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Abstract We perform oxygen doping experiments in the
CaFeAsF and CaFe( ggCog.12AsF compounds. In the parent
compound CaFeAsF, partial replacement of F by O leads to
an increase of resistivity and a weakening of spin-density
wave transition, indicating that the out-of-plane disorder
strongly affects the electronic and magnetic properties of the
system. In the CaFe( ggCog 12 AsF1_, O, system, the doping
of oxygen leads to the suppression of superconductivity, re-
flecting the importance of Ca-F layer disorder in this sys-
tem.

Keywords CaFeAsF - Spin-density wave transition -
Electron spin resonance

1 Introduction

The recent discovery of superconductivity at 7.’s up to 56
K in iron pnictide systems [1-4] has sparked enormous in-
terest in this class of materials. The ground state of iron
pnictide systems has been revealed to be bad metal. With
the doping of charge carriers, the ground state of FeAs
compounds evolves from a spin-density-wave (SDW) state
to a superconducting state [5]. In the REFeAsO (RE, rare
earth elements) systems, superconductivity can be achieved
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by either Fe-site doping or O-site doping, i.e., partial sub-
stitution of Fe by Co (Ni) or substitution of O by F. Be-
sides the REFeAsO-based superconductors, it is interesting
to discover another CrCuSiAs-type superconductors, i.e.,
CaFeAsF-based superconductors, which contain no oxygen
atoms [6]. The parent compounds, REFeAsO and CaFeAsF,
are both bad metals exhibiting spin-density wave transition
below 150 K. Superconductivity emerges upon charge car-
rier doping, while SDW transition is suppressed in the su-
perconducting regime [7, 8].

Both the REFeAsO system and the CaFeAsF system have
a layered structure, where the conducting Fe; As; layers are
isolated from the charge reservoir layers so that the doped
carriers (holes or electrons) can move within the conducting
layers. In both systems, superconductivity can be achieved
by partial substitution of Fe by Co or Ni. Since the super-
conductivity in the REFeAsO systems can be achieved by
partial substitution of O by F, it is interesting to explore
whether or not the superconductivity in the CaFeAsF sys-
tem can be induced by partial substitution of F by O. In this
work we perform oxygen-doping experiments on both the
parent compound CaFeAsF and the Co-doped superconduc-
tor CaFeq ggCog.12AsF. The lattice structure, transport and
magnetic properties, as well as the optical response of the
O-doped systems are explored.

2 Experimental Detail

The polycrystalline samples with nominal composition
CaFeAsF_, O, and CaFe( ggCoq.12AsF_,O, (x =0, 0.05,
0.1, 0.2) were prepared by conventional solid-state reac-
tion method using high-purity CazAs;, Fe3Asy, CozAs),
CaF, (powder, 99.999%, Alfa-Aesar) and CaO (powder,
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99.95%, Alfa-Aesar) as starting materials. Ca3As, was syn-
thesized by heating Ca (granules, redistilled, 99.5%, Alfa-
Aesar) with As (powder, 99.99%, metal basis, Alfa-Aesar)
at 600 °C for 10 hours in an evacuated silica tube. Fe3As;
and Co3 Asy were prepared from powders of mixed elements
at 750 °C for 6 hours. The raw materials were thoroughly
ground and pressed into pellets. The pellets were wrapped
up by Ta foil and sealed in an evacuated quartz tube. They
were preheated at 1000 °C for 10 hours and cooled down
slowly to room temperature. The pellets were ground again
and pressed into pellets and heated at 1000 °C for 12 hours.

X-ray diffraction (XRD) was carried out by a Rigaku-
D/max-gA diffractometer using high-intensity CuK « radi-
ation to screen for the presence of an impurity phase and
the changes in structure. The lattice parameters were de-
termined from the d-value of XRD peaks by a standard
least-squares refinement method. The measurements of in-
frared (IR) transmission spectra (Nicolet 700) were carried
out at room temperature with powder samples in which
KBr was used as a carrier. The resistivity was measured
using a standard four-probe method in a closed-cycle he-
lium cryostat. The magnetic susceptibility of the samples
was determined by a SQUID magnetometer (Quantum De-
sign, MPMS). The applied magnetic field was 10 Oe with
both zero-field-cooling and field-cooling. The electron para-
magnetic resonance (EPR) measurements were performed at
9.46 GHz using a Bruker ER-200D spectrometer.

3 Results and Discussion

Figure 1 shows the X-ray diffraction patterns of the
CaFeAsF|_,0O, and CaFeg3Cog 12AsFi_,O, samples.
The powder XRD results reveal the formation of nearly
single-phase products for samples with 0 < x < 0.2. The
minor impurity peaks, which reflect very small amount of
un-reacted impurities, such as CaF, and Fe,As, are marked
in Fig. 1. The index of diffraction peaks has been marked
to be tetragonal [9]. It is apparent that there is no macro-
scopic structure phase transition with increasing O-doping
content. In order to investigate in detail the effect of O dop-
ing in the crystal lattice, we calculate the lattice parameters
of the samples. The calculated values of the a and c axes are
listed in Table 1. In both systems, it is found that the dop-
ing of O hardly affects the a-axis lattice parameter, while

the c-axis lattice parameter exhibits an apparent expansion
with increasing O doping. The expansion of c-axis lattice
parameter seems to be linked with the larger ion radius of O
comparing to that of F.

In order to explore further the doping effects of 0>,
the phonon vibration modes of the samples have been in-
vestigated by means of infrared absorption measurements,
because the optical vibration modes are effective to reflect
the change of lattice parameters and conductive proper-
ties. Early theoretical calculations of the optical phonon
modes of the LaFeAsO system have revealed that the
optical phonon dispersions can be divided into two re-
gions [10]. Below ~300 cm™! the dispersions are dom-
inated by metal and As modes of mixed character, while
the modes above ~300 cm™! are strongly O-derived. In the
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Fig. 1 Powder X-ray-diffraction patterns of polycrystalline samples
CaFeAsF|_,O, and CaFe g3Cog.12AsF;_ Oy

Table 1 The unit cell

parameters of the CaFeAsF;_, 0, a(A) c(A) CaFe.83Co,12AsF| Oy a(d) c(A)

CaFeAsF;_,O, and

CaFe( 33Coq.12AsF|_ Oy x=0 3.89502 8.50062 x=0 3.8898 8.46351

samples x =0.05 3.89526 8.50602 x =0.05 3.88926 8.47354
x=0.1 3.89506 8.51185 x=0.1 3.88998 8.48062
x=0.2 3.89512 8.53233 x=0.2 3.88981 8.48833
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Fig. 2 The infrared transmission spectra of the CaFeAsF;_,O, and
CaFe( 83Cog.12AsF1_x Oy samples

CaFeAsF system, we consider that the F-derived phonon
modes also lie above 300 cm™!, and the doping of oxy-
gen mainly affects these phonon modes. Figure 2 shows the
mid-infrared absorption spectra of the CaFeAsF;_,O, and
CaFe(.83Cog.12AsF1—x O, samples. We find a predominate
peak locating at about 415 cm~!. We compare the mid-
infrared spectra of the CaFeAsF system with that of the
REFeAsO systems. In the REFeAsO systems, the E; oxy-
gen mode is predicted to be at 434 cm™! for RE = La [11],
at 503 cm~! for RE = Sm [12], at 450 cm~! for RE = Ce
[13], and at 485 cm™! for RE = Nd [14]. Compared to these
results, the absorption peak observed at around 415 cm™!
in CaFe1_xCo,AsF system is assigned to the E, fluorine
mode, which involves the optical phonon along the c-axis.
With increasing O doping, the infrared absorption peak
at around 415 cm™! slightly shifts to higher frequency in
both the CaFeAsF;_, O, and the CaFe( ggCop 120AsF;_; Oy
systems. We consider that the locations of infrared active
modes in a crystal are determined by two factors: the bond
strength (or bond length) of the mode involved and the ionic
masses. In the present case, there is a competition between
these two factors. Since the lattice parameter along c-axis
expands with increasing O-doping content, the infrared peak
would shift to lower frequency. However, as the ionic mass

of O is lighter than that of F, the phonon peak should thus
shift to higher frequency. In the CaFeAsF;_,O, and the
CaFe(.38Cop.12AsF1_y O, systems, the competition of the
two factors results in a net shift toward higher frequency.
The gradual shift of the E; mode with increasing oxygen
doping confirms that part of the fluorine site is substantially
replaced by oxygen.

The transport and magnetic properties of the
CaFe;_,Co,AsF superconducting compounds have previ-
ously been studied by several groups [6, 15, 16]. The present
results on these samples in general agree with previous re-
ports. For example, the temperature dependence of resis-
tivity and magnetic susceptibility of the CaFe;_,Co,AsF
(x =0, 0.12) are shown in Figs. 3 and 4, respectively. For
the undoped CaFeAsF, the magnetic susceptibility exhibits
a decrease with decreasing temperature at high temperature,
indicating a non-paramagnetic character. In order to learn
the magnetic state at this stage, we perform the magnetic
field dependence of magnetization (M—H curve) measure-
ment at 300 K, the result of which is shown in the inset of
Fig. 4(a). It is clear that there is a coexistence of ferromag-
netic and paramagnetic signals at 300 K. This fact indeed in-
dicates that superconductivity occurs in a parent compound
of ferromagnetic background. With decreasing temperature,
the magnetic order in the form of SDW sets in at about 110 K
in the parent compound CaFeAsF. The SDW transition leads
to a decrease in magnetic susceptibility and a sharp decrease
in resistivity. In the optimally doped CaFeg ggCoq.12ASF,
the SDW order is completely suppressed. Interestingly, we
find that in the CaFe( ggCoq.12AsF sample, there exhibits a
metal-insulating transition at around 120 K, where a weak
increase of magnetic susceptibility occurs. So far no one has
explained this Co-induced metal-insulating transition in this
system.

In order to learn the magnetic states of the
CaFe|_,Co,AsF samples in detail, we perform electron
spin resonance (ESR) measurements on these samples be-
tween 1.9 K and 300 K, the results of which are shown in
Fig. 5. The benefit of ESR is that it can give us dynamic
magnetic information about the local moment. At 300 K, we
notice that there is a weak paramagnetic signal locating at
about 3380 Oe in CaFeAsF sample (see Fig. 5(a)). Besides
the paramagnetic signal, one can clearly see that there is a
broad peak which is below the paramagnetic resonance field
(~3380 Oe in present instrument). Compared with the M—
H curve in Fig. 4(a), this broad peak seems to be originated
from the ferromagnetic signal. It is found that this peak
almost disappears at low temperature, which is consistent
with the occurrence of the SDW transition. This fact gives
us solid evidence that the ferromagnetic signal presented in
the CaFeAsF system is not originated from magnetic im-
purities. That is, the existence of ferromagnetic signal is an
intrinsic behavior. For the CaFegggCog.12AsF|_,Oy sam-
ple, the ESR spectra shown in Fig. 5(b) exhibit complicated
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behaviors. The ESR spectrum taken at 300 K is shown in
the inset, which is quite similar to that of CaFeAsF parent
compound. With decreasing temperature, the paramagnetic
signal strengthens. The resonance signal exhibits very com-
plicated hyperfine structure below ~120 K, which is con-
sistent with the metal-insulating transition (and the weak
increase of magnetic susceptibility) in this sample. This fact
gives us another important clue that the increase of magnetic
susceptibility at about 120 K is not originated from a small
amount of ferromagnetic impurity such as FeAs:Co as pre-
viously supposed [6]. This complicated hyperfine structure
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indicates magnetic inhomogeneities and phase separations
in Co-doped samples. This result also supports the insular
superconductivity concluded from muon spin rotation mea-
surements [17]. Cobalt doping in this system induces strong
randomness across the phase boundaries. The overlap be-
tween different regimes would be very important in deter-
mining the transport and magnetic behaviors in this system.
It is reasonable to conclude that the electron hopping inter-
action constant (via the overlap) between the Fe 3d electrons
and the As 3p electrons is different from the hopping con-
stant between the Co 3d electrons and As electrons. Thus
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the energy gap for the Fe—As regions is different from that
for the Co—As regions. This difference would induce a net
energy gap in the CaFe|_,Co, AsF system, which might be
the reason for the Co-induced metal-insulating transition at
around 120 K.

Figures 3 and 4 give the temperature dependences of re-
sistivity and magnetic susceptibility of the CaFeAsF;_, Oy
and CaFe( 8gCog.12AsF1_xO, samples. The temperature
dependence of resistivity of the parent compound CaFeAsF
exhibits poor metallic behavior at high temperature, fol-
lowed by a sharp decrease at 110 K, which is linked to the
SDW anomaly [7, 8]. In the CaFeAsF|_,O, samples, it is
interesting to find that the SDW anomaly appears in the re-
sistivity curves for all samples. The SDW transitions are also
indicated in the x—T curves for all samples. This is in sharp
contrast to that in REFeAsO_,F,, where the SDW transi-
tion is severely suppressed with several percent of F dop-
ing [1-4]. In the REFeAsO;_,F, system, it is believed that
the REO(F) layers are the charge reservoir layers. With the
substitution of O by F, electron-type charge carriers are in-
troduced into the compound. The charge carriers are even-
tually transferred from the charge reservoir layers into the
FeAs conduction layers due to the coupling between these
layers. The SDW transition is depressed due to the strong
mobility of the charge carriers. In the CaFeAsF_,O, sys-
tem, it is natural to believe that the substitution of F by O in
CaFeAsF_,0O, would introduce hole-type charge carriers.
However, it is quite strange that the introduced hole carriers
do not lead to the suppression of SDW transition. We con-
clude that the only way to explain this behavior is to assume
that the carriers induced by O doping are not transferred into

the Fey As, layers in the CaFeAsF_, O, system. This con-
clusion is supported by the increased resistivity with increas-
ing O-doping concentration.

It is interesting to explore further why the introduced
hole carriers are not transferred into the FeyAsy conduc-
tion layers in the CaFeAsF|_,O, system. In order to clar-
ify this puzzle, we check the c-axis lattice parameters of the
CaFe;_,Co, AsF superconductors where the electron carri-
ers are introduced into the Fe; As, conduction layers. The c-
axis lattice parameter shortens monotonously with increas-
ing Co-doping concentration [18]. We also check the c-axis
lattice parameters of some other iron pnictide superconduc-
tors such as REFeAsOi_,F, [19, 20], REFe{_,Co,AsO
[21], BaFey_Ni,Asy [22], etc. It is found that in these su-
perconducting systems, the introduction of charge carriers
into the Fe—As conduction layers all results in a shortening
of the c-axis lattice parameter. Thus it seems that the trans-
fer of charge carriers from the charge reservoir layer into
the Fe—As conduction layer generally leads to a shortened
c-axis parameter. In order words, a shortened c-axis lattice
distance favors the charge transfer. In the CaFeAsF_, O,
system, the calculated c-axis lattice parameter slightly in-
creases with increasing O-doping content, which is unfavor-
able to the charge transfer.

In the CaFe g3Coq.12AsF1_, Oy system, the substitution
of F by O leads to an increase of resistivity, similar to that
in the CaFeAsF;_,0O, system. We also notice that partial
substitution of F by O leads to the suppression of supercon-
ductivity. The superconducting transition temperature, 7,
deceases monotonously with increasing O content. Accord-
ing to the conclusion taken from the CaFeAsF|_,O, case,
the O doping does not lead to any charge transfer from the
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Ca-F(O) layer to the Fe—As layer. The suppression of su-
perconductivity seems not to originate from the decrease of
charge carrier concentration. As O~ ions are not magnetic
ions, the suppression of superconductivity does not come
from the well-known magnetic pair-breaking effects [23].
We consider the O doping introduces out-of-plane disorder
in the system. This type of disorder works as weak scat-
terers in contrast to the strong randomness induced by in-
plane Co doping [17], but remarkably reduces 7., suggest-
ing novel effects of disorder on the superconductivity. The
effects of out-of-plane disorder on 7, in oxypnictide super-
conductor REFeAsO;_,F, (RE = Nd, Ce-Gd, and La-Dy)
have also been suggested by using extended X-ray absorp-
tion fine structure measurements [24]. We also notice that in
cuprate superconducting systems such as BipSr,CuOg and
Lay_, SryCuQOy, similar effects of out-of-plane disorder on
T. have been revealed [25]. All these experimental results
suggest that the out-of-plane disorder works as weak scat-
terers, but remarkably reduces T, reflecting novel effects of
disorder on both oxypnictide and cuprate superconductors.

4 Conclusions

In summary, detailed lattice parameters, infrared-active op-
tical response, transport and magnetic properties, and elec-
tron spin resonance studies have been performed on the pure
and oxygen-doped CaFe|_,Co, AsF system. It is found that
the oxygen doping does not lead to the charge transfer from
the CaF(O) charge reservoir layers into the FeAs conduction
layers, due to the slight increase of c-axis lattice parameter.
In the CaFe( ggCoq.12AsF superconductor, the substitution
of F by O leads to a rapid suppression of superconductivity.
We consider besides the charge carrier density, out-of-plane
disorder induced by doping in the Ca-F layer plays an im-
portant role in the superconductivity.
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