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Superconducting thin films play a prominent role in applications of superconductivity and provide an essential source
for studying physical phenomena. Here we summarize the activities for iron pnictide thin films that were made during
the German Special Priority Programme from 2009 until today. The quick availability of films after the discovery of
superconductivity in the iron based superconductors enabled a number of experiments. After a general introduction
and a brief historical overview we focus on film synthesis of iron pnictides by a two-step method and by pulsed
laser deposition, the assessment of their application potential, the upper critical fields in iron oxypnictides of F-doped
LaOFeAs and F-doped Sm; _,La, OFeAs and on superconductivity in Fe/BaFesAs, heterostructures.

1 Introduction Superconducting thin film research is
often categorized as materials research with emphasis on
film growth, materials characterization and the develop-
ment of applications. As a result, the topic of supercon-
ductivity in thin films finds itself sometimes reduced to
questions in engineering and technology and less attention
is paid to the capability to contribute fundamentally to
problems in condensed matter physics. Latter focus offers
two main philosophies: First, physics of thin films pro-
vide a test bed to study new mechanisms that occur due
to reduced dimensionality or the appearance of interfaces.
This can be, for example, observed in the recently devel-
oped FeSe monolayers being increasingly discussed.[1]
Second, physics with thin films not only adds fundamental
knowledge about material properties but also about the
phenomena of superconductivity itself. Iron pnictide thin
films thus provide fruitful insights into multiband super-
conductivity, the superconducting energy gaps or the order
parameter symmetry.

Let us recall that thin films have constantly played an im-
portant role in the science of superconductors. Essential
experiments were carried out on thin films, for example,
the transmission of infrared light by Michael Tinkham[2]
or electron tunnelling experiments by Ivar Giaever[3].
Both have confirmed the existence of the superconduct-
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ing energy gap, a fundamental quantity in the Bardeen-
Cooper-Schrieffer (BCS) theory of superconductivity.[4]
A further famous experiment based on superconducting
thin films, the tricrystal experiment by Tsuei et al., has
proven in an impressive manner the d-wave symmetry of
the superconducting order parameter in YBasCuszO7_s.[5]
Thin films of newly discovered superconducting materials
— such as the iron pnictides — enable a number of studies
from basic to advanced level. The immanent advantage of
thin films compared to bulk material is the experimental
access to critical currents due their reduced cross sec-
tion. Dimensional reduction appears not only because of
reduced thickness but can also be fabricated laterally by
application of developed etching technologies. Thin films
are, therefore, first choice for the access of the highest
possible current densities in superconductors, the depair-
ing critical current densities. Furthermore, films offer the
possibility to investigate basic superconducting quantities
and length scales such as penetration depth and coherence
length, vortex physics, and non-equilibrium processes.

Here we want to focus on iron pnictide thin films, mainly
iron oxypnictides grown in a two-step synthesis, Co-doped
BaFe;As, films and Fe/BaFe;Ass, heterostructures that
were grown by ultra-high-vacuum (UHV) pulsed laser
deposition (PLD).[6] After a brief historical synopsis in
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chapter 2, we address film growth of iron pnictides in chap-
ter 3. In the main part of chapter 4 we give an overview
of fundamental studies performed with iron pnictide thin
films so far and exemplary discuss two examples of cur-
rent interest: the upper critical field in iron oxypnictides
and their anisotropies, and the modified electronic phase
diagram and superconducting properties in Fe/BaFeqAss
heterostructures. The topic Thin films of iron based su-
perconductors and the number of publications related to
it grow continuously. It is, therefore, impossible to ac-
knowledge all of the studies on iron pnictides. For topics
of thin films of iron based superconductors (iron pnictides
and iron chalcogenides) beyond the scope of this contribu-
tion the reader is referred to the following recent review
articles: iron chalcogenide thin films and their supercon-
ducting properties,[7] molecular beam epitaxy (MBE) of
K-doped BaFe,As; and F-doped SmOFeAs films,[8] MBE
of FeSe and K, Fes_,Se,,[9], and analytical characteriza-
tion of thin films.[10]

2 Historical overview The announcement of a su-

perconducting transition at 26 K in the F-doped iron
oxypnictide compound LaOFeAs in 2008 has decisively
influenced condensed matter physics.[11] LaOFeAs crys-
tallizes in the ZrCuSiAs-type structure that is shortly called
1111.[12] Excitement in Germany was even more fanned
because many of the arsenic oxide and phosphide oxide
compounds of the same structure-type were prepared and
characterized at the university of Miinster already dur-
ing the 1990s.[13,14] Superconductivity in LaOFeP was
found by PhD student Barbara Zimmer, but its discovery
was not reported in a scientific journal. It was rediscovered
independently by Kamihara in 2006 [15] and finally com-
mented by Jeitschko in 2008.[16]
Shortly after the discovery of superconducting
LaO;_,F,FeAs the F-doped iron oxypnictides were called
the hottest thing in superconductivity.[17] Within the first
half of 2008 many laboratories around the world started
with the synthesis of iron oxypnictides. When Chinese
researchers raised the transition temperature to 55 K
in F-doped SmOFeAs [18] everybody was reminded of
the story of the high-7, cuprates and a further explo-
sion in T, was expected. Soon it was recognized that, in
terms of structure, the FeoAsy layers played the important
role for superconductivity. Consequently, new compounds
with FeoAso layers in their unit cells were quickly found
and tested successfully for superconductivity: K-doped
BaFesAsy (1. =38 K) [19], LiFeAs (T, = 18 K) [20] and
FeSe (T. =8 K) [21] that are shortly called 7122-, [11- and
11-compounds, respectively. Additional ingredients for the
excitement came from theoretical work on the electronic
band structure that underlined the multiband character of
superconductivity [22] and proposed an unconventional
order parameter symmetry called s+ with sign-changing
phase between different Fermi sheets.[23]

Copyright line will be provided by the publisher

2.1 Begin of iron pnictide film growth in 2008
and 2009 A handful of institutes worldwide started with
iron pnictide thin film growth during 2008 and 2009. In
Germany, a Special Priority Programme on iron-based su-
perconductors funded by the German Research Foundation
(DFQG), started in 2009, offered a chance to get quickly into
business with synthesis and investigation of the basic su-
perconducting properties. At that time thin film growth of
F-doped iron oxypnictide LaOFeAs had already started,
and it soon turned out to be very difficult because an in-
situ pulsed laser deposition (PLD) process seemed not be
applicable. In-situ PLD experiments in Tokyo Institute of
Technology resulted in epitaxial thin films without an ex-
pected superconducting transition due to a complete loss of
fluorine doping.[24] An alternative approach was followed
at IFW Dresden. After unsuccessful in-situ PLD experi-
ments, a two-step synthesis based on an ex-situ heat treat-
ment resulted in the first superconducting LaO;_,F,FeAs
thin films.[25] As a consequence, further optimization was
carried out at IFW Dresden, whereas Hidenori Hiramatsu
and Takayoshi Katase at Tokyo Institute of Technology
switched to PLD growth of subsequently found Co-doped
SrFes Aso; and BaFe, Asy compounds.[26,27]
Nevertheless, the fast progress in the research of iron
pnictides and the monthly discovery of several new su-
perconducting pnictide compounds made it attractive and
necessary to start with the synthesis of thin films based
on BaFe;As, in Germany, too. Co-doped SrFesAs, films
were successfully grown by in-situ PLD [26,28] but the
films contained a large number of impurity phases, es-
pecially Fe and Fe-As. Co-doped BaFey;Ass instead was
expected to be grown with higher purity and also easily by
in-situ PLD. Indeed, Co-doped BaFeqAs, thin films could
be grown epitaxially on a large number of commonly used
oxide substrates and films showed superconducting even in
the case of arsenic deficiencies or structural disorder. The
fact that BaFe;As, (as well as FeSeq_,Te, as confirmed
for crystals in Ref.[29]) contains a certain robustness of su-
perconductivity against structural disorder was definitely a
reason for the increased activities in /22 (and later /7) thin
film growth. In other words, despite deviations in thin film
lattice parameters from the bulk and definitely a certain de-
gree of disorder in atomic coordinates - exact coordinates
of As and P (or Se and Te) atoms in the unit cells are not
easily accessible - films were superconducting. Another
reason why Co-doped BaFes Ass thin films could be grown
quickly was that neither a new sophisticated method for
an initial PLD growth nor a time-consuming two-step syn-
thesis like for the iron oxypnictides was required. Reports
from research laboratories at Tokyo Institute of Technol-
ogy (Hosono’s lab) and at University of Wisconsin (Eom’s
lab) announced successful growth of Co-doped BaFe;As;
films under UHV and under HV conditions.[27,30]

It should be mentioned that simultaneously PLD growth
of iron chalcogenides, FeSe, FeSe;_,Te, and FeTe;_,S,
started in some thin film laboratories in Japan, China and
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the USA.[31-33] In the following years thin film growth
by PLD focused basically on Co-and P-doped BaFeqAso
and on FeSe( 5Tey 5. Because of less technical difficul-
ties expected in an in-situ PLD process and the immediate
advantage of a large number of possible superconducting
compounds in the series of transition metal substituted
BaFesAsy, Co-doped BaFesAsy seemed a natural choice
for a continuation of efforts within the research at IFW
Dresden in 2009.

2.2 Progress in iron pnictide thin film growth and
application potential for thin films Further progress
was made in iron pnictide film growth, in the fwo-step
synthesis for iron oxypnictides as well as in UHV-PLD
of Co-doped BaFeyAsy. The superconducting transition
temperature for iron oxypnictide thin films was improved
to 25 K for F-doped LaOFeAs, and finally, also epitax-
ial film growth of iron oxypnictides was achieved. As a
result, thin films were used in investigations of fundamen-
tal superconducting properties. For example, weak-link
behavior of grain boundaries was determined first in HV
PLD grown Co-doped BaFesAss [30] and in polycrys-
talline LaO4 _,F,FeAs thin films.[35]

The film/substrate interface of iron pnictide films often
contains a chemical reaction layer. In iron oxypnictide thin
films a LaOF impurity phase formed at the film/substrate
interface. The crystalline properties of the LaOF layer fi-
nally determine further heteroepitaxial or polycrystalline
growth of the iron pnictide layer. Similarly, reaction layers
were confirmed also for Co-doped BaFes;Ass thin films
grown on (La,Sr)(Al,Ta)Os substrates, where a 2-3 nm
thin Fe layer and Ba diffusion into the substrate was found
by high resolution transmission electron microscopy. In-
terfacial reaction layers alter the lattice mismatch between
substrate and film and can lead to strain relaxation. In iron
pnictides interfaces are rarely clean or perfectly coherent,
therefore, claims of epitaxial strain are often unsubstanti-
ated and unconfirmed. An investigation of residual stresses
in iron pnictide thin films is missing up to date.

Experiments carried out for Co-doped BaFeyAss films on
bicrystalline substrates revealed a less severe decrease of
critical current densities with increasing mismatch angle
of the grain boundary compared to YBayCu307_s thin
films.[34] Nevertheless, grain boundaries with mismatch
angles larger than 9° constrain the current flow through
the film and act as weak-links mainly because of the small
coherence lengths in the order of 1-3 nm in iron pnictides.
In 2011 it was demonstrated that Co-doped BaFesAss can
be deposited on flexible metallic substrates which are well-
known precursors for the second generation high-7; wires
(coated conductors).[36,37] The comparison of (depin-
ning) critical current densities at liquid helium temperature
in /22 thin films demonstrates an improvement of nearly
two orders of magnitude from 10* to 106 Acm~2 between
the years 2009 and 2014.[43] Today, because of the ac-
cumulated knowledge for Co-doped BaFesAss thin film
growth compared to other iron based superconductors, the

relatively high critical current densities (J. > 1 MAcm~?2

in self-field up to magnetic fields of several Teslas) com-
pared to powder-in-tube (PIT) wires of the same or related
compounds, a relatively small anisotropy of the upper crit-
ical field, yy., =~ 2 — 5, and a less drastic weak-link
behavior compared to YBayCuszO7_; thin films, Co-doped
BaFesAs, thin films may be regarded as candidate mate-
rial in future superconducting high-current applications. In
a similar way, the application potential for PLD grown iron
chalcogenide superconductors, FeSeq 5Te 5, is discussed.
At present the highest critical current densities are mea-
sured in UHV PLD grown P-doped BaFeyAss thin films.
At a temperature of 4 K they show J, of 7 MAcm™? in
self field and 1 MAcm ™2 in an external magnetic field of
woH = 9T. It is believed that dislocations serve as effec-
tive centers for flux line pinning in these films. In addition,
the angular anisotropy of .J. was highly reduced by con-
trolling film growth rates.[38] Noteworthy are also pinning
studies in iron pnictide thin films that started to investigate
the response to naturally grown or artificially introduced
secondary phases in BaFezAsy. The secondary phases (in-
dicated as BaFeOs in Ref.[39]) revealed a promising en-
hancement of the pinning force in higher magnetic fields
with maxima around poH ~ 11£2 T.[40] Since 2010 there
is specific interest in the improvement of vortex pinning in
Co-doped BaFe;As, thin films by secondary phases and in
multilayer geometries.[41,42]

A closer inspection of the available feasibility studies be-
tween the years 2010 and 2014 however revealed open
problems and certain drawbacks of the new superconduc-
tors that delay commercialization. They are easily ignored
due to the tendency towards an overoptimistic rhetoric.
Until today there are no successfully developed demon-
strators for superconducting devices that would assist a
powerful assessment of the application potential of Fe-
based superconductors.

Of course we cannot forecast future developments but the
actual weakness of most of the assessments of a reliable
application potential is their restriction to only one pa-
rameter (for example, J.) or a restricted set of selected
parameters. For sure not all hurdles are even already iden-
tified. This was pointed out in a review where the gap
between the claimed application potential and the real-
ization of functional devices is critically remarked.[43]
Among iron pnictides, Co- and P-doped BaFey;Ass films
are mostly replicated, but strictly speaking, there is still a
lack of exact reproducibility in PLD thin film growth of
iron based superconductors. The problem arises mainly
because of the presence of elements with high vapor pres-
sure (volatile elements) like As and P. Furthermore, not
only superconducting properties are relevant but also me-
chanical ones, especially for an industrial manufacturing
of iron based superconductors into conductors for power
transmission or into coils for magnetic field generation,
for example. Nevertheless, iron-based superconductors are
dealt as promising candidates for superconducting appli-
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cations basically because of their large critical surface in
the (1., H.2, J.) coordinate space.

At this point we should not forget that the development
of brittle A15 superconductors took over decades from
their discovery in the 1950s to first useful wire solutions
in the 1970s and 1980s with still continuous efforts in
their optimization.[44—48] The situation of Fe-based su-
perconductors is however more difficult because there
is a competition with conventional superconductors that
are already in use in various applications (Nb, NbN,
Al5-superconductors), MgBy and cuprates (especially
YBayCuzO7_s coated conductors). Therefore, a realistic
time frame for technical device fabrication is at least be-
yond a decade.

It should be mentioned briefly that FeSe monolayers excite
the community today because of their record critical tem-
peratures up to 60 K.[49] The FeSe/SrTiO3 system (with
a special preparation of SrTiO3) is studied in-situ pre-
dominantly by scanning tunneling microscopy and angle-
resolved photoelectron spectroscopy. Superconductivity
at even 100 K was announced in Ref.[50]. The mono-
layer physics has opened new directions in the research
of Fe-based superconductors and it has revitalized the
electron-phonon coupling as a possible scenario for high
T, controversially discussed at present and with Mazin’s
words, posing a riddle to scientists.[1]

3 Thin film growth of iron pnictides

3.1 Two-step synthesis of iron oxypnictides Su-
perconducting iron oxypnictide thin films were first grown
by a two-step synthesis.[25] The synthesis involves a thin
film deposition at room temperature and, as a second step,
an ex-situ heat treatment of the precursor film together
with a pressed pellet of the same composition in an evac-
uated silica glass tube. The presence of the additional pel-
let is crucial for the film stoichiometry. The method was
reviewed in Ref.[51], therefore, we will only shortly com-
ment on it here.

Following remarks are important: The room temperature
deposition was carried out by PLD, which is used for the
creation of nucleation centers on a substrate (precursor).
However, PLD itself is not determining film growth and
can be replaced by other deposition methods as demon-
strated recently.[52] Furthermore, phase formation, epitaxy
(the orientation of the crystallographic lattice of film grains
with respect to the substrate lattice) and superconducting
properties sensitively depend on the parameters of the heat
treatment. As a consequence, iron oxypnictide thin films
fabricated by the so-called two-step process have a mi-
crostructure similar to single crystals but strongly differ
from columnar grain growth that is typically observed in
films grown by PLD.

The ex-situ heat treatment is carried out with a simple
heat profile starting with a slow heating ramp (5°Cmin—!)
to a temperature in the range of 940°C — 970°C, hold-
ing the temperature for 5-7 hours, and cooling slowly
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Figure 1 a) Resistive transition from normal to superconducting
state in a Sm;_;La,O01_yF,FeAs thin film. b) Angular depen-
dence of critical currents in different magnetic fields at a tem-
perature of 2 K. 6§ is defined as angle between the c-axis of the
film and the direction of the applied magnetic field. The curves
are fitted with an anisotropy v = 3.1. J. for magnetic fields ap-
plied parallel to film surface is increased due to enhanced vortex
pinning. (See section 4.1.)

again to room temperature with (-5°Cmin—!). Despite the
long process of parameter optimization of the ex-sifu heat
treatment, finally the successful growth of polycrystalline
and epitaxial LaO; _,F FeAs and Sm; _,La,O,_,F FeAs
thin films provided a vital basis for investigations of the
weak-link behavior of grain boundaries,[35] the determi-
nation of critical current densities [53] and a measurement
of the superconducting gaps by means of point contact
spectroscopy [54] and infrared optical measurements.[55]
Given the difficulties in control and reproducibility of iron
oxypnictide thin films, these first results can be regarded as
invaluable for any further thin film investigations of iron-
based superconductors.

Critical currents of the iron oxypnictide thin films grown
in a two-step synthesis reached values of 10°Acm~2 in
self-field at temperatures of 2 K. In Fig.1 we show exem-
plary the resistive transition of a Smy_,La,O;_,F FeAs
thin film with a T,.99 of 29.5 K (AT, = Teoo — Te10 =
2.9 K, RRR =2.1) and the angular dependence of the crit-
ical current densities in applied magnetic fields, o H =1,
3,6,and 9 Tat2 K.

The two-step synthesis of iron oxypnictide thin films with
an ex-situ heat treatment is a time-consuming fabrication
method compared to in-situ procedures, but growth of su-
perconducting epitaxial films is possible. Until today only
a few synthesis methods are available for the growth of iron
oxypnictide thin films. The most recent success was made
in in-situ PLD growth of iron oxypnictides.[56,57] To con-
clude, at present iron oxypnictides can be grown success-
fully by PLD, by a two-step synthesis method and also by
MBE.[58].



pss header will be provided by the publisher

vacuum
| M chamber

Laser

Figure 2 Pulsed laser deposition setup with laser beam optics
(aperture - A, mirror - M, lense -L) a vacuum chamber with the
source of material (target -T) a supporting medium for the as
grown film (substrate - S), and a substrate heater - H for reg-
ulating the film growth temperature. During the PLD process a
pulsed laser beam (dashed line) is used for heating, evaporation
and ionization of the target material. The generated plasma plume
- P propagates into the vacuum chamber towards the substrate.

3.2 UHV-PLD growth of BaFe,As, and Fe/BaFe,As,

thin films with Co-doping PLD is a widely used thin
film growth method because it is easy to handle.[S9] A
schematic drawing of a typical setup is given in Fig.2.
PLD belongs to the group of vapor deposition methods
with constituents of the vapor away from thermal equilib-
rium: inside a vacuum chamber material is transferred from
a source (target) by means of plasma plume generated by a
pulsed laser beam and deposited on substrates. PLD works
amazingly well for a large number of materials, however,
PLD becomes challenged when elements with low melting
points and high vapor pressure are present in the material
source. This is problematic for iron pnictide film growth,
mainly for F-doped iron oxypnictides, but also for the 122
compounds where As deficiency is a subtle issue.
Co-doped BaFeyAss films can be grown by UHV-PLD
on different substrates and upon a relatively broad window
of deposition parameters. It was furthermore shown in a
recent study that the film quality of BaFesAsy does not
depend on the laser wavelength that is used for target ab-
lation, however the energy of the laser pulse has decisive
influence on the optimal growth rate.[60] Film growth at
IFW Dresden was performed using a KrF excimer laser (A
= 248 nm) with energy densities on the target between 3 -
5Jem—2,
Ideal deposition temperatures were found for Co-doped
BaFe;As, to be in the range 650°C to 700°C (at IFW Dres-
den). A slightly shifted temperature interval was found for
the same compound at Tokyo Institute of Technology.
For lower deposition temperatures the grown films do not
obey a unique epitaxial relationship (cube-on-cube in most
cases) and also contain misoriented grains with a 45° in-
plane rotation between film and substrate unit cells.[61,
62] It should be mentioned that similar trends in epitaxial
growth were observed in UHV-PLD of iron chalcogenide
thin films.[63,64] Higher fabrication temperatures can
result in off-stoichiometries, an enhanced amount of Fe

impurities, Fe-As impurities, As-deficiencies, and also de-
fects (film cracking).

A more elaborate characterization of the film/substrate
interface by high resolution transmission electron mi-
croscopy revealed, as mentioned above, a naturally oc-
curring Fe layer with a structurally excellent matching
between Fe and the BaFe,Aso crystallographic lattice.
Interfacial Fe and cluster-like Fe impurities within the
BaFe;As, matrix are the result of As loss during film de-
position and already indicate that stoichiometric transfer
(from the target material to the substrate) is not fully guar-
anteed.

Nevertheless, the observation of an interfacial Fe layer
triggered experiments of film growth on an intention-
ally grown Fe buffer layer and, thus, the fabrication of
superconducting/ferromagnetic  heterostructures.[65,66]
Because of the coherent Fe/BaFes,Ass interface and the
proposed bonding between Fe and the Fe, Aso layer Ther-
sleff conjectured that Fe would be a generic buffer layer for
all Fe-based superconductors. Meanwhile this assumption
cannot be confirmed for Fe-oxypnictides.[56,57]

At present and, in comparison with available results world-
wide, growth of an Fe buffer layer is neither a necessary
requirement nor free of disadvantages for the fabrication of
BaFe,As, films.[43] First, epitaxial growth of BaFesAs,
is achieved only with a certain thickness of the Fe buffer.
If the Fe buffer layer is too thin, non-uniform, or charac-
terized by island growth, c-axis orientation is reduced and
inclined lattice orientations occur.[67] In order to prepare
a relatively smooth Fe surface, Fe is deposited at room
temperature and heated up to the deposition temperature
of the Fe-pnictide compound. If the temperature, how-
ever, becomes too high, then cracking and dewetting of
the thin films occur. This might be the case for a number
of Fe/BaFesAss thin films grown on MgAl,O, substrates
(Fig. 3).

Besides the influence on grain growth, the Fe layer
strongly influences film stoichiometry, and, more seri-
ously, the distribution of Co doping level in BaFeqAss.
Atomic probe tomography (APT) as well as Auger electron
spectroscopy (AES) investigations have revealed that Co
diffuses into the Fe-buffer during thin film growth leading
to a non-uniform Co concentration across the film cross-
section. In addition oxygen incorporation was found in
Fe/BaFey,Asy multilayers.[43] The more subtle the char-
acterization of thin films the more evident becomes the
fact that BaFe,Ass film growth is not entirely trivial and
off-stoichiometries or composition gradients exist. Con-
clusively, the high deposition temperatures above 700°C
for Co-doped BaFe;As, have detrimental influence on the
film stoichiometry. Furthermore, interactions between the
critical currents in the superconducting BaFe,Aso layer
and the magnetization of the Fe layer could be demon-
strated first by magneto-optical imaging of the trapped
magnetic flux profile.[43]

In order to illustrate the differences in UHV-PLD growth
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Figure 3 Scanning electron micrographs of a) film cracking
and b) dewetting phenomena observed in Fe/BaFe»Aso> and
Fe/BaFes Asa/Fe/BaFea Ase multilayers grown on MgAl,O4 at
too high deposition temperature.

of Co-doped BaFe;As, and iron oxypnictide films one has
to realize the following: UHV-PLD growth of BaFe;As,
is comparable to the growth of intermetallic phases with
typical parameters of high substrate temperatures and fast
laser repetition rates. Control of stoichiometry, however,
should limit the maximum growth temperature to around
700°C - 750°C. In addition, Co-doping in the films can be
controlled easier in PLD than doping with fluorine. A list
of UHV PLD grown iron pnictide compounds are shown
in Table 1.

Table 1 Iron pnictides grown by UHV PLD
compound

122
CaFes_Co,Aso
SrFes_CogAs2
Sri_zLazFeaAsa
BaFes_,Co,Aso
BaFes_,CrpAsa
BaFesAss_ P,
Ba;_,LazFeaAss
Bai_.RE.FesAso
1111

SmO; _;F,FeAs [56]

comment Ref.

impurity phases [61]
impurity phases [26]
impurity phases [68]
most investigated [27]
not superconducting [62]
highest J. [69]
metastable compound  [70]
RE =Ce, Pr,Nd, Sm  [71]
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4 Fundamental studies on iron pnictide thin films

Studies using iron pnictide thin films have provided im-
portant information on the superconducting state. Thin
films are convenient for a number of experiments on the
superfluid density or the energy gap. Penetration depth
measurements for Co-doped BaFe;As, thin films by a
two-coil mutual inductance apparatus have confirmed val-
ues in the range of A(0) = 350 — 430 nm and, therefore, are
fully comparable to values obtained for crystals.[72] The
temperature-dependence of the superfluid density revealed
by terahertz spectroscopy in BaFesAss was modeled by a
two-band,[73] and later, by a three-band model.[74] Both
of the mentioned experiments have found evidence for a
small superconducting gap with 2A(0) /kgT, ~ 2.1 —2.2.
For low temperatures, ' — 0 the penetration depth
AMN(T)/A(0) can be described by a power-law o (T'/T.)"
with exponent n =~ 2 [75] or n ~ 2.5.[72] Infrared spec-
troscopy on F-doped LaOFeAs thin films grown by a
two-step synthesis revealed a nodeless superconducting
gap.[55]
PLD thin film growth offers also advantages in the stabi-
lization of new metastable phases. La-doped BaFe;As; is
believed to be structurally unstable due to a theoretically
predicted high density of states at the Fermi level.[76] The
compound could not yet be synthesized by conventional
solid-state methods, however by PLD film growth.[70]
This film study is of interest, because it confirms that
BaFe,As, iron pnictides can be charge-carrier doped ei-
ther directly, by substitution in the FeoAss-layers (Co-
substitution), or indirectly, by chemical substitution on the
Ba-site (La-substitution). The resulting electronic phase
diagram is nearly equivalent for both substitutions. Conse-
quently, BaFeoAso thin films doped with rare-earth (RE)
elements containing 4f electrons were also successfully
grown by PLD and thus offered the possibility to study
interaction effects between the itinerant electron system of
3d electrons in BaFeyAss and the localized 4f states of the
RE substitutes. It was shown that superconducting transi-
tion temperatures decrease within the RE series: 22.4 K
(La-doping), 13.4 K (Ce-doping), 6.2 K (Pr-doping) and
5.8 K (Nd-doping).[71]

4.1 Upper critical fields in iron oxypnictides The
high upper critical fields, H o, of F-doped iron oxypnic-
tides immediately provoke a number of questions related
to the responsible limitation mechanism for supercon-
ductivity. A non-negligible anisotropy in iron pnictides
is expected because of the layered structure with suc-
cessively stacked FeAs and LaO ([RE]O) layers. Conse-
quently, the upper critical fields should differ for mag-
netic fields applied along the c-axis of the unit cell,
H.o . from upper critical fields with magnetic field in
the basal plane, H.s 41,.[77] Surprisingly, the anisotropy
becomes quite small in /22 iron pnictides and tends even
t0 Yie2 = Heoap/Hez,c = 1 (called pseudo-isotropic) for
small temperatures near 7" — 0 as it was shown in an early
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study on Co-doped SrFesAss thin films.[78]

In the iron oxypnictides, H.o is less drastically pseu-
doisotropic, although g2 decreases with decreasing
temperature. Experimentally, the high H . values are chal-
lenging, especially at low temperatures. In such a case,
measurements performed with conventional laboratory
equipment in magnetic fields up to 5 — 9 T only access
a very limited range of the magnetic phase diagram of
these extreme type-II superconductors and they are not
able to confirm or rule out theoretical predictions on the
temperature-dependence of H.o. Pulsed magnetic fields
are required in order to obtain magnetic fields beyond 50
and 60 T. There is, therefore, current interest in the mea-
surement of H.o, Yg.o and their temperature dependence
in magnetic fields up to 70 T. Table 2 summarizes extrap-
olated values of the upper critical fields at 7' = 0 K for
selected F-doped iron oxypnictides.

As mentioned in a previous review [43] epitaxially grown
iron oxypnictide thin films offered the unique possibility
for the investigation of the anisotropic superconducting
properties. Until today the single crystal growth of these
materials is extremely difficult and rare, because it requires
high pressure synthesis.[82]

Upper critical fields of LaO;_,F,FeAs and
Sm;_,La,O,_yF,FeAs thin films are shown for both
magnetic field orientations, H || ¢ and H || ab in Fig.4.
Interestingly, there is no clear tendency for saturation at
low temperatures and upward curvatures are found. The-
oretical work has ever since shown that the temperature
dependence of H., provides important information. In
general, it is governed by the anisotropy of the electronic
structure (Fermi surface) and the anisotropy of the energy
gap of the superconductor. Furthermore, H., provides
knowledge about the robustness of the superconducting
state in magnetic fields and on the mechanisms responsi-
ble for Cooper-pair breaking.

The temperature dependence of H.o(T) of F-doped
iron oxypnictides deviates from the Werthamer-Helfand-
Hohenberg (WHH) [83] description. This description was
derived for isotropic conventional (and single band) super-
conductors. Practically all conditions are not valid for iron
pnictides and deviations are a signature of anisotropy and
multiband superconductivity, similarly to the observations
made for MgBs in the dirty limit.[84] Previously, we have
found fits according to a model developed by Gurevich
for two-band superconductivity [85] where we assumed
two decoupled electronic bands and a strong difference
between the diffusivities in the two bands (D3/D; < 1) in
order to model the strong upward curvature at low temper-
atures in Ref.[51]

In addition the upper critical field anisotropy was extracted
from angular dependent critical current density measure-
ments upon application of a special formalism developed
by Blatter, Geshkenbein and Larkin called anisotropic
Ginzburg-Landau scaling.[86] This approach is based on
a mapping between anisotropic superconductors (H.o(¢)

80 —————————

E —(O—, —@—(Sm,La)(O,F)FeAs film
—O—, —8— La(O,F)FeAs film

70

60

50

40

HH (T)

30

20

t= T/TC

Figure 4 Upper critical fields, poHec2,. (closed symbols) and
poHe2,qb (0pen symbols) versus reduced temperature compared
for a LaO; —,F,FeAs thin film of T, = 25.0 K (red curves) and a
Sm;_,La;O0q_,F,FeAs thin film of T, = 31.3 K (green curves)
fabricated by a two-step synthesis.

ellipse in polar coordinates) and isotropic superconduc-
tors (H.2(¢) circle in polar coordinates). The formalism
defines an effective magnetic field,

Hepp = Hy[cos?(¢) + %sirﬂ(d)) (1)
where v = m./mg is the effective mass anisotropy and
¢ is the angle between the direction of the applied mag-
netic field and the c-axis of the superconductor. Here, ~y
is the only fit parameter that should regulate the overlap
of the measured angular dependent critical current den-
sities J.(H,¢) = J.(Hesy). For simplicity we have as-
sumed that the effective masses include only band structure
anisotropies and not energy gap anisotropies. We found an
excellent applicability of this mapping scheme over a large
angle range due to the fact that flux pinning in the here
investigated superconducting films (J. < 10°Acm™2) is
basically controlled by the vortex core size and point-like
defects. Details can be found in Ref.[51].

We want to mention here again, that the extracted
anisotropy from the upper critical fields, yg.o and the
anisotropy v found as parameter in the anisotropic
Ginzburg-Landau scaling approach are a priori not equiv-
alent because, in general, there are two contributions to
the angular dependence (anisotropy) of depinning critical

Copyright line will be provided by the publisher
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Table 2 Extrapolated values of the upper critical field of oxypnictides at 7" = 0 K for a magnetic field applied parallel to the c-axis

(Hc2,0(0)) and perpendicular to the c-axis (Hc2,q5(0)). + this work

in an incomplete overlap of critical current density curves
versus the effective magnetic field (see Ref. [87]). More
importantly, it is unclear how the fit parameter vy is then
connected with the H.o- (or electronic mass) anisotropy.
Therefore, the anisotropic Ginzburg-Landau scaling is not
the best tool for an investigation of flux line pinning. Its
application will not provide a conclusive answer except
about the presence or absence of directionally acting pin-

The films synthesized by the two-step method contain only
point-like and randomly distributed defects and clearly
lack strong oriented or spatially extended pinning centers
that would force flux lines to be pinned along specific di-
rections apart from the usually increased pinning along the
film (or substrate) surface (H || ab). Transmission electron
microscopy has confirmed a microstructure without sec-
ondary phase inclusions within the superconducting 1111
matrix. Accordingly, we found a perfect overlap of critical
current densities versus the effective magnetic field.[53]
A detailed discussion is already given in Ref.[51], but it
should be pointed out here again, that in this special case,
the anisotropy of the upper critical field can be extracted

compound Teoo  poHe2,c(0)  poHez,ap(0) sample Ref.
LaOg.9Fo.1FeAs 28 K 41T 62T polycrystalline [79]
LaO;_.F,FeAs 25K 40T 77T thin film *
NdOg.7Fp sFeAs 46 K >60T >120T single crystal [80]
SmOg.9Fo.1FeAs 42K 50T 100 T  single crystal  [81]
Smi_,La;O0,_yF,FeAs 31K >50T >90T thin film *
30 e ! ° v ¢ ¢ T
704 ~ 9 - — = yHglle 4
60 §~ -
— 504 o .
= 1 i\ llab 1 ning centers.
o
o 40+ @ -
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Figure 5 Temperature dependence of the upper critical field,
poHeo, . and poH o qp for a LaOq—,F;FeAs thin film measured
down to 1.8 K (same as in Fig. 4 with more data points for clar-
ity). Values above magnetic fields of 70 T are extrapolations from
R(uoH) measurements. The dashed line (prediction) is the prod-
uct of poHe2,. as given in this graph with the fit parameter v
obtained from the mapping in the anisotropic Ginzburg-Landau
scaling approach (as described in the text). We find an excellent
correspondence between the measured values for 110 H 2,4 up to
70, T and the prediction made by critical current measurements.

current densities. First, the anisotropy in .J, depends on the
vortex core size variation that is governed by angular vari-
ation of coherence lengths (§./&qs). Second, J.(¢) also
can depend on the variation of the flux pinning energy,
and, therefore, on the angular variation of the vortex line
energies that are proportional to (Ag/\c). Latter contri-
bution increases with larger defects but is negligible for
small and point-like defects. Whenever the second contri-
bution becomes non-negligible, the mapping scheme from
the anisotropic Ginzburg-Landau scaling fails and results

Copyright line will be provided by the publisher

especially at low temperatures, where critical currents are
large. The value for v can be used for a prediction of
H > qp after a measurement of the smaller H 5 . (compare
Fig.5), even if it is extracted from measurements in low
magnetic fields (up to 9 T) only.

As a result, the temperature-dependent anisotropy of the
upper critical field is in agreement with results for other
iron pnictide superconductors.[88] The temperature de-
pendence of Hs 4, = vH 2 ., that was estimated, quickly
exceeded the limit of conventional measurement devices
(9 - 17 T cryostats). The obligatory experimental proof of
the upper critical field anisotropy of LaO;_,F,FeAs was
finally obtained with electrical transport measurements
in pulsed magnetic fields up to 70 T, with a pulse du-
ration of about 150 ms, at Dresden High Magnetic Field
Laboratory (HLD). In Fig.5 we show also the detailed tem-
perature dependence of the upper critical field H.o 44. The
fit parameter ~y obtained by anisotropic Ginzburg-Landau
scaling obviously corresponds t0 Yree = Heoap/Heo,c
(compare also Fig.6).

We have compared the upper critical field anisotropy of
aLaO;_,F,;FeAs and a Sm;_,La;O;_,F,FeAs thin film
with available data for polycrystalline bulk and single crys-
tals (Fig. 6). Our investigation shows that the anisotropy
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Figure 6 Temperature dependence of upper critical field
anisotropies, v 2, in Fe-oxypnictide thin films (closed symbols)
compared with data from bulk/crystal samples (open symbols)
from Refs.[79,80]. Stars indicate « obtained as the fit parame-
ter in the anisotropic Ginzburg-Landau scaling applied to angular
dependent critical current densities.

is underestimated when extracted from T 19 and T g9
criteria in the resistive transition of polycrystals.[79] The
upper critical field anisotropy obtained from thin films
ranges between 3 (T" — 0) and 5-6 (T" — T.) reveals the
mass anisotropies. Since the iron oxypnictide thin films
grown by the two-step method are comparable to the qual-
ity of single crystals our investigation on the upper critical
fields offers also reasonable quantitative comparisons. In
all cases the anisotropy, 7.2, increases with increasing
temperature (with an approximate rate of ~ 0.13/K in the
interval between 5 K and 20 K). In the limits for T — 0
and T" — T, the mass anisotropies of the dominant Fermi
pockets can be extracted.[51]

As a final remark, we should mention that the discussions
for H.o and its anisotropy are basically carried out in
the frames of two-band models, although the Fermi sur-
face of iron pnictides shows that up to five bands can be
involved. Furthermore, it is speculated if a Fulde-Ferrel-
Larkin-Ovchinnikov (FFLO) phase can be stabilized due to

Pauli limitation or due the unconventional order parameter
symmetry in the iron pnictides.

4.2 Critical temperature and upper critical fields
in Fe/BaFe;As, heterostructures The fabrication of
a doping series (z = 0 - 0.2) of Ba(Fe;_,Co,)2Asy on
Fe-buffered MgO(100) substrates indicated the interplay
between stoichiometry, magnetism and strain.[89] The in-
troduction of an Fe buffer revealed deviations from the
electronic phase diagram compared to bulk samples or thin
films grown without Fe buffer that asked for an explanation
(Fig. 7).

Dopant inhomogeneities and As deficiency (As vacan-
cies) were discussed as possible primary sources for
the deviations in T,(x), and we have provided possible
scenarios for the underdoped and the overdoped films.
In nominally overdoped films, AES investigations have
confirmed a concentration gradient of Co within in the
Fe/Ba(Fe; _,Co,)2Ass bilayers. Co diffuses into the Fe
buffer layer, an effect that occurs stronger with higher
deposition temperatures and increased Co content. As a
result, the superconducting layer is inhomogeneous in
Co-doping and, therefore, inhomogeneous in its supercon-
ducting properties. Naturally, a layer with maximum 7
occurs that drives the overall T, to higher temperatures.
Therefore, deviations from the known electronic phase di-
agram on the overdoped branch with the higher 7, values
can be explained easily by the inhomogeneous Co concen-
tration.

The anomalous high critical temperature for underdoped
Fe/Ba(Fe;_,Co,)2Ass thin films are of different origin. In
addition, they cannot entirely be explained by the c-axis
lattice variation or by an unquantified strain argument. A
possible explanation was given by the first author, that the
increase in critical temperature in the underdoped regime
is possibly explained by a perturbation of the spin density
wave (SDW) state, for example, due to impurity scatter-
ing. As-deficiency may play a role in this scenario, but
in general, thin films grown by PLD can be regarded as
more disordered. In perturbing the spin-density wave state
in the underdoped regime an increased density of states
at the Fermi level is provided which gives rise to higher
superconducting critical temperatures.[93]

The slopes of the upper critical fields poHe2 o for
Fe/Ba(Fe;_,Co,)2Asy bilayers increase linearly with
increasing Co-doping, whereas the slopes of the upper
critical fields pioH 2 . decrease slightly with increasing
Co-doping (Fig. 8a). For single band superconductors the
slopes —dHz2 ./dT are proportional to T,/ < v%ﬂ >
and —dH 2 qp/dT < T./(< v%ﬁa >< U%,C >)1/2. Then,
division of —dH2 45/dT by —dH_o,./dT (the anisotropy
of the H,-slopes), v*, provides direct access to the elec-
tronic anisotropy (under the assumption of an isotropic
superconducting gap again) and reduces to y

(V) x <vp, >/ <vp.>=7% )
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Figure 7 Modified electronic phase diagram for

Fe/Ba(Fe1_,Coz)2As2 bilayers (Ref. [89]). The supercon-
ducting dome for the bilayers (indicated by red dashed line) is
increased compared to the superconducting dome in single crys-
tals, bulks (Refs. [90-92]) and thin films of Ba(Fe;_;Co;)2As2
grown on (La,Sr)(Al,Ta)O3 substrates (Ref.[61]) (light blue
area).

with vg, and vp . the corresponding Fermi velocities in-
plane (|| ab) and out-of-plane (|| ¢).

In a two-band superconductor, however, the expressions
for H.o or dH.o/dT are not so trivial anymore. Both, 7
and ~* are then functions of all < v%,, >; and < v%,, >
(i = 1, 2) and depend not only on the electronic anisotropy
but also on the interband coupling strength. Consequently,
the expression for 7y is modified. Because these expressions
are not available we will consider the limit of 7" — T, here,
where 7 = v* and focus on the dependence on the doping
content.

Fig.8b indicates an increase of «* with increasing Co-
content. A similar trend can be estimated from v measured
in single crystals of Ba(Fe;_,Co,)2As, with different Co-
doping level.[94] The anisotropy for underdoped films is
slightly higher compared to bulk samples, that may be at-
tributed to a larger impurity scattering and, therefore, to
slightly higher critical temperatures, 7;..[94] Another in-
teresting fact was pointed out by Tanatar et al.[97] who
argued an overall increase in the electronic anisotropy ~*
for non-relaxed z-positions of As ions in the unit cell.
Therefore, not only Co-doping but also disorder in the As-
sublattice has a non-negligible influence on the anisotropy
as well.

A spin density state in underdoped samples impurity scat-
tering can counterintuitively lead to an increase in 7,. Al-
though this is only a vague comparison, it may serve as a
qualitative explanation. A recent study on Ni substituted
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BaFe,As, single crystals emphasizes that the anisotropy is
regulated by the interplay between impurity scattering and
the evolution of Fermi surface topology.[98] However, in
order to obtain a final conclusive picture and to rule out
other mechanisms more detailed studies are necessary.

ConclusionsTo summarize, the growth of iron pnic-

tide thin films today is mostly experienced with Co- and P-
doped BaFe,;As,. We have briefly reviewed the historical
development. In the last years progress was made step-by-
step in a better control of film growth and the improvement
of superconducting properties, especially the critical cur-
rent densities.
The availability of iron pnictide thin films allowed also a
number of interesting and fundamental studies on the su-
perconducting state. We have presented some of the thin
film studies in general and selected topics that are cur-
rently of interest in iron pnictide research: the discussion
of film growth and material aspects for possible supercon-
ducting applications, the upper critical field of oxypnictide
thin films, and, finally, we have proposed a scenario how
the electronic phase diagram is modified in heterostruc-
tures and commented the change in anisotropy with doping
content.
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