 5 - 3 (d)]. With an increase in P, the AT, also narrowed from 3.4 to 1.4K, along
with the enhancement of T.. It should be noted that all the data previously reported on

Co-, K-, and P-doped BaFe,As; crystals’™2

indicated that T large enhancement was
observed only in the underdoped region and never in the optimally doped region.

Figure 5 - 4 (a)—(e) and Figure 5 - 5 (a)—(e) show the p-T curves for the underdoped
(x = 0.08 and 0.09), the overdoped (x = 0.18 and 0.21), and the heavily overdoped (x =
0.30) epitaxial films under various pressures in the wider T range and magnified range
around T.. Upon applying P, the normal-state p for both the underdoped and the
overdoped films decreased and all of their T.°™* shifted to higher T .On the other hand,
although the heavily overdoped film also exhibited a decrease in p, it did not transit to a
superconducting phase for P up to 3.5 GPa. Figure 5 - 5 (f) summarizes the pressure

onset

effectson T, (P) for the underdoped and the overdoped films and the inset represents

the change in AT (P). For the underdoped film with x = 0.08, a clear saturation of T.""**
was not observed up to 3.4 GPa, while the films with a higher x exhibited saturation of
the T, at P~3 GPa. Since the film with x = 0.08 showed a resistivity anomaly at P =
0 GPa in Figure 5 - 4 (a), caused by the coexistence of the magnetic order, the
suppression of the resistivity anomaly with pressure contributed to the enhancement of
T. in the higher P region over 3 GPa via suppression of the magnetic order and
reduction of electron scattering.

onset

Figure 5 - 6 (a) outlines the electronic phase diagram plotting the maximum T,

(T™) under high pressures in comparison with the T at P = 0 GPa. The
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onset

superconducting dome became larger with a higher T¢" ™" upon application of a higher P.

onset

It should be noted that an increase in T¢ "~ with pressure was observed for all films.
The highest enhancement factor [Figure 5 - 6 (b)], defined by T¢(P)/T¢(0), was obtained
for the underdoped film with x = 0.08 (2.7 at P = 3.4 GPa) and the lowest enhancement
factor for the optimally doped film with x = 0.13 was 1.4 at 3.2 GPa. The larger
enhancement for the underdoped film originated from the existence of a magnetic
instability at P = 0 GPa. The T.(P)/T.(0) value became smaller as x increased and was a
minimum for the optimal value of x = 0.13. Almost the same T.(P)/T.(0) values were
obtained between the underdoped film with x = 0.09 and the overdoped film with x =
0.21. For the other 122-type BaFe,As; crystals, such as those that were Co, K, and P
doped,”™ the T.(P)/T¢(0) were nearly one or less than one [Figure 5 - 6 (b)]. Compared
with the pressure phase diagrams of the other 122-type BaFe,As, crystals [Figure 5 - 6
(c)], the widening of the phase diagram toward the higher T, region under pressure over
the whole doping region was a unique feature, observed only in the indirectly electron
doped (Ba;—xLax)Fe,As;, epitaxial films among the 122-type AFe,As,. Here we should
point out that, although the epitaxial films are affected by uniaxial pressures originating
from epitaxial strain, differences of thermal expansion and compressibility as discussed
in chapeter 4, this is not essential for the present results. To discuss these effects, we
examined the pressure effects on the T.°™ for the optimally doped Ba(Fe;—«C0,)2AS;
epitaxial films®* grown on MgO (001) single crystals (in chapter 4) and compared them
with that of the (Ba; xLax)Fe2As; films. The former film had in-plane lattice mismatches
(—6.2 £ 0.3 %) similar to those (5.9 %) of the (Ba;—Lay)Fe,As,/MgO films.
Irrespective of the large epitaxial strains, the T, decreased and was not enhanced for

both of the samples. Similarly, optimally doped (Ba;, xKy)Fe:As, films exhibited a
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pressure effect on the T."™® but it was quite small.?* These results suggest that the T
enhancement in the (Ba; xLax)Fe;As; epitaxial films did not originate from anisotropic
pressure from substrates but from the external hydrostatic pressure.

Figure 5 - 7 (a)—(c) show the T dependences of the Ry for the underdoped (x = 0.08),
the optimally doped (x =0.13), and the overdoped (x =0.21) epitaxial films at different
pressures. The Ry values were all negative and their absolute values (|Ru|) increased
with decreasing T for all of the films. With an increasing P, the Ry values at high T were
almost unchanged, while the |Ry| values decreased at low T , giving a smaller T
dependence under a higher P. This result implies that the P induced more mobile
carriers at lower T. As we mentioned above, we directly estimated N as 1/ (e x |Ry|) for
a quantitative discussion of the mobile carrier density. Pressure dependences of the N, at
35 K is summarized in Figure 5 - 7 (d). N, at 35 K gradually increased with P for all of
the films. The relationships between the estimated N and T,°"*" for the three kinds of
films from the underdoped to the overdoped regions are superimposed in the inset of
Figure 5 - 7 (d). The x = 0.21 film exhibited a T>™" — N, curve that was very different
from those of the other films. A universal relation such as a domelike single T.>"™* -Ne
relation was not observed. This trend implies that the T, of the (Ba,_ Lax)Fe,As;
epitaxial films under a high pressure was not determined just by Ne. The estimated Hall
mobilities («) were independent of pressure, shown in the insets of Figure 5 - 7 (a)—(c).
These results indicate that P increases Ne but does not affect the mobility and does not
disturb the carrier transport. This consideration is consistent with the indirect La doping
at the Ba sites in BaFe,As;. | considered that the reduction of electron scattering and the
increase in N induced by P would be a plausible origin for the T, enhancement because

a large enhancement of T onseT. shows a good correlation with the suppression of the p
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upturn [shown in Figure 5 - 3 (a) and Figure 5 - 4 (a)] and the increase in N at low T

(shown in Figure 5 - 7).

5.4. Conclusion

In summary, we observed a unique pressure phase diagram in indirectly
electron-doped 122-type (Ba;-xLax)Fe,As; epitaxial films. The enhancement of T; in all
of the doping regions along with narrowing of AT, was associated with the reduction of
electron scattering and the increase in the carrier density caused by lattice shrinkage,
which optimizes its crystal and electronic structure to achieve higher T, and sharper AT,

in (Ba, xLax)Fe2As; films.
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Direct electron-doping S
(CO° at Fe O) * %

Indirect electron-dopin
(La© at Ba@) . = O
Indirect isovalent—doping"
(PO atAs@) |

Indirect hole-doping
(K@ at Ba@) "o

Figure 5 - 1. Crystal structure and doping modes of the layered 122-type BaFe,As,. Solid lines show
a unit cell. The doping sites that induce superconductivity are categorized into two modes. One is
“indirect doping” for doping at sites other than the Fe sites, and the other is “direct doping” for
doping at the Fe sites.
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Figure 5 - 2 The electron transport properties of (Ba,—Lax)Fe,As; epitaxial films at ambient pressure.
(a) Electronic phase diagram of (Ba;_«Lay)Fe,As, epitaxial films under an ambient pressure. The
arrows indicate the positions of the T.°™ for the (Bas_.Lay)Fe,As; epitaxial films with x = 0.08, 0.09,
0.13, 0.18, 0.21, and 0.30. The inset shows the p—T curves of these films. (b) Temperature
dependence of the Hall coefficient RH under an ambient pressure. The circles, diamonds, squares
and triangles represent the Ry of (Ba;—cLax)Fe,As; epitaxial films with x = 0.08, 0.13, 0.21, and 0.30,
respectively. (c) Doping concentration dependences of carrier density (Ne). The previously reported
Ne — x data for Ba(Fe;1—xCoy),As, single crystals are superimposed.
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Figure 5 - 3 Pressure effects on the superconductivity of the optimally doped (Bagg;Lag.13)Fe2As;
epitaxial films. (a) p-T curves were measured under various pressures from an ambient pressure up
to P = 3.2 GPa. The solid lines are the fitting results to the power law, p™ = AT" + po, with n = 1. The
solid triangles indicate the positions of Tmyi,. An expanded view of the p-T curves at low T <50 K is
shown in the inset. The arrows indicate the positions of T.°™**". Summary of the variation of (b) T
and (c) AT, against pressure. (d) Magnetic field (H) dependence of the p—T curves for the optimally
doped (BaggssLag13)Fe As, epitaxial film under an ambient pressure (left panel) and a high pressure

of 3.2 GPa (right panel). Magnetic fields up to 9 T were applied parallel to the c-axis
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Figure 5 - 4 p—T curves measured under various pressures for (Ba,—Lax)Fe,As; epitaxial films that
are under-doped [(a) x = 0.08 and (b) 0.09], over-doped [(c) x = 0.18 and (d) 0.21], and heavily

over-doped [(e) x = 0.30]. The arrows and the triangles indicate the positions of T,

onset

and Tmin,

respectively. The vertical lines in (a) indicate the positions of the resistivity anomaly temperature.

The applied pressures are indicated in each panel. The expanded views near T, are shown in Figure 5

-5(@-e).
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Figure 5 - 5 (a)—(e) p-T curves measured under various pressures for (Ba;—Lay)Fe,As; epitaxial films
that are underdoped [(a) x =0.08 and (b) 0.09], overdoped [(c) x =0.18 and (d) 0.21], and heavily
overdoped [(e) x =0.30]. The arrows indicate the positions of T.°™*. The applied pressures are
indicated in each panel. (f) Pressure dependences of T, [T(P)] for the underdoped and overdoped
films. The inset shows the changes indT, [AT¢(P)] as a function of P. Open and solid symbols
represent T(P) and 4T(P) for underdoped and overdoped films, respectively.
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Figure 5 - 6 (a) High-pressure electronic phase diagram of (BajyLay)Fe,As, epitaxial films in
comparison with that under an ambient pressure. Solid and open symbols show the maximum T,
(T.™™) obtained under high pressures and those under an ambient pressure, respectively. The critical

max

pressures (Pg), where T,~ was obtained, are indicated in the figure. (b) Enhancement factors
defined by T.(P)/T(0) as a function of P for (Ba; «Lay)Fe,As; epitaxial films. Those of the optimally,
K(indirect hole)-, P (indirect isovalent)- , and Co (direct electron)-doped BaFe,As; single crystals
are shown for comparison (Refs. 7,8, and 11). (c) Pressure phase diagrams of (Ba; xKy)Fe As;
(indirect hole-doped), BaFex(As;_«Py). (indirect isovalent-doped), and Ba(Fe;_«Coy).As, (direct
electron-doped) single crystals (Refs. 7-11). Typical electronic phase diagrams under an ambient
pressure are shown by the dark areas. Solid and open symbols indicate T, under external pressures

[T(P)™] and T, at 0 GPa, respectively.
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Figure 5 - 7 (a)—(c) Temperature dependence of the Hall coefficients (Ry) for (BajyLay)Fe As;
epitaxial films with x = 0.08 [(a) underdoped], x = 0.13 [(b) optimally doped], and x = 0.21 [(c)
overdoped] under high pressures. The applied pressures are indicated on the upper left of each panel.
The inset shows the temperature dependence of the Hall mobilities () under various pressures. (d)
Pressure dependences of the carrier density (N.) at 35 K. The relationship between T and N, is

summarized in the inset.
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Chapter 6: Heteroepitaxial growth of phosphorus-doped
BaFe,As, thin films

6.1. Introduction

As compared to Ba(Fe;—xCoyx)2As; (BaFe,As;:Co), 122-type BaFey(Asi—«Px)2
(BaFe,As;,:P) exhibits a higher T, (~31 K) and a comparable yl. In addition, it was
recently reported? that BaFe,As,:P epitaxial films have a very high J. of 10 MA/cm?,
which is two to three times greater than that of BaFe;As;:Co **. Unfortunately, the
decay rate of J. for a BaFe,As,:P epitaxial film under a magnetic field is greater than
that of a BaFe,As,:Co epitaxial film®. This observation is attributed to the weak vortex
pinning in BaFe,;As;:P because an isovalent P dopant is not thought to work as an
effective pinning center®’. This characteristic contrasts sharply with BaFe,As,:Co, in
which the disorder of aliovalent Co dopants in the Fe layers works as intrinsic vortex
pinning centers. Therefore, to exploit the advantages of BaFe,As,:P films, it is vital to
enhance their vortex pinning so that a high J; can be maintained under high magnetic

fields.

Another important issue for wire/tape applications is the anisotropy of J.. Since
high-T. superconductors such as cuprates and 1111-type iron-based superconductors
have distinct layered structures, He,; with H // ab is higher than H,; with H // ¢ because
of their electronic anisotropy; their J. properties also reflect this intrinsic
crystallographic anisotropy. Therefore, introducing pinning centers along the c-axis is a
practical way to reduce their anisotropy.®® Heavy-ion irradiation experiments have

clarified the attractive properties of iron-based superconductors, which are totally
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different from cuprates; introducing a high density of nanosize columnar defects does
not degrade T. until the dose-matching field becomes 21 T, which indicates the
excellent potential of iron-based superconductors for high-field applications.!*
Although these results revealed the high potential of iron-based superconductors if
pinning centers as structural defects are introduced, it is difficult to apply to large-scale
superconducting wires and tapes. Therefore, a simple fabrication process, which
controls the shape, size, and density of defects, is more practical than introducing

artificial pinning centers.

To introduce the vortex pinning centers, the choice of the substrate and buffer layer
has been discussed in iron-based superconductor thin films. Lee et al. * successfully
fabricated high-performance Ba(Fe,Co),As; epitaxial films on mixed-perovskite type
(La,Sr)(Al, Ta)Os (LSAT) using a thin SrTiO; (STO) buffer layer. In this film, 2-3 nm
diameter BaFeO, rods were produced by diffusion of oxygen from the STO buffer layer
1 They worked as strong c-axis pinning centers, resulting in high critical current
densities (J.) under high magnetic fields'. lida et al. ** employed an Fe buffer layer.
This film had no pinning centers along the c-axis and exhibited a vortex pinning
anisotropy similarly to that of single crystals. On the other hand, Katase et al. succeeded
in fabricating Ba(Fe,Co),As; epitaxial films directly on LSAT and MgO (001)

single-crystal substrates without buffer layers by optimizing the growth condition *****.

These films exhibited strong vortex pinning along the c-axis™®

, Which is comparable to
those of the above films employing the buffer layers, originating from vertical defects in
the films. However, their vortex pinning properties depended largely on the substrates.
The films on LSAT exhibited strong c-axis pinning at 4 K and 15 T that also worked

effectively even at ~10 K and 12 T **. While in the case of MgO substrates *°, the c-axis
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pinning centers did not work above 5 T.

In this study, we fabricated BaFe,As,:P epitaxial films on MgO (001)
[BaFe,As,:P/MgO] and LSAT (001) [BaFe,As,:P/LSAT] substrates and characterized
their crystallinities, microstructures and electron transport properties. | obtained
BaFe,As;:P epitaxial films grown by high-temperature pulsed-laser deposition (PLD) at
1050 °C, which is about 200 °C higher than that of BaFe,As,:Co **. Compared with
these crystallinity, BaFe,As;:P/LSAT has poor crystallinity than that of
BaFe,As;:P/MgO because of the reaction layer between film and substrate. The vortex

pinning properties are discussed in chapter 7.

6.2. Experimental procedure

6.2.1. Thin film fabrication
BaFe,As;:P films of 150-200 nm thickness were grown on MgO (001) and LSAT

(001) single-crystal substrates by PLD. Optimally P-doped polycrystalline
BaFe,(Asy7Po3). disks were used as the PLD targets, which were synthesized by a
solid-state reaction of BaAs + 0.4Fe,As + 0.6Fe,P — BaFe;(Asy7Po3)2 at 930 °C for 16
h in a sealed Ar-filled stainless-steel tube. The pulsed-laser excitation source was the
second harmonic of an Nd:YAG laser (wavelength = 532 nm, repetition rate = 10 Hz,
laser fluence ~ 3 J/cm?). The base pressure of the growth chamber was approximately 5
x 107" Pa. Instead of a halogen-lamp heater,** A semiconductor infrared laser diode was
used (wavelength = 975 nm, maximum power = 300 W) to achieve high substrate
temperatures (Ts) up to 1400 °C. The Ts was calibrated by an ex-situ measurement using

a thermocouple connected to a substrate directly. To heat the substrate, a Mo plate was
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tightly contacted to the backside of the substrate and heated by focused infrared light,
which provided uniform T over the substrate. First, in order to find the epitaxial growth
condition, we employed MgO substrates and varied Ts from 700 to 1300 °C by
maintaining similar growth rates of ~3 A/s, which is almost the same as that used for the

epitaxial growth of BaFe,As,:Co.*

6.2.2. Characterization

To determine the crystalline phases and the small amount of impurity
phases, ¢-coupled 26-scan x-ray diffraction measurements (XRD, anode radiation: Cu
Ka) were performed with a high-power conventional XRD apparatus. The crystallinity
of the epitaxial films was characterized on the basis of full widths at half maximum
(FWHM) of the out-of-plane (26-fixed @ scans) rocking curves (Aw) of 002 diffraction
and the in-plane (26,-fixed ¢ scans) rocking curves (A¢) of 200 diffraction with a
high-resolution XRD apparatus [HR-XRD, CuKa; monochromated by Ge (220)]. The
chemical composition was determined from electron-probe microanalyzer (EPMA). For
guantitative analyses, we employed the atomic number, absorption, fluorescence (ZAF)
correction method using the following standard samples; BaTiO3z for Ba, Fe for Fe,
LaAs for As, and InP for P, which provided reasonable results as will be shown later (for

a BaFe,As;,:P film grown at an optimum Ts ~ 1050 °C, Ba: Fe: (As + P) = 1: 2.1 : 2.0).

The surface morphology was observed with an atomic force microscope (AFM).
Cross-sectional microstructural images were obtained by scanning transmission electron
microscopy (STEM). The variation in chemical composition around defects was

measured using energy-dispersive x-ray spectroscopy (EDXS) with a spatial resolution
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of about 1 nm. These characterization were performed at room temperature.

Temperature (T) dependence of electrical resistivity (p) was measured by the

four-probe method using Au electrodes with a physical property measurement system.

6.3. Results and discussion

6.3.1. Optimization of growth temperature

At first, growth temperature was optimized using MgO substrates. Figure 6 - 1 (a)
summarizes the relationship between the growth condition (Ts and laser fluence) and
crystallographic orientation of BaFe,As,:P thin films grown at growth rates of ~3 A/s.
When Ts < 950 °C [“Random oriented” region: triangles in Figure 6 - 1 (a) and lower
XRD pattern in Figure 6 - 1 (b)], the films were preferentially oriented along the c-axis
along with a smaller portion of nonoriented BaFe,As;:P crystallites and Fe impurities
appeared. When T, was increased to 1100 °C [“Epitaxial” region: circles in Figure 6 - 1
(a)], epitaxial BaFe,As,:P films were obtained; that is, only 00l diffractions were
observed out of plane [middle row of Figure 6 - 1 (b)], and due to the tetragonal lattice,
a clear four-fold symmetry was observed in the in-plane ¢ scan [Figure 6 - 1 (c)]. At Ts
> 1100 °C [“00l & hhO” region, squares in Figure 6 - 1 (a) and the top XRD pattern in
Fig. 1(b)], 00l and hhO preferential orientations were observed, which is similar to that
observed for high-Ts growth of BaFe,As,:Co.** A weak Fe 002 peak is observed in the
XRD patterns. Figure 6 - 1 (c) and (d) show the cross-section STEM image of
BaFe,As,:P/MgO and EDX results. | confirmed that impurity Fe particles segregated in
the bulk regions of the films, not at the film—substrate interface, sharply different from
the result of BaFe,As,:Co films grown by PLD using a KrF excimer laser’. In the latter

report, the Fe impurity is epitaxially grown at the interface. However, similar
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segregation in the bulk region is observed also in BaFe,As,:Co epitaxial films

fabricated using a Nd:YAG laser as an excitation source.

Based on these results, we concluded that the optimum Ts for epitaxial growth of
BaFe,As;:P is ~1050 °C. The chemical composition of the film, as determined by
EPMA, was Ba: Fe: As: P = 19.7: 41.5: 30.3: 8.5 [i.e., P/(As + P) = 22%)], indicating
that the P doping level was lower than the nominal composition of the PLD target
[P/(As + P) = 30%]. The lattice parameters of the film were a = 3.95 A and ¢ = 12.830
A, which differ slightly from those of a single crystal with the same chemical
composition (a = 3.94 A and ¢ = 12.89 A)*. This result implies that a tensile strain in
the ab plane is introduced into the epitaxial film because of the larger in-plane lattice

parameter of the MgO substrate (a = 4.21 A) *°.

The surface morphology of the film grown at the optimum T, as observed by AFM,
shows that the film grows via spiral-island growth and has a smooth surface with the
step height corresponding to half of the c-axis length Figure 6 - 1 (f)]. Note that there
are few droplets and pit structures, although these are often observed in BaFe;As;:Co
epitaxial films®®. These results would originate from the higher Ts growth (1050 °C)
than that of BaFe,As,:Co epitaxial films (800-850 °C),** which promotes the migration
of deposition precursors and reconstruction of their structure at the growing surface.
Such an atomically flat surface would be useful for future applications such as

multilayer junction devices.

6.3.2. Fabrication on LSAT substrates and characterization

As we mentioned above, optimal growth condition is founded (i.e. optimum Ty is
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~1050 °C). Therefore, we also fabricated BaFe;As,:P films on LSAT substrates using
optimized conditon. Figure 5 - 3 (a) shows a 6-coupled 260 XRD pattern of the
BaFe,As,:P/LSAT. Clear 00l peaks of BaFe,As,;:P were observed along with the 110
reflection of impurity Fe (26 = 65 degree) which is also observed in the matrix region of
BaFe,As,:P/MgO. It should be note that an unassigned peak in ~ 23 degree is observed.
It will be discussed later with the data of STEM-EDX. Figure 5 - 3 (b) shows an
in-plane HR-XRD pattern of ¢-coupled 28y scan. Only h00 peaks of BaFe,As,:P were
observed with hOO peaks of LSAT. Fig. 1 (c) shows the XRD pattern of in-plane ¢-scan
(26x-fixed ¢-scans). Four-fold symmetry was observed due to the tetragonal lattice of
BaFe,As,:P. These results indicate that the thin film grew heteroepitaxially on the LSAT
substrate with the relationship of [001] BaFe,As;:P || [001] LSAT for out-of-plane and
[100] BaFe,Asy:P || [100] LSAT for in-plane. The chemical composition of the
BaFe,As,:P/LSAT determined by EPMAwas Ba: Fe: As:P=21.2:40.6:28.3:9.9in
atomic ratio. It gives the P/(P+As) ratio of 0.26, which is close to but slightly higher
than that of BaFe,As,:P/MgO [P/(P+As) = 0.22]. This small difference becomes one of
the origin of the differences of the T, between BaFe,As,:P/MgO and BaFe,As,:P/LSAT

discussed later.

Lattice parameters of the BaFe,As,:P/LSAT were a = 3.96 A, ¢ = 12.806 A, and c/a
= 3.23, which are different from those of a single crystal BaFe,(As;-«Px). with a similar
chemical composition (x = 0.2 — 0.4, c/a ~ 3.27) 2. This result indicates that a tensile
strain in the a-b plane remained in the BaFe,As,:P/LSAT, which is the same trend as the
case of the BaFe,As;:P/MgO (a = 3.95 A, ¢ = 12.830 A, and c/a = 3.25), and the larger
c/a ratio of the BaFe,As,:P/LSAT indicates that it had a stronger lattice strain than

BaFe,As,:P/MgO. This stronger tensile strain could be another origin of the higher T of
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the BaFe,As,:P/LSAT * discussed later. The lattice parameter of MgO (4.21 A) is larger
than that of BaFe,As;:P; therefore, it would be natural to consider that the tensile strain
in the a-b plane is induced. However, it is expected that the strain should be reversed
(i.e., compressive) by considering only the in-plane lattice mismatch because the
in-plane lattice parameter of LSAT (3.86 A) is smaller than that of the BaFe,As,:P. This
contradiction suggests that the in-plane lattice mismatch is not the origin of the tensile
strain in the BaFe,As,:P/LSAT. As we discussed in chapter 4, the differences of thermal

expansion coefficients should be the one of the origin of this discrepancy.

Next, we compared the crystallinity of the BaFe,As,:P/LSAT with that of the
BaFe,As,:P/MgO. Figure 6 - 1 (d) and (e) show the normalized rocking curves of the
004 and 200 reflections, respectively. In the case of BaFe,As,:P/MgO, the FWHMs of
Aw and 4¢ were 0.6 degrees. On the other hand, when the films were grown on LSAT
substrates, the FWHMSs of A4w and A4¢ were 1.1 and 1.5 degrees, respectively. The
in-plane lattice mismatch [(Qsubstrate — @Ba122:p)/@Ba122:p, Where agai22:p IS a-axis length of
the single crystal with the same chemical composition] between BaFe,As,:P and LSAT
(a=3.86 A) is smaller (- 1.8 %) than that between BaFe,As,:P and MgO (a = 4.21 A)
(+ 6.9 %), but the crystallinity of BaFe,As,:P/LSAT was poorer than that of
BaFe,As,:P/MgO. This result suggests the presence of a larger number of defects than
for BaFe,As,:P/MgO and/or a chemical reaction between LSAT and BaFe,As;:P, similar

to the case of Ba(Fe,Co),As; on LSAT [chapter 2].

To investigate the shapes and the chemical composition of the defects in the
BaFe,As,:P/LSAT, we performed cross-sectional STEM, HR-TEM, and EDX

observations. Figure 5 - 4 (a) and (b) show a wide cross-sectional bright-field STEM

124



Chapter 6: Heteroepitaxial growth of phosphorus-doped
BaFe2As2 thin films

image of BaFe,As,:P/LSAT and its magnified image, respectively. As shown in Figure 5
- 4 (a), many vertical defects along the c-axis were observed. They appear to start
growing from the heterointerface throughout to the film surface, and are slightly tilted
from the normal direction to the substrate surface. Such tilted boundaries would be
introduced by lateral growth of crystallites. Therefore, these results suggest that most of
the defects in the BaFe,As,;:P/LSAT are domain boundaries nucleated at the onset of
film growth, which is similar to the case of the BaFe,As,:P/MgO grown at a higher

growth rate (discussed in chapter 7).

Figure 5 - 4 (c) shows the results of a STEM-EDX line scan along the horizontal
line in Figure 5 - 4 (b). The chemical composition of the defects is the same as that in
the bulk region of the film, and the oxygen concentration in the film is lower than the
detection limit of the STEM-EDX measurement. These results also support that these
defects are domain boundaries and are not oxygen-related impurities as reported for

BaFeO; introduced from a STO buffer layer *°.

The poorer crystallinity of the BaFe,As,:P/LSAT shown in Figure 6 - 1 (d) and (e)
originates from these many domain boundaries in the BaFe,As;:P/LSAT. The
thicknesses of the domain boundary region appear to be ~ 4 nm, but these values are
unclear because the domain boundaries are not parallel to the electron-beam incident
direction. However, a few nanometers are comparable in size to twice the coherence
length of BaFe,As,:P *: therefore, we expect that these boundaries work as
two-dimensional strong vortex pinning centers. Most of the defects in
BaFe,As,:P/LSAT started from the heterointerface and grew through to the film surface.

Because these defects have large pinning areas, it is expected that they more strongly
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pin the vortices than the small defects such as point-like defects® and columnar

defects™®.

I also found a reaction layer at the heterointerface between the BaFe,As;:P and the
LSAT. As shown in Figure 5 - 4 (d), the reaction layer is a crystalline phase with a
thickness of ~ 5 nm. Figure 5 - 4 (e) shows the results of STEM-EDX around the
interface. As shown in the right panel of Figure 5 - 4 (e), the Ba concentration has peaks
at the interface, and the La signal also shows a smaller but similar peak at the interface.
The concentrations of Fe and As decrease monotonically from the film to the substrate
through the reaction layer, while the P concentration is almost constant in the reaction
layer. Large amounts of oxygen were detected in the reaction layer. Thus, the reaction
layer mainly consists of Ba, La, P and O. Judging from these results, La-doped barium
phosphate or apatite is a possible candidate for the reaction layer. Recently, Adachi et al.
2! reported that the reaction layer at the interface between BaFeFe,:P and LSAT is
Bas(PO,)30H, determined by XRD 26—y mapping. From our XRD data (Fig. 1(a)), the
unassigned impurity peak indicated by the asterisk was observed around 26 = 21.1
degrees, which is reasonably assigned to the 111 diffraction of Bas(PO4);OH (26 =
20.94 degrees) *%. This small difference in the 26 angles can be explained by the
difference in the ion radii between La (116 pm) and Ba (142 pm) 2. Thus, we concluded
that the reaction layer in our films is La-doped Bas(PO,4)3sOH. This reaction layer would
be an origin of the tensile strain, the poor crystallinity, and the generation of domain

boundaries in the present BaFe,As,:P/LSAT.
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6.3.3. Electron transport properties of the films on MgO and LSAT

Finally, electron transport properties are discussed. As shown in Figure 6 - 4 (a),
BaFe,As,:P/LSAT exhibited its T, = 28.5 K, which is slightly higher than that of
BaFe,As;:P/IMgO (T, = 26.5 K). The P/(P+As) ratio of the BaFe,As,:P/LSAT
determined by EPMA was 0.26, which is close to but slightly higher than that of the
BaFe,As;:P/MgO [P/(P+As) = 0.22]. This result would be consistent with a higher T,
(28.5 K) of the BaFe,As,:P/LSAT than that of the BaFe,As,:P/MgO (26.5 K) because
the doping level of the BaFe,As,:P/LSAT is closer to the optimum value for bulk
BaFe,As,:P [P/(P+As) = 0.33, T, = 31 K *®] than that of the BaFe,As,:P/MgO. This
result is also consistent with the behavior of normal state resistivity [Figure 6 - 4 (b)].
Moreover, BaFe;As,:P/LSAT had a stronger tensile strain than BaFe,As,:P/MgO as
discussed before. These results are consistent with electron transport properties of

BaFe,As,:P/MgO and BaFe,As,:P/LSAT.

6.4. Conclusion

| fabricated BaFe,As;:P/MgO and BaFe,As,:P/LSAT and characterized their
crystallinities, microstructures and electron transport properties. Optimizing the growth
temperature, we concluded that the optimum T; for epitaxial growth of BaFe,As,:P is
~1050 °C, which is about 200 °C higher than that of BaFe,As,:Co. Comparing those
physical properties, the BaFe,As,:P/LSAT had poorer crystallinity, larger in-plane
tensile strain, and a larger density of domain boundaries, which would be caused by a
thin reaction layer between the BaFe;As,:P film and the LSAT substrate. Because of
slightly higher doping level and strong tensile strain caused by reaction layer and.or

small thermal expansion coefficients of LSAT substrate, T, of BaFe,Asy:P/LSAT is
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slightly higher than BaFe,As,:P/MgO. These results of crystallinity, defects and electron

transport properties should affect to the vortex pinning properties and referred to the

fabrication process of superconducting tape in chapter 8.
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Figure 6 - 1. Growth of BaFe,As,:P films and structural and electrical properties of the epitaxial film.
(a) Relationship between growth condition (substrate temperature T and laser fluence) and
crystallographic orientation of BaFe,As,:P films. Three regions with different orientation structures
obtained with different T, values are shown. The dashed square region shows the optimum condition
for epitaxial growth of BaFe,As,:Co.""! (b) Typical XRD patterns, measured in Bragg—Brentano
configuration, of BaFe,As,:P thin films for the three T regions in panel (a). (c) In-plane ¢scan of
the 200 diffractions of the BaFe,As,:P thin film grown at the optimum Ts. (d) Cross-sectional
bright-field STEM images of BaFe,As,:P epitaxial films. Horizontal arrows indicate the
heterointerfaces between the films and MgO substrates. (e) the results of EDXS line-scans along the
white horizontal lines in panels (d) (f) AFM scan showing surface morphology of BaFe,As,:P film
grown at the optimum T,. Upper-right inset shows a magnified image. A cross-sectional profile along
the horizontal line A-B in the inset is shown to the right (“0.5 u.c.” denotes the half size of the c-axis
unit-cell length).
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Figure 6 - 2 XRD patterns of a BaFe,As,:P film on a MgO and LSAT (001) substrate. (a) #-coupled
260 pattern. The asterisk shows a peak position of an impurity phase. (b, ¢c) Normalized rocking
curves of the out-of-plane 004 (b) and the in-plane 200 reflections (c).
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Figure 6 - 3 Microstructure and chemical composition of a BaFe,As;:P epitaxial film on a LSAT
(001) substrate. The incident direction of the electron beam is BaFe,As,:P [100]. (a) Cross-sectional
bright-field STEM image. Vertical arrows show the vertical defects. (b) Magnified image of the
square region in Fig (a). (c) STEM-EDX line scan along the horizontal line shown in Fig. (b). The
vertical lines correspond to the positions of the vertical defects. (d) HR-TEM image at the interface
between the BaFe,As,:P film and LSAT substrate. (e) Left panel shows STEM image at the interface.
Right panel shows the results of STEM-EDX line scan along the vertical line shown in the left panel.

The shaded region corresponds to the interfacial layer.
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Figure 6 - 4 Temperature dependence of resistivity (p) of BaFe,As,:P/MgO and BaFe,As,:P/LSAT.

(a) magnified figure around T, (b) wide range p—T curves.
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Chapter 7: High critical-current density with less
anisotropy in phosphorus-doped BaFe,As, epitaxial
thin films

7.1. Introduction

As we mentioned in chapter 6, BaFe,(As;xPx). (BaFe,As,:P) exhibits (i) a higher T,
(=31 K) and a (ii) small anisotropy (y = 1-2)* and (iii) high self-field critical current
density (J. ~ 10 MA/cm?) *which is two to three times greater than that of BaFe,As,:Co
4 put it also has weak intrinsic pinning because an isovalent P dopant is not thought to
work as an effective pinning center®’. Therefore, to exploit the advantages of
BaFe,As;,:P films, it is vital to enhance their vortex pinning so that a high J. can be

maintained under high magnetic fields.

In this chapter, vortex pinning properties of BaFe,As,:P epitaxial films on MgO and
LSAT are characterized and examined the growth rate dependence of the anisotropy of
vortex pinning properties of BaFe,As,:P epitaxial films. After the optimization, a
high-self-field J. of 7 MA/cm? was obtained for BaFe,As;:P epitaxial films and a high
J. of over 1 MA/cm? was maintained even with an applied magnetic field of 9 T. This J.
value at 9 T is the highest value obtained so far for iron-based superconductor thin

films.

7.2. Experimental procedure

7.2.1. Thin film fabrication

Thin film fabrication and characterization process was noted in chapter 6. In this
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chapter, the growth rate was varied from 2.1 to 3.9 A/s by changing the substrate—target

distance with fixed substrate temperature ~ 1050 °C.

7.2.2. Characterization of microstructure and transport J.

To discuss the microstructures of films grown at different growth rate, cross-sectional
microstructures were observed by scanning transmission electron microscopy (STEM)
and high-resolution transmission electron microscopy (HR-TEM). Chemical
compositions at a heterointerface and of defects were evaluated by energy-dispersive
x-ray spectroscopy (EDX) with a spatial resolution of ~ 1 nm. To examine the transport
properties of J¢, the films were patterned into microbridges by photolithography and an
Ar milling process. The transport J; was determined from voltage—current curves with
the criterion of 1 uV/cm under an external magnetic field (H) of up to 9 T. The angle 64
of the applied H was varied from —30 to 120° (0 and 90° corresponding to H // c-axis

normal to the film surface and H // ab plane, respectively).

7.3. Results and discussion

7.3.1. Comparison of the J. properties of the films on MgO with those on LSAT

To discuss the vortex pinning properties, we examined the magnetic field
dependences of J. at 4 K and 12 K (Figure 7 - 1). The J.'" of BaFe,As,:P/LSAT was 5.0
MA/cm? at 4 K and 2.8 MA/cm?at 12 K. On the other hand, J:®" of BaFe,As,:P/MgO
was 6.7 MA/cm? at 4 K and 3.5 MA/cm? at 12 K. These differences in J:" originated
from the difference in crystallinity as observed in chapter 6. It should be noted that the
anisotropy of the J. of BaFe;As,:P/LSAT in the high field region is totally different

from that of BaFe,As;:P/MgO. The difference between J. under H // ab (closed
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symbols) and H // ¢ (open symbols) of BaFe,As,:P/LSAT are much smaller than that of
BaFe,As,:P/MgO. These results imply that the pinning centers along the c-axis of
BaFe,As,:P/LSAT work better than that of BaFe,As,:P/MgO under high magnetic fields.
The lower panels of Figure 7 - 1 (a) and (b) show the magnetic field dependences of the
pinning force (Fp) at 12 K. As shown by arrows, the peak positions of F, under H // ¢
(F,"") of BaFe,As;:P/LSAT (~ 7 T) was higher than that of BaFe,As;:P/MgO (~ 5 T).
This result also implies that the pinning centers along the c-axis of BaFe;As;:P/LSAT
work better than that of BaFe,As;:P/MgO under high magnetic fields, although the
absolute value of F,° of BaFe,As,;:P/LSAT (15 GN/m?® at 7 T) was slightly lower than

that of BaFe,As;:P/MgO (17 GN/m? at 5 T) because of the differences in J°".

Figure 5 - 2 (a) and (b) show the angular dependence of the transport J. of the
BaFe,As,:P/MgO and the BaFe,As,:P/LSAT under several magnetic fields at 12 K. In
common with two films, the J. peak at &4 = 90 ° (H // ab plane) became larger with
increasing magnetic field. This J. peak at 90 ° originates from the intrinsic property of
BaFe,As,:P with a layered structure and an anisotropic electronic state. On the other
hand, another broad peak was observed around &4 =0 ° (H // ¢ axis). It should be noted
that extrinsic vortex pinning centers along the c-axis were successfully introduced in the
BaFe,As,:P/MgO and BaFe,As,:P/LSAT similar to the case of BaFe;As,:Co/MgO and

consistent with the result of the microstructure observation in chapter 6.

Figure 5 - 2 (c¢) compares the angular dependence of the transport J. of the
BaFe,As,:P/MgO with that of the BaFe,As,:P/LSAT. The anisotropies of J. were almost
the same at 12 K and 3 T, while the absolute values of J. were totally different from

each other. The J. at 3 T of the BaFe,As,:P/LSAT is smaller than that of the
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BaFe,As;:P/MgO. This difference was attributed to the differences in J:*®" because J.*
of the BaFe,As,:P/LSAT at 12 K was smaller than that of the BaFe,As,:P/MgO.
However, at 9 T, the anisotropy of J. was drastically changed between LSAT and MgO.

0

Focusing on the J. around &4 = 0 ~ at 9 T, the J. peak was observed in the
BaFe,As,:P/LSAT but almost disappeared in the BaFe,As;:P/MgO. The peak position
was shifted slightly from &4 = 0 ° due mainly to the tilted defects working as pinning
centers (see the cross-section STEM image in chapter 6). These results indicate that
BaFe,As,:P/LSAT has stronger pinning centers along the c-axis than that of the
BaFe,As,:P/MgO. Consequently, the J. anisotropy of the BaFe,As,:P/LSAT under high
magnetic field seems to be slightly better than that of the BaFe,As,:P/MgO. However,

self

these results imply that there is a trade-off between J.~ and vortex pinning forces of the
BaFe,As,:P epitaxial films because crystallinity and defect density dominate J:*'" and
vortex pinning forces, respectively. That is, in order to realize the best performance, it is

necessary to tune the growth condition of BaFe,As;:P.

7.3.2. Growth rate dependence of vortex pinning properties

As we mentioned above, BaFe;As;:P/LSAT show the potential capability for the high
field application but the absolute value of J. is smaller than that of BaFe,As,:P/MgO.
Therefore, we discuss the growth rate dependence of crystallinity and vortex pinning
properties in transport J. using MgO substrates. The growth rate was varied with the T;
held at the optimum Ts = 1050 °C. As seen in Figure 5 - 3 (a), the rocking-curve
FWHMs of Aw and A¢ remain almost constant at ~ 0.5° for a growth rate ranging from
2.1 to 3.9 Ass. This trend is different from that for BaFe,As,:Co epitaxial films (see

chapter 2), where low growth rates such as 2.1 A/s led to large Aw and A¢g (FWHM ~
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1°). In addition, the chemical composition of BaFe,As;:P do not depends on the growth
rate [Figure 5 - 3 (b)]. This finding means that BaFe,As,:P films may be grown over a

wider range of growth rates, a result that is also attributed to the higher optimum T..

There is no significant difference on crystallinity when the growth rate was varied,
but attractive results are observed in the anisotropy of the vortex pinning properties. For
several growth rates, Figure 5 - 3 (c) shows angular dependence of J. for BaFe,As;:P
epitaxial films grown at the optimum Ts. The data show that J. increases with
decreasing growth rate over the entire range of &4. This result is attributed to the
improvement in the self-field J; namely, at 12 K, the self-field J. increased from 2.70 to
5.14 MA/cm? as the growth rate decreased from 3.9 to 2.2 A/s. All the films exhibit
intrinsic J. peaks at 64 = 90° (H // ab), which is in agreement with the results for the
film grown at the higher growth rate of 5.0 A/s.l) The present films, however, exhibit
additional J; peaks at 6 = 0° (H // c). The value of J. at 6 = 0° (J.") increases with
decreasing growth rate, then it exceeds J. at 64 = 90° (J;*®) at the growth rate of 2.2
AJs. These results indicate that vortex-pinning centers along the c-axis are introduced
into BaFe,As;:P epitaxial films when these films are grown at a lower growth rate. Note
that the J. peak at &4 = 0° becomes larger and sharper upon decreasing the growth rate,
which averages out the angle dependence of J. and contributes to the highly isotropic
property. These results indicate that the vortex-pinning properties and anisotropy of

BaFe,As,:P epitaxial films can be controlled by tuning the growth rate.

7.3.3. J. properties of optimized epitaxial films and comparison with other films

H//ab Hllc

Figure 5 - 4 (a) compares the dependence of J. (closed symbols) and J. (open

symbols) at 4 K for BaFe,As;:P epitaxial film grown at the optimum T (1050 °C) and
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growth rate (2.2 A/s) with what is found for other iron-based superconductor epitaxial
films exhibiting high J.. The self-field J. of the optimally grown BaFe,As;:P epitaxial
film was over 7 MA/cm?, which is comparable to the best results recently reported,* and
a high J;"# of over 1 MA/cm? was maintained even at 9 T. It would be noteworthy the
value of J;H® obtained at 9 T = 1.1 MA/cm? (corresponding to a pinning force of 99
GN/m®) is the highest obtained for iron-based superconductor thin films, as shown in
Fig. 3(a).”™ Moreover, at 9 T, J.* is 0.8 MA/cm? and the pinning force is 72 GN/m”.
These values are higher than the previously reported ones, including those for 122-type
compounds [e.g., BaFe,As,:P films with artificial pinning centers created by BaZrO;
nanoparticles” and oxygen-rich BaFe,As,/BaFe,As,:Co superlattice (SL) films’] and
conventional alloy superconducting wires (Nb-Ti,"? NbsSn,*® and MgB,™).

Figure 5 - 4 (b) compares the J. anisotropy of the BaFe,As,:P epitaxial film with the

5,7,8,15

Jc of other 122-type films in similar ranges of H and T. The BaFe,As,:P epitaxial
film obtained in this study exhibited a lower anisotropy than those of BaFe,As,:P™ and
BaFe,As,:Co/Fe buffer.® Moreover, the anisotropy obtained is much lower than that of
the SL thin films,” and is comparable to that of the BaFe,As,:P films with artificial

pinning centers created by BaZrOs nanoparticles.

7.3.4. Microstructure analysis and mechanism of isotropic vortex pinning

As discussed above, the strong vortex pinning and the isotropic J. properties were
achieved by decreasing the growth rate for the BaFe,As;:P epitaxial films. Therefore,
we investigate the origin of the pinning centers by microstructure analysis. Figure 5 - 5
(@) and (b) show cross-sectional bright-field STEM images of BaFe,As,:P epitaxial

films grown at 2.2 and 3.9 A/s, respectively. Although small island structures (~ 20 nm
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in lateral size) rich in oxygen are periodically found at the heterointerface in the film
grown at 2.2 A/s, as indicated by the slanted black arrows, sharp heterointerfaces
without a reaction layer were observed throughout the region. Other planar or line
defects in the ab plane, such as stacking faults, were not detected. However, as indicated
by the vertical white arrows in Figure 5 - 5, many vertical defects, which occur at a
higher density compared with that found for BaFe,As;:Co films,'® are observed in the
STEM images. The number of defects did not significantly differ between the
BaFe,As,:P films grown at 2.2 A/s and 3.9 A/s, but the shape and microstructure of the
defects did differ. Most of the defects in the film grown at 2.2 A/s start appearing at
midthickness and are oriented parallel to the c-axis, which would be assigned to vertical
dislocations. However, most of the defects in the film grown at 3.9 A/s originate at the
heterointerface just at the substrate surface and are tilted with respect to the c-axis. Such
defects could be induced by lateral growth of the epitaxial domains. These results
suggest that the defects in the film grown at 3.9 A/s are domain boundaries that initiate
at the onset of film growth. This difference in the structure of the defects would
correspond to the results of Figure 5 - 3 (c): against a magnetic field with &4 = 0°, the
vertical dislocations would pin vortices more strongly than the tilted domain boundaries,
resulting in the sharper peak near 6 = 0° for films grown at 2.2 A/s and the broad peak

near &, = 90° for films grown at 3.9 A/s.

The STEM-EDXS line scans [Figure 5 - 5 (¢) and d)] show that the chemical
composition of the defects is the same as that of the matrix region in the film and that
the impurity oxygen concentration in the thin film is less than the detection limit of
EDXS. | performed the EDXS line scans for six other vertical dislocations and nine

domain boundaries, and obtained the same results. These results indicate that the defects
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are not an impurity phase such as BaFeO,,"” but may be edge or threading dislocations
and/or domain boundaries. The defect sizes are estimated to be ~ 4 nm laterally and
roughly double of the superconducting coherence length in the ab plane of BaFe,As,:P
at 4 K which is consistent because such size defects effectively serve as

vortex-pinning centers.

7.4. Conclusion

In summary, BaFe,As,:P epitaxial films are fabricated and their vortex pinning
properties was compared. The poor crystallinity and the generation of domain
boundaries in the BaFe;As:P/LSAT lead to a decrease in the J.*" and strong vortex
pinning along the c-axis under high magnetic fields. These results imply that there is a

self

trade-off between J." and vortex pinning forces of the BaFe,As,:P epitaxial films

self

because crystallinity and defect density dominate J.~" and vortex pinning forces,
respectively. Decreasing the growth rate, a high-self-field J. of 7 MA/cm? was obtained
for BaFe,As;:P epitaxial films and a high J. of over 1 MA/cm? was maintained even
with an applied magnetic field of 9 T. This J; value at 9 T is the highest value obtained
so far for iron-based superconductor thin films. In addition, a highly isotropic high J.

performance was obtained by decreasing the film growth rate, which introduced vertical

dislocations along the c-axis that served as strong vortex-pinning centers.
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Figure 7 - 1. External magnetic field dependence of J. (upper panels) and F, (bottom panels) for
BaFe,As;:P epitaxial films on MgO (a) and on LSAT (b) substrates. Closed and open symbols

indicate the J. and F, obtained under H // a-b plane and H // c-axis, respectively.
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Figure 7 - 2 Critical current density J. as a function of applied magnetic-field angle &, for

BaFe,As,:P epitaxial films (a) on MgO and (b) on LSAT at 12 K. Measured at 1 — 9 T. (c) Data at 3

and 9 T for BaAs,Fe,:P on LSAT are compared with those on MgO
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Figure 7 - 3 Growth rate dependence of crystallinity, chemical composition and vortex pinning
property. (2) Dependence of FWHM of Aw and A¢ on growth rate of BaFe,As,:P films grown at the
optimum T, (b) Quantitative P concentration of thin films grown at the various growth rate. (c)
Critical current density J. as a function of angle of applied magnetic field 64 for BaFe,As;:P

epitaxial films grown at three growth rates, with yoH =3 Tand T = 12 K.
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Figure 7 - 4 (a) Critical current density J. as a function of magnetic-field H for BaFe,As,:P epitaxial
film grown at the optimum T (1050 °C) and growth rate (2.2 A/s) (circles). Open and closed
symbols show the data obtained by applying H // ¢ and H // ab, respectively. (b) Dependence of J.

(normalized to J.;H®

) on angle of external magnetic field &, for BaFe,As,:P epitaxial film at 12 K
and 3 T (circles). Also shown for comparison are the data for BaFe,As;:P + 3 mol% BaZrO;
nanoparticles (left-pointing triangles),5 SmFeASO 1 Fy (diamonds),18 O-rich BaFe,As,/BaFe,As,:Co
superlattice (SL) (triangles),” STO/BaFe,As,:Co SL (pentagons),’ BaFe,As,:Co/Fe buffer
(right-pointing  triangles),”® BaFe,As,:P (crosses),”® BaFe,As,:Co/Fe/IBAD-MgO (inverse

triangles),” Fe(Se,Te) (squares).'® and BaFe,As,:Co (stars).*
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Figure 7 - 5 Cross-sectional bright-field STEM images of BaFe,As,:P epitaxial films grown at the
growth rates (a) 2.2 A/s and (b) 3.9 A/s. The horizontal black arrow on the side of each figure
indicates the heterointerface between the substrate and the BaFe,As,:P epitaxial film. The vertical

white arrows indicate the vertical defects, and the slanted black arrows indicate oxygen-rich island
structures. Panels (c) and (d) show the results of an STEM-EDXS line scan along the horizontal line
shown in panels (a) and (b), respectively. The dashed shaded region in panel (c) corresponds to the
vertical defect in panel (a).
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Chapter 8: Isotropic J. properties of phosphorus-doped
BaFe,As, films on practical tape-substrates: Toward
future applications to coated conductors

8.1. Introduction

To obtain the high-performance coated conductor of REBa,Cu30,-s (REBCO, RE =
rare earth), misorientation angle of MgO layer (A¢mgo) Of practical tape substrates
should be lower than 5°. However, as it was mentioned in chapter 1, iron-based
superconductors have great potential for high magnetic field applications such as
superconducting wires and tapes due to their good grain boundary properties *, large
upper critical magnetic fields over 50 T and small anisotropy factors 2. In fact, Katase et
al.® successfully fabricated the same-quality Ba(Fe1 «Cox)2As; films on roughly aligned
tape substrate (Agmgo = 7°). In chapters 6 and 7, BaFey(As; «Py). epitaxial films
successfully fabricated and they exhibit high J.. Optimizing the growth rate, c-axis
oriented vortex pinning centers were successfully introduced and their isotropy of J. and
self-field J. are improved. As a result, these films exhibit the highest J. over 1 MA/cm?
at 9 T among iron-based superconductor thin films reported so far.

In this study, we fabricated BaFe,(As;—Px). film on practical tape-substrate [i.e.
IBAD-MgO buffered metal-tape substrates (IBAD substrate, Figure 8 - 1)] by pulsed
laser deposition and characterized their crystallinities, doping concentration dependence
of electron transport properties and misorientation-angle (A¢mgo) dependence of J¢

properties.
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8.2. Experimental procedure

8.2.1. Thin film fabrication on IBAD substrates

BaFe,(As;-xPx)2 films of 150-200 nm thickness were grown on IBAD substrates
(made by iBeam Materials, Inc.. Detail growth condition is described in ref ) by PLD.
Optimally P-doped polycrystalline BaFe,(Asp7Po3). disks were used as the PLD targets
at first to optimize the growth condition of thin film. After the optimization of the
growth temperature, BaFe,(As;—«Px)2 (x = 0.35, 0.40 and 0.45) targets were employed as
the PLD target to discuss and improve the properties. The pulsed-laser excitation source
was the second harmonic of an Nd:YAG laser (wavelength = 532 nm, repetition rate =
10 Hz, laser fluence ~ 3 Jicm?). The base pressure of the growth chamber was
approximately 5 x 10~ Pa. To heat the IBAD-substrate uniformly, a thicker Mo plate
(thickness is 1 mm) was tightly contacted to the backside of the IBAD-substrate and
heated by focused infrared light. First, we varied T from 500 to 1300 °C by maintaining
similar growth rates of ~2.2 A/s, which is almost the same growth rate optimized for the
epitaxial growth of BaFe,(As1—xPx)2 (detail was mentioned in chapter 6). After finding
the optimum Ts, doping concentration and Agmgo Were varied with fixed growth

condition. In this study, IBAD-sbustrates with Agmgo = 4° and 8° were used.

8.2.2. Characterization

To determine the crystalline phases and the small amount of impurity
phases, #-coupled 26-scan XRD measurements were performed with a high-power
conventional XRD apparatus. The crystallinity of the epitaxial films was characterized
on the basis of FWHM of the out-of-plane rocking curves (Aw) of 002 diffraction and

the in-plane rocking curves (A¢) of 200 diffraction with a high-resolution XRD
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apparatus [HR-XRD]. The chemical composition was determined from electron-probe
microanalyzer (EPMA). For quantitative analyses, we employed the ZAF correction
method which was also used to evaluate the chemical composition of BaFez(AS; «Px)2
epitaxial films on single-crystal substrates [detail measurement condition is described in
chaper 6]. To avoid the matrix effect from hastelloy-metal-tape, acceleration voltage of
electron beam was adjusted with monitoring the spectrum of Ni-Ka [Figure 8 - 2 (a) and

(b)] because a hastelloy consist of Ni-based alloy.

To examine the transport properties, the films were patterned into microbridges by
photolithography and an Ar milling process [Figure 8 - 2 (c)]. Temperature (T)
dependence of electrical resistivity (p) was measured by the four-probe method with a
physical property measurement system. The transport J. was determined from
voltage—current curves with the criterion of 1 uV/ecm under an external magnetic field
(H) of up to 9 T. The angle 6y of the applied H was varied from —30 to 120° (0 and 90°

corresponding to H // c-axis normal to the film surface and H // ab plane, respectively).

8.3. Results and discussion

8.3.1. Optimization of growth temperature and structural characterization

Figure 8 - 3 show the summary of growth condition of BaFe,(As1-xPx). epitaxial
films on IBAD-substrate by using BaFe,(Aso 7Po.3), disks as the PLD target. Figure 3 (a)
show the relationship between growth temperature, c-axis and chemical composition.
When T, < 1000 °C [“Random oriented” region in Figure 8 - 3 (a) and lower 2 XRD
pattern in Figure 8 - 3 (b)], the films were nonoriented or preferentially oriented along

the c-axis along with a smaller portion of nonoriented BaFe,As,:P crystallites. In XRD
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patterns, the diffraction peak of MgO layer and halo peak of a-Y,03; were observed with
the diffractions from BaFe,(Asi «Px). crystallites. When T was increased to 1050 °C
[“Epitaxial” region in Figure 8 - 3 (a) and middle XRD pattern in Figure 3 (b)], epitaxial
BaFe,As,:P films were obtained; that is, only 00l diffractions were observed out of
plane. It should be note that halo peak of a-Y,0O3 were diminished and the diffractions of
crystal Y,03; were observed T, > 1000°C. These results indicate that the a-Y,O3 layer
start to crystalize over 1000°C and it should be paid attention to the deterioration with
the crystallization of a-Y,Oj3 layer (e.g. crystallinity and roughness). At Ts > 1250 °C
[“00l & hh0” region Fugure 3 (a) and upper XRD pattern in Figure 8 - 3 (b)], 00l and
hhO preferential orientations were observed. These trend is same as in the case of
BaFe,(As; «Py)2 (see chapter 6) and Ba(Fe; ,Co,)-As; epitaxial films > on single crystal
MgO (SC-MgO).

Increasing the Ts, BaFe(Asi«Px)2 film structure exhibit the shrinkage of c-axis
and chemical composition of the film slightly increase (~ 1%). In the epitaxial region, x
become 0.21 — 0.22, which is lower than that of the nominal composition of bulk target.
According to the results of single crystal of BaFe,(As;—Px)2, the chemical composition
changes of ~ 1 % does not reasonable to change the lattice parameters from 12.93 to
12.83 (if the same shrinkage is generated by only doping concentration, it should be
changed from15 % to 33 %). Therefore, the origin of the the shrinkage of c-axis is
epitaxial strain with improvement of the crystallinity and epitaxy. In fact, the lattiece
parameters have strain structure (i.e. expanded along a-axis and compressed along
c-axis) as discussed later.

The chemical composition of the BaFe,(Asi—xPx). film on IBAD-substrates

analyzed by EPMA. The proportion of the (AstP)/Ba ~ 1.7. Compared with
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BaFe,(As;—«Py)2 films on SC-MgO and single-crystal LSAT, which have stoichiometric
chemical composition, the chemical composition of the BaFe,(As;xPx)2 on IBAD is not
stoichiometric. The origin of this properties are still unclear but there are possible
origin: oxygen diffusion from IBAD-substrates and chemical reaction as described in

chapter 2 and 6.

8.3.2. Comparison of the electron transport properties between BaFe,(ASy75P022)2
films on IBAD-substrate and those on MgO single-crystal substrates

Figure 8 - 4 (a) show the out-of-plane HR-XRD pattern of BaFe,(Aso7s8P0.22)2
epitaxial film on IBAD-substrate. Symmetric 00l diffractions are observed with the
diffraction of MgO, Y,03; and hastelloy. Figure 8 - 4 (b) show the ¢ scan of 103
diffraction of BaFe,(Aso7sPo22)2 and 202 diffraction of MgO. Clear 4-fold symmetric
peaks of BaFe,(Asp7sPo.22)2 103 and MgO 202 observed in ¢ same position. This result
indicate that BaFey(Aso7sPo22). was epitaxially grown on MgO with cube-on-cube
configuration (i.e. the relationship of [001] BaFe,;As:P || [001] MgO for out-of-plane
and [100] BaFe,As;:P || [100] MgO for in-plane).

Next, the crystallinity of the BaFey(Aso7sPo22), IS compared with that of the
BaFe,(Asy7sPo.22)2 on SC-MgO. Figure 8 - 4 (¢) and (d) show the normalized rocking
curves of the 004 and 200 reflections, respectively. In the case of BaFe,(AsSy7sPo.22)2 on
SC-MgO, the FWHMs of Aw and A¢ were 0.6 degrees. On the other hand, when the
films were grown on IBAD-substrates, the FWHMs of Aw and A¢ were 1.3 and 2.9
degrees, respectively. The degradation of the crystallinity is caused by the larger Agmgo
of IBAD-substrate than that of SC-MgO. It should be note that A¢ of BaFez(ASy78Po.22)2
is almost same as Ag¢mgo. In the case of the fabrication of Ba(Fe,Co).As; on

IBAD-substrates *, the A¢ of BaFe(Aso7sPo.22)2 is smaller than A¢mgo, Which would be
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originated from self-epitaxy effect. This means that BaFe,(ASo7sPo22). has low
reduction rate of A¢ as a function of the thickness or crystal Y,03 layer generated by
high temperature growth deteriorates the crystallinity of top layer.

Figure 8 - 4 (e) indicated the summary of the Ilattice parameters of
BaFe,(Asy7sPo.22)2 single crystal, BaFe,;(Aso7sPo22)2 epitaxial films on SC-MgO and
that on IBAD-substrate. As it discussed in chapter 6, the thin film has strained structure
caused by the lattice mismatch. In the case of MgO substrates, MgO has larger lateral
lattice parameter than that of BaFey(Aso7sPo22)2. Therefore, BaFe(Aso7sPo22), has
expanded structure along ab-plane caused by the tensile strain. Compared the lattice
parameters of BaFe,(Aso 7sPo.22)2. on IBAD-substrates and SC-MgO, BaFe;(ASy7sPo.22)2
on IBAD-substrates has more relaxed structure than that on SC-MgO. This is consistent
of the poor crystallinity of BaFe,(Aso7sPo22)2 and one of the reason of lower T, of
BaFe,(Asy 7sPo.22)2 on IBAD-substrates as discussed later.

Figure 8 - 5 (a) shows p — T curves of BaFe;(Asy.7sPo22)2 on IBAD-substrates and
SC-MgO. It should be note that T.** of BaFe,(As.78Po.22)2 on IBAD-substrate (~ 21 K)
is lower than that of film on SC-MgO (~ 25 K). As shown in Figure 8 - 4 (e),
BaFe,(Asp7sPo22)2 on IBAD-substrate has more relaxed structure than that of
BaFe,(Asp 7sP0.22)2 on SC-MQO. It is reported that the tensile strain induces the decrease
of the optimal doping concentration and shift the superconducting dome to lower
doping region from ~ 33 % to ~25 %. In the case of BaFe,(Aso 7sP0.22)2 on SC-MgO, the
films were strongly strained caused by their high crystallinity and T, becomes higher
than that of the BaFe,(Aso7sPo.22)2 single crystal though the doping concentration was
under-doped region as the bulk. Therefore, the reduction of the T, caused by the weaker

tensile strain and doping concentration should be increased to increase their T..
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Figure 8 - 5 (b) show the transport J. of BaFe,(Asy7sPo.22)2 on IBAD-substrate as a
function of magnetic field. Reflecting the lower T, the self-field J. (3:")is lower than
that of single crystal. Moreover, the difference of the IS between 4 K and 12 K
[ 3(12K) 1 35 (4K) = 0.54] is considerably larger than that of BaFe,(Asg 7Pg.22)2 0N
SC-MgO [J(12K) / 3(4K) = 0.18]. This rapid decay of I is observed around T.
in the case of the Ba(Fe,Co),As;, epitaxial films®. These results indicate the doping

concentration should be increased to improve their J..

8.3.3. Optimization of the phosphorous concentration

Next, the doping concentration is optimized by using the variation of the bulk target
of BaFe,(As;—«Px). (x = 0.35, 0.40 and 0.45). Figure 8 - 6 (a) show the results of the
chemical composition analysis of BaFe,(As; «Px). epitaxial films. Increasing the
nominal composition, the doping concentration of film continuously increase. These
results are clear evidence that the doping concentration can be controlled by target
composition. Figure 8 - 6 (b) and (c) show the p—T curves of BaFe;(As; xPx)2 film on
IBAD-substrate as a function of the doping concentration x. As shown Figure 8 - 6 (b),
BaFe,(As;«Px)2 with x = 0.28 show the highest T zero at 22.4 K. p(T)/ p(300K) show
the continuous decay rate with the increase of x. These trend is totally same as the bulk
BaFe,(As;-«Px)2.

Figure 8 - 7 (a — d) show the transport J. of BaFe,(As;—xPx). epitaxial films on
IBAD-substrate as a function of magnetic field. With increase its T., BaFe(As;—xPx)2
with x = 0.28 exhibits the small difference of the J.*'" between 4 K and 12 K [J:(12K)
1 35(4K)] and J. drastically increase at low magnetic field at 12 K with increasing of

3 In addition, the J. at H // ab and H // ¢ is very close to each other at optimally
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doped sample. This trend is consistent with the anisotropy factor of BaFe,(As; «Py)2
but these kinds of almost same J. values in H // ab and H // ¢ cannot be understood only
by the intrinsic pinning anisotropy of the BaFe,(As;-«Px)2 Therefore, the pinning centers
along c-axis and/or point-like pinning centers ® should be introduced into the film.
Figure 8 - 7 (e) and (f) show the angular denpendence of J. of BaFe,(AsSy72Po.28)2. AS
shown here, J; of BaFe,(Asy 72Po.28)2 IS isotropic and the anisotropy of J. is much lower
than that of that of the SL thin films,® and is comparable to that of the BaFes(As;xPy)2,
films with artificial pinning centers created by BaZrO; nanoparticles®® and
BaFe,(Asy 7sPo.22)2 films on SC-MgO in optimized condition. J. peaks are observed in H
I/l ab (64 =90 °) and H // ¢ (B4 = 0 °). The peak around H // ab is originated from the
intrinsic pinning center which is generate by the layered crystal structure of iron-based
super conductors (chapter 1). On the other hand, the peak round H // c is originated
from extrinsic pinning centers. In the case of the BaFe,(As; xPx)2, vertical dislocations
and domain boundaries work as the extrinsic strong pinning centers. As it was
mentioned above, the BaFey(Asp72Po2s). exhibits the comparable anisotropy with
BaFe,As;:P films on SC-MgO. These results indicate that the pinning properties has
been successfully controlled by growth condition even in the fabrication of

BaFe,(As—xPx)2 films on IBAD-substrates.

8.3.4. Fabrication and characterization of “roughly aligned” BaFe,(As;—xPx). films :
Attractive properties for the practical application

Figure 8 - 8 show the results of the XRD of BaFe,(As; «Px). film on roughly
aligned IBAD-MgO substrate. | could confirmed c-axis orientation of BaFe,(As;—«Px)2
film on roughly aligned substrate with small domains which did not grow epitaxially

(i.e. the small peaks of 112 diffraction were observed). In Figure 8 - 8 (b), the thin film
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exhibit the 4 hold symmetric peaks in ¢ scan, therefore BaFe;(As; xPx), films
successfully grown on roughly aligned IBAD-MgO substrate epitaxially but the
in-plane orientation becomes quite worse. Compared the crystallinities of two kinds of
films on different IBAD substrates, BaFe,(As;—xPx). on roughly aligned substrate
exhibits very wide rocking curve [Figure 8 - 8 (c) and (d)], especially in in-plane
direction reflecting the poor crystallinity of IBAD substrates. As it mentioned above, the
self-epitaxy effect are not observed in the case of the fabrication of BaFe,(As; xPx)2
films on IBAD substrates.

Figure 8 - 9 (a) show the transport J. of BaFe,(Aso.7sPo22). on roughly aligned
IBAD-substrate as a function of magnetic field. It should be note that J. of
BaFe,(Asy7sPo.22)2 on roughly aligned IBAD-substrate exhibits higher J. than the film
on well-aligned IBAD-substrates (Agwgo = 4°). J:" is almost same at 4 K and 12 K but
the J. of BaFez(Asy7sPo.22)2 on roughly aligned IBAD-substrate show the strong vortex
pinning at high magnetic field region with small anisotropy. Figure 8 - 9 (b) and (c)
show the angular dependence of J; at 4 K and 12 K. J. peaks are observed in H // ab (6y
=90 % and H // ¢ (6 = 0 °). However, compared with these of BaFe,(Asy.78P0.22)2 0N
well-aligned IBAD-substrates, the peaks in H // c still remain at 9T. these results
indicate that the strong vortex pinning is introduced in the film on roughly aligned
IBAD-substrate. These results are silimar to the vortex pinning properties of
BaFe,(As;—«Px)2 on LSAT substrates. In the case of BaFe,(As;—«Px), on LSAT, many
amount of domain boundaries are observed and they work as the strong vortex pinning
centers. As it shown in Figure 8 - 8 (d), BaFex(Asp7sPo22). on well-aligned
IBAD-substrates have poor crystallinity (A¢ ~ 8°) and it is easily estimated that there

are many domain boundaries in the films. Therefore, these kinds of many domain
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boundaries would work as the strong pinning centers in BaFe,(Aso.7sPo22)2 films on
roughly aligned IBAD-substrates. These results indicate that this materials is robust to

the deterioration of the crystallinity and promising for the future applications.

8.4. Conclusion

The fabrication of BaFey(As;—«Px), films on IBAD-substrates has been
demonstrated to show the potential for the practical applications. BaFe,(Asi—«Px)2
epitaxial films were fabricated on IBAD-substrates and. Compared with the films on
single crystal substrates, the films on IBAD-substrates has relaxed structure caused by
the poor crystallinity and the optimal doping level is close to that of bulk
BaFey(As;«Px)2 in terms of T Utilizing the fabrication technique which is
well-established in the case of the fabrication on single-crystal substrates,
BaFe,(As; «Py) epitaxial films exhibit the isotropic J. properties (J;™"/J.™ = 0.88),
which is most isotropic J. performance in 122 type thin films. BaFe;(As,P), epitaxial
films have been also fabricated on roughly aligned IBAD-substrates (A¢mgo = 8°) and
they exhibits strong vortex pinning properties and higher J. properties than that of
BaFe,(As;—«Py). epitaxial films on aligned IBAD-substrates (Agmgo = 4°). These results
indicate that this material is robust to the deterioration of the crystallinity and promising

for the future applications.
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Figure 8 - 1 The images of practical tape substrate. (a) Schematic image of the cross-section of
ion-beam-assisted-deposition-MgO buffered metal-tape-substrates (IBAD-substrate). (b) the picture
of IBAD-substrate.
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Figure 8 - 2. Chemical composition analysis and transport measurements of BaFe;(As;—«Pyx).
epitaxial films on IBAD substrates (a) A Schematic image of the cross-section of BaFe,(As;—Px)2 on
IBAD substrate. Inside of the brackets indicate the elements which consist each layer. Dashed lines
indicate the penetration area of electron beam. To avoid the matrix effects from hastelloy,
acceleration voltage was decided at 8kV. (b) the acceleration voltage dependence of Ni-Ka peak. (c)
schematic image of BaFe,(As;—xPx). microbridge. The angle 8y of the applied H was varied from
—30 to 120° (0 and 90° corresponding to H // c-axis normal to the film surface and H // ab plane,

respectively)
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Figure 8 - 3 Growth condition of BaFe,(Asq7sPo22). epitaxial films on IBAD-substrates. (a)
Relationship between growth condition (substrate temperature 7%, c-axis length and
doping concentration). Crystallographic orientation of BaFez2Asz'P films are also shown.
Three regions with different orientation structures obtained with different 7; values are
shown. (b) Typical XRD patterns, measured in Bragg—Brentano configuration, of
BaFe2As2:P thin films for the three 7% regions in panel (a). In 7% > 1000 °C, a-Y20s start

to crystalize.
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Figure 8 - 4. XRD patterns and structural parameters of BaFey(Asq7sPo.22). epitaxial films on
IBAD-substrates. (a) Out-of-plan w-coupled 26 patterns. (b) ¢ scan of 103 diffraction of
BaFe,(Asg 7sP0.22)2 and 202 diffraction of MgO. (c, d) Normalized rocking curves of the out-of-plane
004 (c) and the in-plane 200 reflections (d). For comparison, the rocking curves of
BaFe,(Asg 7sPo.22)2 epitaxial film on single-crystal MgO (SC-MgO) is referred from chapter 6. (e)
Comparison of lattice parameters with those of BaFe,(Asq 78Po.22)2 epitaxial film on SC-MgO. Dotted

lines indicates the lattice parameters of a single crystal BaFe(Asq.7gPo.22)-taken from ref 1
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Figure 8 - 5. Comparison of the electron properties between BaFe(Asq.78Po.22)2 on IBAD-substrate

and that on single-crystal MgO substrate SC-MgO (a) Temperature dependence of resistivity p
of BaFey(Asg 7gPo.22)- film on IBAD-substrate and BaFey(Asy7sPo.22)2 film on SC-MgO. (a)
magnified figure around 7t (b) wide range p-7 curves. (b) Transport J. of BaFe,(Aso.76Po.22)2
on IBAD-substrate and that on SC-MgO as a function of magnetic field.
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Figure 8 - 6. Doping concentration dependence of structural parameters and T.. (a) Chemical
composition analysis using EPMA. (b,c) Temperature dependence of resistivity p of
BaFe,(As;_Py), film on IBAD-substrate as a function of the doping concentration x. (b)
magnified image around T.. () Wide range : 10 — 300 K. Inset figure of (c) is phase diagram of
BaFe,(As;—<Py).. Circles, triangles and reversed triangles indicate T, T onset and T, zero.
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Chapter 9: General conclusion

I found the important parameters for epitaxial growth of many types of the
122-type iron-based superconductors to realize high performance and to
discussed/clarified mechanism of their unique superconducting properties such as
vortex pinning, and proposed a new design concept to enhance their T, and J; by
utilizing the anisotropic pressure and microstructure engineering. As a result, |
achieved the highest J. and the most isotropic J. on practically applied metal-tape
substrates as well as single-crystal substrates among iron-based superconductors
to date.

Each chapter is summarized as follows:

In chapter 2, Ba(Fe,Co),As; films were epitaxially grown by PLD and examined
how the laser wavelength and pulse energy affected their growth by using four different
excitation wavelengths. It was found that the optimal deposition rate does not depend on
the type of laser (i.e., wavelength). This study also explains why the Nd:YAG laser is
better for producing high-J. Ba(Fe,Co),As; films with high crystallinity at a low laser

power, and will improve the

w
(5]
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and other  types of

superconductors.

In chapter 3, the transport properties in a mixed state of a high-J. Ba(Fe,Co),As;
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Vortex flow resistivity

epitaxial film were investigated to understand the E=Bxv — P23
vortex pinning mechanism of Ba(Fe,Co)2As,. The j(fj

w = Apx’ scaling behavior in the T sweep p /-’K
measurements shows constant g values less than I

Anomalous scaling

2.0 under magnetic fields up to 9 T. On the other

hand, the f values clearly increase from 1.8 to 2.0

Magnetic field, H (T)
[4)]
1

2 2.02-8, ‘..21“11
in the H sweep measurements as T increases from e

13 to 16 K. These results indicate that strong pinning centers trap the vortices
introduced at low temperatures, but some of the vortices introduced at high
temperatures are not trapped and that pinning weakens at higher temperatures near the
normal state. These distinct scaling behaviors, which sharply contrast cuprates and
MgB,, can be explained by the high-density intrinsic and extrinsic pinning centers in a
Ba(Fe,Co).As; epitaxial film, which are consistent with wider vortex liquid phase.

In chapter 4, a novel design concept to induce the anisotropic pressure was
proposed utilizing the differences in thermal expansion coefficients (ar) and the

compressibility (ap) between Ba(Fe,Co),As, and substrates with epitaxial strain.
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Chapter 9: General conclusion

Affected from differences of ar, as-grown films on fluoride substrates have more
strained structures than those of films on oxide substrates. According to the results of
high pressure experiments, T(3GPa) — T(0) is proportional to the ap of substrates and
T. of Ba(Fe,Co),As; thin films on BaF, enhanced compared with that of the single
crystal. This would be the reason why the strongest anisotropic pressure is applied to the
film by using the most compressible substrate (i.e., BaF;) among four Kkinds of
substrates examined. These results are also consistent with the Ehrenfest relationship
derived from thermal expansion and heat capacity measurements. The Hall effects of
Ba(Fe,Co),As, thin films also examined to discuss the dominant parameters of
superconductivity but there is no significant relationship between Ry and T, These
results indicate that the carrier density is not dominant parameter determining T, in

Ba(Fe,Co),As; and the local structure of Ba(Fe,Co),As; would determine Te.

In chapter 5, a unique pressure phase ™" oo, p 'FHijP“””“”
| o g
diagram  was  observed in indirectly e
WCbackup/ Sample stage & 7 Substrate
H H Cu-Bepiug i Teﬂoniﬁfilrmg
electron-doped 122-type (Ba La)Fe,As, epitaxial P
2.8 X=
. . . T 30r
films, which is the non-equilibrium phase | 34 I gl
< N A 80 |—w—o013
. . =20 . (GPa) £ 5% 1\3.0 |—e—0.18
realized by PLD. The enhancement of Tcinall of 2 1™ . 1 ——0.21
10t k :
the doping regions along with narrowing of AT, [
5 . N
0 01 02 03

was associated with the reduction of electron e img B
scattering and the increase in the carrier density caused by lattice shrinkage, which
optimizes its crystal and electronic structure to achieve higher T. and sharper AT in
(Bai—xLax)Fe As; films.

In chapter 6, isovalent-doped BaFe,(As,P), epitaxial films, whose bulks have

higher T, than electron-doped Ba(Fe,Co),As; and (Ba La)Fe,As, discussed above, were
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fabricated on MgO (001) [BaFe;As;:P/MgO] and

LSAT (001) [BaFe,As,:P/LSAT] substrates. |

found, by developing a new substrate heating
system using a high power laser diode, that the
high temperature growth condition (1050 °C,
200°C higher than that of Ba(Fe,Co0),As;) is

necessary for obtaining high-quality BaFe,As,:P

epitaxial films. Compared with these crystallinity,
BaFe,As,:P/LSAT has poor crystallinity than that of BaFe,As,:P/MgO because of the
reaction layer between film and substrate.

In chapter 7, vortex pinning properties of BaFe,(As,P), epitaxial films on MgO
and LSAT were examined. The poor crystallinity and the generation of domain
boundaries in the BaFe;As:P/LSAT lead to a decrease in the J.*" and strong vortex
pinning along the c-axis under high magnetic fields. These results imply that there is a

self

trade-off relationship between J.~ and vortex pinning forces of the BaFez(As,P);

08 Hilc H/lab B H : magnetic field . . ] o
Gowae - ~ epitaxial films because crystallinity and

wg - 2-“55..-.. "yl BaFe,As,:Pﬁ\ml g - )\
= 3 Ol 5 defect density dominate J.®" and vortex
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field of 9 T. This J. value at 9 T is the highest
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Chapter 9: General conclusion

superconductor thin films. In addition, a highly isotropic high-J. performance was
obtained by decreasing the film growth rate, which was explained that vertical
dislocations along the c-axis are introduced with the decrease in the growth rate and
they are served as strong vortex-pinning centers.

In chapter 8, the fabrication of BaFe,(As,P), films on IBAD metal-tape substrates,
which is wusually used for commercially available superconductor tapes, was
demonstrated to show the potential for future practical application. Compared with the
films on single-crystal substrates, the films on IBAD-substrates has a relaxed structure
caused by the poor crystallinity and the optimal doping level is close to that of bulk
BaFez(As1xPx)2 in terms of T Utilizing the fabrication technique which is
well-optimized for single-crystal substrates, BaFe,(As,P), epitaxial films exhibited the
isotropic J. properties (J.™"/J.™ = 0.88), which is the most isotropic J. performance in
122-type thin films.
BaFe,(As,P), epitaxial films
was also fabricated on
roughly aligned

IBAD-substrates (Admgo =

8% and they exhibited strong
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that this material is robust to the deterioration of the crystallinity and promising for the

future applications.
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