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ABSTRACT: KFe,As,, an iron-based superconductor, is expected to exhibit large
spin Hall conductivity, and fabrication of high-quality thin films is requisite for ——%‘

Fresh LSAT substrate KFe,As, powder

evaluation of this effect and application to spintronics devices. Thin-film growth of ) /7:2/
KFe,As, is difficult because of two intrinsic properties; its extremely hygroscopic E;—deposned —_
nature and the high vapor pressure of potassium. We solved these issues by '

combining room-temperature pulsed laser deposition using K-rich KFe,As, targets
with thermal crystallization in KFe,As, powder after encapsulation in an evacuated
silica-glass tube with all of the processes conducted in a vacuum chamber and a dry Ar

Alumina boat
3.

atmosphere in a glovebox. The optimized KFe,As, films on (La,Sr)(Al, Ta)O; single-
crystal substrates were obtained by crystallization at 700 °C, and they were strongly c-axis oriented. The electrical measurements
were performed with thin films protected by grease passivation to block reaction with the atmosphere. The KFe,As, films

exhibited a superconductivity transition at 3.7 K.
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1. INTRODUCTION

The reports on superconductivity of the 1111-type layered
iron-pnictides, LaFePO' and LaFeAsO,> immediately invoked
discovery of superconductivity in other iron-based compounds
such as 122-type BaFe,As,’ 111-type LiFeAs,* and 11-type
FeSe.® The maximum critical temperature (T.) reaches 55 K for
F-° or H-doped’ SmFeAsO. Because of the attractive
superconducting properties, such as high upper critical fields
(H,,) well above 50 T,*° small anisotropy factors (y = H’ /ab/
H,'/* = 1-2 for the 122-type compounds’), and an
advantageous grain-boundary nature,’® as well as the high T,
thin-film growth techniques have made great progress''™"
since the report of the heteroepitaxial growth of LaFeAsO
films."* At present, self-field critical current densities exceed 1
MA/cm? for films on metal-tape flexible substrates.'>'®

A novel attractive property has recently been theoretically
predicted for KFe,As,. Pandey et al.'” reported that KFe,As,,
which is the end member of 122-type (Ba,_,K,)Fe,As, (ie, x =
1) with T, ~ 3 K,"*" may exhibit a large spin Hall conductivity
(SHC) comparable to that of Pt.*® That is, 10* times larger
SHC (2 x 10* (Qm)™") than that of a semiconductor (0.5
(Qm)™").*" Such a high SHC originates from strong spin—orbit
coupling of the Fe 3d states with Dirac cones below the Fermi
level of heavily hole-doped KFe,As,. Indeed, high-resolution
angle-resolved photoemission spectroscopy experiments
showed that the electron pocket at the M point of
(Ba,_,K,)Fe,As, completely disappeared for KFe,As, because
of its heavily self-hole-doped nature (Ba** <> K* + hole).**
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For semiconductors with weak spin—orbit coupling,”***

optical detection techniques are commonly used to measure the
spin Hall effect because their spin diffusion lengths are much
larger than the spot size of the laser light (~1 ym). However,
optical techniques are difficult to apply to systems with
nanometer-scale spin diffusion lengths because of strong spin—
orbit interactions. Therefore, detection of the SHC in KFe,As,
is not possible with bulk single crystals and requires high-
quality nanometer-scale thin films. Additionally, the SHC
should be investigated with nanometer-scale devices smaller
than the diffusion length to observe the SHC signal similar to
the case of Pt, where the spin diffusion length is extremely short
at ~10 nm.”®

Because KFe,As, contains the alkali metal K as a main
constituent, it is very air sensitive. Therefore, growth, electrical
measurements, and device patterning of KFe,As, thin films are
all challenging issues, although there are reports of the synthesis
of polycrystalline and single-crystal bulk samples.'®'*?¢73!
Mainly owing to their air sensitivity, there is only one report of
the growth of a KFe,As, film, which used molecular beam
epitaxy.>> A very weak c-axis orientation of the film was
reported, but its chemical composition was unclear and no
superconductivity was confirmed.
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In this study, we investigated several methods to grow 122-
type KFe,As, films using pulsed laser deposition (PLD) and
postdeposition thermal annealing. We used the following
approaches: Method (I): room temperature (RT) direct
deposition using stoichiometric KFe,As, targets to examine
the effects of re-evaporation of constituent elements without
additional K supply. Method (II): high-temperature direct
deposition using K-rich KFe,As, targets. Method (III): K
supply from a Knudsen cell (K-cell) was added to Method (1I).
Method (IV): thermal annealing of films deposited at RT using
K-rich targets. Three thermal annealing processes were
investigated for Method (IV): (IVa) crystallization with
additional K supplied from KFe,As, powder, (IVb) greater K
supply than (IVa) by thermal chemical transfer using K lump,
and (IVc) solid-phase crystallization of thin films covered with
a single-crystal substrate and buried in KFe,As, powder. Best
KFe,As, films were obtained by Method (IVc) and of strong c-
axis orientation with weak epitaxial relation in the a—b plane,
exhibiting a superconductivity transition at 3.7 K.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Precursors and Polycrystalline KFe,As,
Disks. The precursor compounds (KAs, K;As, and Fe,As) used to
make the stoichiometric KFe,As, and K-rich KFe,As, disks for PLD
targets were synthesized by solid-state reactions. To synthesize the
KAs and K;As precursors, a K metal block kept in an oil (purity:
99.5%, size: 40 X 30 X 20 mm?® Sigma-Aldrich) was rinsed with
dehydrated-heptane in air and then rapidly moved into a glovebox with
a dry and inert Ar atmosphere (dew point <—90 °C, oxygen
concentration <1 ppm). The thin oxidized layer on the top surface of
the K block was carefully removed and then the block was cut into
small blocks with sizes of approximately § X § X 5§ mm®. The cut K
and As (grains, purity: 99.9999%, Kojundo Chemical Laboratory) were
mixed to molar ratios of K/As = 1:1 for KAs and 3:1 for K;As. The
mixture was then sealed in a stainless tube, which was dried in advance
in the glovebox for at least 1 day under the inert atmosphere.
Temperature of the sealed stainless tube was elevated at 400 °C for 20
h and then maintained at 400 °C for 20 h to complete the chemical
reaction between K and As. For the Fe,As precursor, a stoichiometric
mixture of Fe powder (purity: 99.9% up, Kojundo Chemical
Laboratory) and As grains was sealed in an evacuated silica-glass
ampule followed by heating at 750 °C for 16 h.

The KFe,As, and K-rich KFe,As, PLD target disks (size: ~8 mm in
diameter and ~5 mm thick, density: ~80%) were synthesized by solid-
state reactions. For the KFe,As, disks, the precursors KAs and Fe,As
were mixed with the stoichiometric composition (KAs + Fe,As —
KFe,As,). For the K-rich KFe,As, disks, the precursors K;As and
Fe,As were mixed with a well-dried silica-glass mortar at a molar ratio
of K;As/Fe,As = 1:1. The mixture was then sealed in a stainless tube
and heated at 700 °C for 16 h to complete the chemical reaction of the
precursors. The resulting powders were ground and uniaxially pressed
into disks, which were sealed in stainless tubes and then heated at 500
°C for 10 h to prevent loss of K during this final sintering process.

All of the above fabrication processes, except for the sealing process
of the stoichiometric mixtures for the Fe,As precursor in the silica-
glass ampules and the heating process of the stainless tubes and silica-
glass ampules in the furnaces, were performed in the dry and inert
atmosphere glovebox.

2.2. Thin-Film Growth. 2.2.1. PLD as a Common Process
(Methods (I)—(1V)). Thin films with 100—200 nm thickness were
grown on (001)-oriented mixed-perovskite type (La,Sr)(ALTa)O;
single-crystal substrates (LSAT, area: 10 X 10 mm?, thickness: 0.5
mm) by PLD in vacuum using a KrF excimer laser (COMPexPro 110,
Coherent Inc,, wavelength: 248 nm, repetition rate: 10 Hz). LSAT was
chosen because the in-plane lattice mismatch between KFe,As, (the a-
axis lattice parameter a = 0.384 nm) and LSAT (a/2 = 0.387 nm) is
small (+0.8%). The LSAT substrates were annealed at 1000 °C for 30
min in an ambient atmosphere to remove contaminants and improve

the surface morphology prior to the film deposition. The laser fluence
and substrate temperature (T,) were varied between 1.7 and 4.3 J/cm?
and RT and 560 °C, respectively. The base pressures of the PLD
growth chamber and the preparation/load lock chamber connected to
the glovebox were ~1 X 1077 and ~1 X 107 Pa, respectively.
Hereafter, RT and high-T, in situ direct deposition are categorized as
Methods (I) and (II), respectively.

2.2.2. Method (lll): Additional K Supplied by K-Cell. For Method
(111), we used a K-cell to supply additional K flux during the PLD
growth at high T,, where IngKj alloy grains® synthesized by solid-state
reaction of a stoichiometric mixture of In and K at 490 °C for 12 h
were filled in a BN crucible, and then heated at Ty . = 200 and 350
°C. The corresponding K fluxes, which were monitored in advance
with a beam flux monitor at the deposition position, were ~1 X 1073
and ~5 X 1072 Pa for Ty.cq = 200 and 350 °C, respectively. IngK; was
used to obtain pure K flux because IngKs is much more chemically
stable in air than K, which allows it to be treated in air for a short time
when we put it into the BN crucible of the K-cell. In addition, the
vapor pressure of K (~7 X 10* Pa at 650 K) is much higher than that
of In (~107° Pa at 650 K),** and more pure K flux than the K metal
source case can be easily obtained.

2.2.3. Method (IV): Solid-phase Crystallization. We also
investigated three postdeposition thermal annealing processes to
crystallize films deposited at T, = RT using K-rich PLD targets. All of
the as-deposited films were transferred from the preparation chamber
of the PLD to the glovebox in Ar atmosphere, in which all the
preparation procedures for the following thermal annealing processes
were conducted.

Methods (IVa)—(IVc) used an additional K supply from KFe,As,
powder or K lump, because the addition of an excess of a high vapor
pressure element, such as alkali metals, is effective to compensate for
the vaporization loss during thermal annealing.**™>" The annealing
temperature (T,) was varied from 350 to 800 °C. The experimental
setups used for Methods (IVa)—(IVc) are shown schematically in
Figure 1(a)—(c), respectively.

2.2.3.1. Method (IVa): Crystallization with Additional K Supply
from KFe,As, Powder. Method (IVa) is similar to the method for
obtaining polycrystalline films of layered chalcogenides such as
LaCuO(S,Se) and BaCuFS.***° The as-deposited films at RT were
sealed in evacuated silica-glass ampules with large amounts of KFe,As,
powder, and then the ampules were thermally annealed (see Figure
1(a)).

2.2.3.2. Method (IVb): Crystallization with Additional K Supply
from K Lump. Method (IVb) used a greater K supply from a K lump
and higher temperatures (Tg) than Method (IVa). The film
temperature (Tg,,) and Ty were independently controlled (See Figure
1(b)).

2.2.3.3. Method (IVc): Crystallization with the Thin Film Covered
with a Single-Crystal Substrate and Buried in KFe,As, Powder. For
Method (IVc), the surface of the as-deposited film was covered with a
fresh LSAT plate to prevent evaporation during annealing,‘?’é’y"“_44
and the covered sample was buried in a large amount of KFe,As,
powder in an alumina boat. The alumina boat was sealed in an
evacuated silica-glass ampule, and then thermally annealed (see Figure
1(c)).

2.3. Characterization. The crystalline phases of the films were
determined by conventional X-ray diffraction (XRD, source: Cu Ka
radiated from a rotational anode, §—26 synchronous scan with Bragg—
Brentano geometry), which is appropriate for detecting a small
amount of impurity and nonoriented crystallites because of the
stronger diffraction intensity and higher sensitivity than high-
resolution XRD. The fluctuations of the crystallite orientations were
characterized using the rocking curves of out-of-plane (20-fixed @
scans) diffractions with a high-resolution XRD apparatus (source: Cu
Ka, monochromated by Ge(220)). The in-plane orientation of the
films was investigated using a pole figure geometry. All of the XRD
measurements were performed using an O-ring sealed sample-holder
filled with dry Ar gas to prevent degradation of the samples during the
measurements.
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Figure 1. Schematic illustration of the experimental setup for the
postdeposition thermal annealing processes of Method (IV) for RT-
deposited films in evacuated silica-glass ampules. (a) Method (IVa):
thermal annealing with KFe,As, powder. (b) Method (IVb): thermal
annealing with K lump. The annealing temperatures at the film
position (Tg,,) and K lump (Tk) were controlled independently. (c)
Method (IVc): the surface of the as-deposited film was covered with
another fresh LSAT substrate, and then it was transferred to an
alumina boat. Large amounts of KFe,As, powder were then placed on
the fresh LSAT substrate.

The chemical compositions of the films were determined with an
energy dispersive X-ray spectroscopy (EDX) apparatus equipped with
a field-emission scanning electron microscope (FE-SEM), and an
electron probe microanalyzer (EPMA) using wavelength dispersive
spectroscopy mode. The quantitative analyses were conducted using
the atomic number, absorption, fluorescence (ZAF) correction
method with the standard references of KTiPOg for K, LaAs for As,
and Fe for Fe. The sample surface was covered with a thin Au film
deposited in situ in the PLD chamber before transferring from the
glovebox to the analysis apparatuses.

The microstructure of the obtained KFe,As, films, whose surface
was protected with thin Au films, was observed by transmission
electron microscopy (TEM) and high-angle annular dark field
scanning TEM (HAADF-STEM). The distribution of the chemical
composition in the films was investigated by an EDX apparatus
equipped with a STEM. We confirmed that the results obtained by the
EPMA quantitative analyses using the ZAF correction method agreed
well with those obtained by semiquantitative analysis of FE-SEM/
STEM EDX. To prepare the TEM/STEM samples, we used an
atmosphere-blocking attachment for a focused ion beam apparatus
(FIB) in the glovebox. Using this attachment, we transferred the
samples from the glovebox to the FIB, and then to the TEM/STEM
load lock chambers under inert atmosphere without exposure to air.

The temperature (T) dependences of the in-plane electrical
resistivity (p) were measured by the four-probe method using an
alternating dc current applied parallel to the film plane (ie,
perpendicular to the c-axis of the KFe,As, films) in the T range 2—
300 K with a physical property measurement system (PPMS,
Quantum Design). External magnetic fields (H) were applied normal
to the substrate (i.e., parallel to the c-axis of the c-axis-oriented films).
After in situ deposition of the Au electrodes by PLD at RT with a
shadow mask and wiring of the electrodes in the glovebox, the surface
of the sample was completely covered with grease (Apiezon N, M&I

Materials Ltd.) to protect it from the atmosphere, and then it was
immediately transferred from the glovebox to the PPMS measurement
chamber under ambient air.

3. RESULTS AND DISCUSSION

3.1. Chemical Composition of Films Deposited by PLD
at RT (Method (I)). To evaluate the transferability of the
chemical composition from the PLD target to a film via the
laser ablation process, we measured the chemical composition
of films deposited at RT from the stoichiometric KFe,As, target
by EPMA (see Supporting Information (SI) Figure S1 for XRD
pattern of the stoichiometric KFe,As, target). In general, it is
believed that the chemical composition of the PLD target will
be the same as the film if re-evaporation from the film is
negligible, e.g, at low temperatures such as RT. Figure 2(a)
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Figure 2. Laser fluence dependence of the chemical compositions of
films deposited by PLD at T, = RT using the stoichiometric KFe,As,
PLD target (Method (I)). (a) EPMA spectra of constituent elements
for films deposited at 1.7—4.3 J/cm® (b) K/As and Fe/As atomic
ratios obtained from (a) as a function of laser fluence.

shows the EMPA spectra of the constituent elements of the
films deposited at laser fluences of 1.7—4.3 J/cm? and Figure
2(b) summarizes the atomic composition ratios of K/As and
Fe/As. The As concentration is almost the same in each film.
However, the K and Fe concentrations vary with the fluence
despite RT deposition: all the K/As ratios are much lower than
the stoichiometric value (0.5) and decreased with increasing
fluence. This result indicates that all the films are K-poor and
exact chemical transfer of K from the PLD target is difficult
even if deposited at RT. In contrast, the Fe/As ratio increased
with increasing fluence, but still showed Fe-poor compositions
(ie, Fe/As < 1.0) in the whole examined fluence region. That
is, higher fluence is better to obtain Fe/As ratios closer to the
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ideal value (1.0) but worse for the K composition. We chose
the fluence ~3 J/cm?® from the viewpoint of the best available
balance, although the K and Fe concentrations in the films were
as low as ~50% of the stoichiometric compositions. This
indicates that we have to compensate their losses by supplying
additional K and Fe during postdeposition crystallization to
produce the KFe,As, phase when a stoichiometric KFe,As,
PLD target is used. Because of this reason, we used K-rich
KFe,As, (ie., K;As/Fe,As = 1:1) disks as the PLD targets in
Methods (II)—(IV).

3.2. Film Growth by PLD at High T, (Methods (Il) and
(I). Figure 3 shows XRD patterns of the films deposited at T

Intensity(a.u.)

10 20 30 40 50 60 70
26(deg.)

Figure 3. XRD patterns of films deposited by PLD using K-rich
KFe,As, targets at T, = RT — 560 °C (Method (II)).

= RT—560 °C using K-rich KFe,As, PLD targets without K
supply from the K-cell (Methods (II)). When deposited at T, =
RT, the obtained films were almost amorphous, as judged from
a weak halo around 20 = 20—30° (the weak diffraction peak
comes from the impurity FeAs phase). When deposited at T, =
430 °C, Fe,As and FeAs phases were observed. With further
increase in T, single-phase Fe,As films were obtained at T =
510 °C, and then Fe began to appear at T = 560 °C. This result
indicates that the KFe,As, crystalline phase is not formed for T
> 430 °C because of the complete loss of K, which is confirmed
by EDX (the bottom pattern in Figure 4(b)). This result
indicates that K in the film re-evaporates from the growing
surface during PLD deposition at high T,, and the impurity
phases of FeAs, Fe,As, and Fe are segregated in this order as T}
increased owing to their thermal stabilities.

Next, we used a K-cell with the IngK; alloy as an additional K
source during the PLD growth (Method (III)). Figure 4(a)
shows the XRD patterns of the films at different Ty . and T
At Ty ca = 200 °C and T, = 300 °C (the bottom pattern in
Figure 4(a)), a diffraction peak from the FeAs phase was
observed. With further increase in Ty . and T to 350 and 340
°C (the upper pattern in Figure 4(a)), the diffraction peak from
FeAs became sharper, while the KFe,As, phase was not formed,
even though the K flux at Ty = 340 °C is 50 times greater
than that at Ty . = 200 °C. To verify the incorporation of K in
the films, Figure 4(b) compares the EDX spectra of three types
of film deposited at T, = 430 °C (bottom panel), Ty i = 350
°C and T, = 340 °C (middle panel), and T, = RT (top panel).
In the case of the film deposited at T, = 430 °C, no signal of K

Tycen = 350°C
T, = 340°C

— FeAs

T T T
Ty cen = 200°C
T, =300°C

Intensity (a.u.)
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T car = 350°C

T.. =340°C
g a4

‘s

T,=430°C

Intensity (a.u.)
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Energy (keV)

Figure 4. (a) XRD patterns of the films deposited by PLD using K-
rich KFe,As, targets at different Ty . and T, (Method (1I)). (b)
EDX spectra of the three types of films deposited at different T and/
or Tg.ce in the region of the K Ka and Kf lines (3—4 keV).

was observed, which is consistent with the result obtained by
the XRD measurements in Figure 3 (the films were a mixture of
Fe,As and FeAs phases). The crystalline phase of the films
using the K-cell during PLD growth was the FeAs phase,
although a K Ka signal was observed in the EDX spectrum
(middle panel of Figure 4(b)). This result indicates that the K-
cell was effective in supplying additional K flux during PLD
growth but an even higher T is required to crystallize the films
in the KFe,As, phase. However, the K concentration was still
lower than that deposited at T, = RT (the top panel of Figure
4(b)) and the stoichiometric value. Therefore, we conclude that
it is difficult to grow crystalline KFe,As, thin films by a simple
in situ PLD process even with a K-cell.

3.3. Thermal Annealing of Films Deposited by PLD at
RT (Method (IV)). According to the above results, the
maximum K concentration is obtained by RT deposition for
the simple PLD process. Therefore, we performed postdepo-
sition thermal annealing by Methods (IVa)—(IVc) for the as-
deposited films at RT using the K-rich KFe,As, PLD targets
(See Figure 1).

3.3.1. Method (IVa): Crystallization with KFe,As, Powder.
Figure S shows the XRD patterns of the films annealed by
Method (IVa) (see Figure 1(a)). The approach of Method
(Iva) is effective to grow layered chalcogenides such as
LaCuOS and BaCuSF, which have layered crystal structures
similar to KFe,As, and are similar in terms of chemical stability
where off-stoichiometry of Cu and S easily occurs during
thermal annealing.S'g_40 When annealed at T, = 500 °C
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Figure 5. XRD patterns of the films annealed by Method (IVa) at T, =
500 °C (lower panel) and 600 °C (upper panel).

(bottom panel in Figure S), we observed a broad diffraction
peak at around 26 = 14° along with diffraction peaks from the
FeAs impurity phase and the LSAT substrate. The broad peak
at ~14° has a 26 value higher than that of the KFe,As, 002
diffraction peak, which should appear at 20 = 12.76°. At T, =
600 °C (upper panel in Figure S), the FeAs diffraction peak
became sharper than at 500 °C, while a very weak diffraction
peak was observed at 20 = 12.8°, which can be assigned to
KFe,As, 002 diffraction. However, with increasing T, from 500
to 600 °C, the unknown phase at about 20 = 14° remained, and
the FeAs phase became dominant.

3.3.2. Method (IVb): Crystallization with K Lump by
Independent Control of Tg,, and Ty. Next, we investigated
Method (IVb) (see Figure 1(b)). Figure 6(a) summarizes the
crystalline phases of the films annealed at different Ty, and Tk.
In the low Ty, region (region (i) in Figure 6(a)), the obtained
films were amorphous (the bottom pattern in Figure 6(b))
because only a weak halo around 260 = 20—30° was observed
apart from the diffraction peaks from the LSAT substrate. In
the higher Ty, region (region (ii) in Figure 6(a)), a broad
diffraction peak was observed at about 26 = 12.7°, which can be
assigned to KFe,As, 002 diffraction (see the middle pattern in
Figure 6(b)). We attempted to measure the full width at half-
maximum (fwhm) of the out-of-plane rocking curve of the
diffraction peak, but the measured width (>6°) exceeded the
measurement limit of the @ axis in this 26 region. This weak c-
axis orientation is comparable to a film grown by molecular
beam epitaxy reported in ref 32, where a higher 00! diffraction
series, such as I = 4, 6, and 8, was not observed. Because no
diffraction peaks other than those from LSAT were observed,
we performed a pole figure measurement for the 103 diffraction
of KFe,As, to further confirm the KFe,As, phase and in-plane
orientation (see SI Figure S2). At this geometry, we observed a
ring ¢)-pattern centered at about y = 50°, indicating that the
obtained film was weakly c-axis-oriented KFe,As, with random
in-plane orientation. Additionally, the EDX semiquantitative
analysis (K/Fe/As = 19:41:40, approximately 1:2:2) further
supports that this sample is the KFe,As, phase. With further
increase in Ty, (region (iii) in Figure 6(a)), the 002 diffraction
peak completely disappeared and diffractions of Fe,As and
FeAs were observed despite the high Ty = 700 °C, as shown in
the top pattern in Figure 6(b). We independently changed Ty,
and Ty to separate the crystallization region and K evaporation
region, but found that the crystallization region only depended
on Ty, (Figure 6(a)). That is, independent control of Ty was
not effective to control the K concentration in the films, which

—
[
~

600 4

(iii) FeoAs+FeAs
500+ n

(i) KFeoAss
400 [ ]

O O

(i) Amorphous

Temperature at film, Tg, . (°C)

300 T T T T
300 400 500 600 700

Temperature at K lump, T, (°C)

—
o
=

4(i)) —Fe,As —FeAs | Tgp,=600°C
Ty =700°C

() Tom = 400 °C
T, =600 °C

Intensity (a.u.)
el 1l vl 1ol

10 20 30 4]0 50 60 70
26 (deg.)

Figure 6. Variation in the precipitated crystalline phases prepared by
Method (IVb). (a) Crystalline phase map of the films annealed at
different Tgy,, and Ty. The investigated conditions are shown by open
squares. (b) Representative XRD patterns of regions (1)—(iii) in (a).

indicates that the K concentration in the film is limited by the
thermal evaporation rate determined by Tg,,. Additionally, the
obtained films did not show superconductivity even at the
lowest measured T of 2 K (see SI Figure S3), which is similar to
a polycrystalline KFe,As, bulk."

3.3.3. Method (IVc): Annealing of Films Buried in KFe,As,
Powder. On the basis of the results obtained by Methods (IVa)
and (IVb), we considered that high T, was necessary to obtain
high-crystallinity KFe,As, films. Thus, we used Method (IVc)
(see Figure 1(c)) to supply K to the films during the high T,
annealing. Figure 7(a) shows the XRD patterns of the films
annealed at T, = 500—800 °C by Method (IVc). At T, = 500
°C, we observed 002 and 103 (main peak) diffractions of
KFe,As, along with those of the LSAT substrate. At T, = 600
°C, the c-axis orientation became stronger than at 500 °C. It is
noteworthy that all the 00! series diffractions (I = 2, 4, 6, 8, and
10) were clearly observed on the films annealed at T, = 700 °C,
although a weak 103 diffraction was also detected at 26 = 30.2°.
This result indicates that the films are strongly c-axis oriented
for the out-of-plane diffraction. The fwhm of the out-of-plane
002 diffraction was 0.4° (Figure 7(b)). The c-axis lattice
parameter (1.382 nm) is consistent with the reported
values.'®'9262% At T, = 800 °C, crystalline KFe,As, remained
as a minor phase, and diffractions from Fe,As, FeAs, and Fe
became dominant, indicating evaporation of K dominated at
800 °C despite the KFe,As, powder completely covering the
sample.

From the above results, we conclude that the optimum
method among Methods (IVa)—(IVc) is Method (IVc) at T, =
700 °C. However, the 103 pole figure (Figure 7(c)) of the
KFe,As, film annealed at T, = 700 °C by Method (IVc) shows
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Figure 7. (a) XRD patterns of the films annealed at T, = 500—800 °C
buried in KFe,As, powder (Method (IVc)). (b) Out-of-plane rocking
curve of 002 diffraction of the KFe,As, film annealed at T, = 700 °C.
(c) Pole figure of 103 diffraction of the KFe,As, film annealed at T, =
700 °C. (d) Cross-section of (c) at the y scan peak ~50°. The red line
is smoothed from the raw data.

a similar ring pattern at about y = 50° as that obtained by
Method (IVb) (see SI Figure S2). However, as shown in Figure
7(d), broad periodic diffraction was observed every 90°,
indicating that the films were also weakly oriented in-plane
and grew semiepitaxially.

3.4. Microstructure and Chemical Composition of the
KFe,As, Films. We investigated the microstructure and
composition distribution of the KFe,As, films obtained by

Method (IVc) at T, = 700 °C. Figure 8(a) shows a cross-
sectional HAADF-STEM image. The surface has a roughness of
several tens of nanometers. In the bulk region of the film, there
is not a clear contrast except domain/grain boundary regions,
suggesting that the composition is uniform. The composition
ratios of K/As and Fe/As in the films annealed by Method
(IVc) became of almost stoichiometric ones although K-poor
and Fe-rich films were obtained for the deposited films at high
T, (Methods (II) — (III), Figures 3—S5). However, as shown in
Figure 8(b) (see SI Figure S4 for the EDX spectra for each
position in (a)), the surface regions 2 and 6 in Figure 8(a) have
a Fe-poor composition, while the K concentration is uniform
and almost at the stoichiometric value of K/As = 0.5. As shown
in SI Figure S4(b), the intensity of the O Ka peak at 0.525 eV
is extremely weak. This result confirms that the sample was
successfully transferred from the glovebox to the FIB/TEM/
STEM without exposure to air. Additionally, we observed a
different contrast at the KFe,As, film—LSAT substrate
interface, as shown in the magnified image in Figure 8(c).
Figure 8(c),(d) shows the HAADF-STEM image and
compositions at the interface, respectively (see SI Figure SS
for the EDX spectra corresponding to the positions in (c)).
Compared with position 7 in Figure 8(c) (the bulk region in
the film), the interface has a K-rich and Fe-poor composition.
To examine the atomic structure at the interface, we used high-
resolution TEM (Figure 8(e)). We observed a layered structure
in the film region, and its interlayer distance was equal to that
of the (002) plane (i.e., half of the c-axis) of KFe,As,. Note that
an amorphous-like interfacial layer ~10 nm thick was formed.
Similar interface reaction layers are also formed in thin films of
the iron-based superconductor Ba(Fe,Co),As,.**~** The origin
of these reaction layers is still unclear, but it would be an
important factor to improve these iron pnictide superconductor
films. This result also suggests that LSAT substrate is not the
best one for epitaxial growth of high-quality films, and we may
choose other single-crystal substrates with larger lattice
mismatches.

3.5. Superconductivity. Figure 9(a) shows the p—T curve
of the KFe,As, films grown by Method (IVc) at T, = 700 °C.
The normal state resistivity at 300 K was 1.5 X 107> Q cm,
which is 2 orders of magnitude higher than that of single crystal
(3.0 X 107* Q cm).” This is presumably because of the
domain/grain boundaries observed in Figure 8(a). Accordingly,
the residual resistivity ratio (RRR, p(300 K)/p(S K)) was ~20,
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Figure 8. Cross-sectional microstructure and chemical composition of KFe,As, films grown by Method (IVc) at T, = 700 °C. (a) HAADF-STEM
image. (b) Chemical compositions at the positions numbered in (a). (c) HAADF-STEM image at the interface between the KFe,As, film and LSAT
substrate. (d) Chemical compositions at the positions numbered in (c). (e) High-resolution TEM image at the interface.
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Figure 9. (a) p—T curves of KFe,As, films grown by Method (IVc) at
T, = 700 °C. The inset shows that the wider T range of 2—300 K. (b)
External magnetic field (H) dependence of the p—T curves for pH =
0—-19 T.

which is much smaller than that of single crystals (RRR = 87,
86,%® 458,* and 300030). We observed the onset T. at 3.7 K,
which is similar to that of a single crystal,29 and a clear zero
resistivity was observed at 2 K.

To confirm the superconductivity, we applied H parallel to
the c-axis (Figure 9(b)). Here, the absolute value of p was
slightly higher than the above p—T measurement (Figure 9(a)).
This observation indicates that the film surface region was
slightly degraded even though the sample surface was covered
by grease (Apiezon N) and rapidly transferred to PPMS from
the glovebox. We also investigated other protection layers,
including pure polystyrene in solvents (Q-Dope, GC
Electronics), which has been found to be effective for
(Ba,_,K,)Fe,As, (x < 1),** and an epoxy adhesive (Nitofix
SK-229; Nitto Shinko Co.), and found that Apiezon N grease
provided the best protection. Despite the slight degradation, we
observed a clear T shift to lower temperatures with increasing
H. Additionally, a clear suppression of the superconductivity
was observed at ygH = 1.9 T. The Werthamer—Helfand—
Hohenberg formula*® gives H,'/* ~ 3 T. This is slightly higher
than that of single crystals (~1 T), and may be due to the weak

in-plane orientation because H.,,”/* (4—5 T) is higher than
H 2//c 27,30,31
S

4. CONCLUSIONS

We investigated the growth of KFe,As, films as a first step to
investigate the large SHC that has been recently theoretically
predicted for KFe,As,. Although K-rich PLD targets and a K-
cell as an additional K source were used, in situ PLD growth at
high T, was unsuccessful mainly because of K re-evaporation
during growth. Therefore, we investigated three types of
postdeposition thermal annealing processes for as-deposited
films at T, = RT. Annealing with KFe,As, powder in the

evacuated silica-glass ampules was insufficient to obtain single-
phase KFe,As, films, but using K lump to efficiently supply K in
the ampules resulted in the growth of weakly c-axis-oriented
KFe,As, films at the optimum Ty, Covering the films with
KFe,As, powder during annealing was the most effective
method to prevent re-evaporation of K among all the methods
considered in this study, leading to strongly c-axis-oriented
KFe,As, films being obtained. Consequently, despite its air
sensitivity, a clear superconducting transition at T, = 3.7 K was
observed in the resulting strongly c-axis-oriented films.
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