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Electronic structures of electron- and hole-doped BaFezAss and non-doped SrFezAss have been
studied systematically by x-ray emission spectroscopy at Fe and As K-absorption edges. The
electron- and hole-doping causes slight increase of the integrated absolute difference (IAD) values of
the Fe K3 x-ray emission spectra which correlate to the local magnetic moment. Pressure decreases
the TAD values and local magnetic moment, and induces the lower-spin states in these compounds.
The pre-edge peak intensity of the XAS spectra at the Fe K-absorption edge increases with pressure
in both compounds. This indicates an increase of the Fe 3d-As 4p hybridization. It was found that
pressure induced a discontinuous increase of the pre-peak intensity of the PFY-XAS spectra at the
As K-absorption edge at low pressures in the BaFes Ass systems. Our results may suggest that the
Fe 3d-As 4p hybridization plays a key role in suppressing the AFM order by the doping or pressure
and fluctuation of the local magnetic moment and the electron-electron correlation may also play a

role on the physical properties of the iron superconductors.

I. INTRODUCTION

High-temperature superconductivity in F-doped
LaFeAsO was found in 2008 (Ref. 1) and many iron-
based superconductors with different crystal structures
have been synthesized?3. Most iron-superconductor
families have FeAs or FeSe planes as the common
layers, which correlate to the superconductivity. The
Fe-As-Fe angle or pnictogen height is an important
parameter crystallographically. It correlates to the
superconducting transition temperature (7.).*7 Al
though superconductivity and magnetism had been
considered to compete against each other, non BCS-type
high-T,. superconductors show a close relation between
magnetism and superconductivity. = Theoretically it
is suggested that the pairing interaction is mediated
by exchange of the antiferromagnetic (AFM) spin
fluctuations, where the pairing is due to the hopping of
electrons between the electron and hole pockets, or by
the orbital fluctuations.?8:9

Thus in iron-based superconductors AFM correlation
is one of the most important concerns because the region
of the AFM order often merges into the superconducting
dome in the phase diagram. It is known that in the non-
doped parent compounds the ordered magnetic moment
is much smaller than the local moment. This suggests
that the local magnetic moment strongly fluctuates and
the residual moment remains ordered.'® Therefore the

magnetic fluctuation may play an important role on the
physical properties of the iron superconductors. Recent
theoretical calculations using a spin-fermion model with
ferromagnetic Hund’s coupling showed that the itinerant
carriers with well-nested Fermi surfaces were found to in-
duce a spatial and temporal quantum fluctuation, leading
to the observed small ordered moment.'® The underlying
mechanism was an intrapocket nesting-associated long-
range coupling rather than the ferromagnetic double-
exchange effect.

The ternary 122-type AFesAss (A = Eu, Ca, Sr,
and Ba) compounds exhibit a temperature-induced
tetragonal-to-orthorhombic structural transition strongly
coupled with a paramagnetic-to-antiferromagnetic tran-
sition with decreasing temperature.  AFesAss does
not show superconductivity at ambient pressure. In
BaFes Ass electron doping, hole doping, and pressure sup-
press the AFM order and induce superconductivity. The
pressure-induced structural transition from the tetrago-
nal (T) to the collapsed tetragonal (cT) phase is a uni-
versal characteristic of AFesAs, compounds.''17 Some
theoretical studies focused mainly on the interlayer As-
As distance under pressure.!® 20 It was suggested that
the spin-state of Fe is one of the key parameters that
controls As-As bonding and, consequently, the lattice pa-
rameters.' In BaFesAss a small amount of the electron-
doping of Co atoms to the Fe sites does not change the
lattice parameters much.?! However, the hole-doping of



K atoms to the Ba sites causes the lattice parameter of
a decrease and that of ¢ increase monotonically.?%23 In
BaFegAss the As-Fe-As bond angle is about 111° which
is larger than the ideal tetrahedral bond angle of 109.47°.
The ideal tetrahedral bond angle corresponds to the K-
doping content of x = 0.3-0.5 in Ba;_, K, FesAss, where
high T, was observed. The pressure-temperature phase
diagram of BaFesAsy has been studied by x-ray diffrac-
tion and synchrotron Méssbauer spectroscopy (SRS) un-
der pressure.2 The results suggested that Fet? exhibits
mesoscopic spin moments right before the structural
transition decreases in temperature and the local mo-
ments involving the fluctuation although the nematic
phase was not detectable due to the problem of the time
scale of SRS. Interaction of the electron spins, thus, plays
a role in the origin of superconductivity in pnictides.
However, the spin states of the doped systems of AFesAss
have still not been explored systematically.

An x-ray absorption spectroscopy (XAS) study was
performed at the Fe-K edge for the hole-doped system
of Ba(Fe;_,Co,)2As2.25 The XAS spectra did not show
a remarkable change through the temperature-induced
phase transitions, but pressure lead to slight energy shift
of the main edge not the pre-edge. However, XAS at the
As K edge showed the strong sensitivity of the As elec-
tronic structure upon electron doping with Co or pres-
sure change in BaFe;Asy at room temperature.?6 These
results indicated the prominent role of the As-4p orbitals
in the electronic properties of the Fe pnictide supercon-
ductors. These studies motivate us to perform a sys-
tematic x-ray spectroscopy study by extending the sys-
tems to not only the hole-doped BaFesAssy, but also the
electron-doped BaFesAss and SrFesAss at the Fe and
As K-absorption edges. A systematic study of the elec-
tronic structures of the doped BaFesAss and SrFesAss
has been reported by XAS at Lg 3 absorption edge.?”28
Although the shift in the energy position of the L3-edge
observed maximum peak, the study indicated that the
doping plays a lesser role for pnictide superconductivity
and magnetism. We note that the XAS study at the Fe
and As K absorption edges was advantageous because
we now know the spin state and the d-p hybridization,
respectively.

A pressure-temperature phase diagram of the crystal
structure of SrFeyAss is similar to that of BaFeyAsg.29:30
The detailed XRD study indicated that the paramag-
netic to antiferromagnetic and tetragonal to orthorhom-
bic structural transitions were coupled at 205 K at ambi-
ent pressure, and two transitions were concurrently sup-
pressed to much lower temperatures near a quantum crit-
ical pressure of approximately 4.8 GPa where the anti-
ferromagnetic state transforms into bulk superconduct-
ing state.3! This suggested that both the lattice distor-
tions and magnetism strongly correlated to the appear-
ance of the superconductivity under pressure. The T —
cT structural transition was observed around 10 GPa at
room temperature.'®3? The nuclear resonant inelastic x-
ray scattering showed that the partial density of states of

SrFe; Ass changed dramatically at approximately 8 GPa.
This could be associated with the T — ¢T isostructural
transition.3?

In BaFeyAss and SrFesAsy, no superconductivity has
been observed; however, the chemical substitution or
pressure induced the superconductivity. The electronic
structure including the spin state as well as the crys-
tal structure may play an important role in the emer-
gence of superconductivity. In this paper we report
a systematic study of the chemical composition depen-
dence of the electronic structures and spin states of
electron- and hole-doped BaFeyAss: Baj_ K, FesAsy
and Ba(Fe;_,Coy)2Ass. Pressure could tune supercon-
ducting states without introducing local disorder in com-
parison to chemical doping. We also study pressure-
induced change in the electronic structure of BaFesAs,y
and SrFegAss. We employ the Fe and As K3 x-ray emis-
sion spectroscopy (XES) as a bulk-sensitive probe of the
electronic structure. The XES method allows us to study
the electronic structure under pressure, where the photo-
electron spectroscopy cannot be applicable. It is known
that the Fe K8 spectrum consists of two components of
a strong K31 3 component and a weak satellite of K3/
component, corresponding to mainly low-spin and high-
spin state, respectively.333* Change in the intensity of
the Fe K[ spectra, so called integrated absolute differ-
ence (IAD) value, is a measure of spin state as well as
the magnetic moment.?3%37 The x-ray absorption spec-
tra with partial fluorescence yield mode (PFY-XAS)38 40
were also measured. The pre-edge, pre-peak, and shoul-
der structures at the absorption edge of the PFY-XAS
spectra reflect the hybridization strength of Fe 3d and
As 4p. In Fe-based superconductors it has been consid-
ered that Fe d electrons play an important role through
the orbital fluctuations for the emergence of the super-
conductivity. We emphasize that it is an advantage that
we could know the electronic state of Fe d electrons from
the pre-edge peak of the XAS spectra at the Fe-K ab-
sorption edge.

II. EXPERIMENTS AND METHODS

High-quality single crystals and poly crystals of
Bay_,K,FesAso, Ba(Fei_,Coy)aAse, and SrFesAsy were
prepared. The results of the XRD in Figs. 2(d) and 2(e)
and the PFY-XAS spectra in Figs. 6-8 at the As K-
absorption edge were the data for the poly crystals and
the other results were for the single crystals. Polycrys-
talline samples of Baj_,K,FesAss were annealed 24 or
48 hours at 790-850°C and those of Ba(Fe;_,Coy)2Ass
were annealed at 880-900°C. X-ray diffraction study was
performed for the polycrystalline samples of the Bal22
systems using a laboratory x-ray source. The SrFesAsg
single crystals were grown using the self-flux method.*!

Measurements of the PFY-XAS and XES were per-
formed at the Taiwan beamline BL12XU, SPring-84%43
and at 16-ID-D beamline of the APS, ANL. At BL12XU



of the SPring-8 the undulator beam was monochrom-
atized by a cryogenically-cooled double crystal Si(111)
monochromator. A Johann-type spectrometer equipped
with spherically bent analyzer crystals (radius of ~1 m)
of Si(531) for Fe K emission and Si(844) for As Kf
emission. A Si solid state detector (Amptech) was used
to analyze the Fe emission of the 3p — 1s de-excitation
at the Fe and As K-absorption edges. We used the Kf
emission of As, instead to use of the K« emission,?% be-
cause the As 3p electrons may be more correlative to the
outer shell electrons compared to the 2p electrons. At the
emitted photon energy of 7.6 keV the overall energy res-
olution was estimated to be 0.9 eV. Here, it is noted that
one can discuss the relative change in the energy on the
order of 0.1 eV which is one order of magnitude as small
as the energy spread of the analyzer. The intensities of
the measured spectra were normalized using the incident
beam that was monitored just before the sample.

For the high-pressure experiments in the x-ray emis-
sion spectroscopy at SPring-8 the x-ray beam was fo-
cused to 20-30 (horizontal) x 30-40 (vertical) ym? at the
sample position using a toroidal and a Kirkpatrick-Baez
mirror. High-pressure conditions were achieved at room
temperature using a diamond anvil cell coupled with a
gas-membrane. A Be-gasket 3 mm in diameter and ap-
proximately 100 pym thick was pre-indented to approxi-
mately 35-40 pm thickness around the center. The di-
ameter of the sample chamber in the gasket was approxi-
mately 100-120 pgm and the diamond anvil culet size was
300 pm. Pressure-medium of Daphne oil was used for the
DAC. We used the Be gasket in-plane geometry with a
scattering angle of 90°, where both incoming and outgo-
ing x-ray beams passed through the Be gasket. Pressure
was monitored by the ruby fluorescence method.** 46 We
performed high-pressure experiments to find the pressure
range where superconductivity appears and further pres-
sure beyond.

Measurements of the PFY-XAS at the Fe K-
absorption edge and Fe-K 3 XES for SrFesAsy were per-
formed at 16-ID-D, APS. An incident x-ray beam with
a beam size of 30 (vertical) x 50 (horizontal) ym? in
diameter (FWHM) was used for the experiments. The
incident x-ray was focused onto the sample through one
of the diamond anvils, and the Fe K emission spectra
were collected by a silicon detector through the Be gasket
and a Si(444) analyzer in the 1-m Rowland circle verti-
cal geometry with a step size equivalent to about 0.3 eV.
We used a 4-inch Si (333) analyzer to measure the PFY-
XAS spectra at Fe Ko peak. Pressure-medium of Ne
was used for the DAC.

The IAD analysis of the K 3 XES spectra is performed
in the following way: (i) match the center of mass be-
tween the sample and reference spectra exactly, (ii) take
the difference between them, and (iii) integrate the abso-
lute value of the difference. The intensity is normalized
by the area of the K spectrum. The error of the TAD
values and the pre-edge peak intensity mainly comes from
the statistics of the total counts and fit errors. We in-
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FIG. 1. (Color online). (a) A phase diagram of

Ba(Fe;—,Coy)2As2 and Bai_.K,FesAsy with the points
where the XES and XAS measurements around the Fe K-
absorption edges.?"'?? (b) The same phase diagram as (a) with
the measured points at the As K-absorption edge. (¢) A P-T
phase diagram of SrFesAss with the measured points around
the Fe K-absorption edge.3:3!

creased statistics, especially for the K /3 emission spectra
because of the small change in the intensity.

Figure 1 shows the phase diagrams of BaFesAsy and
SrFesAss with the points measured. In the doped
BaFesAss we study the doping, chemical composition,
and pressure dependences of the electronic structure. In
SrFe; Ass pressure dependence of the electronic structure
at 17 and 300 K were measured.

III. RESULTS
A. BaFe>Ass
1. Fe K XES

Chemical composition dependence of the K3 XES
spectra of Ba(Fe;_,Co,)2Ass and Bai_,K,FesAsy at 12
K is shown in Fig. 2(a) with a reference spectrum of Fe-
CrAs; the change in the spectra seems to be small. While
in BaFeyAsy pressure changes the spectra slightly at low
temperatures as shown in Fig. 2(b). Chemical composi-
tion dependence of the IAD values are estimated for a



a b
5 T ( I) T T 5 T T (\ ) T T ]
E Fe KB4 BaFe,As, Fe KBys |
7 412K 1 4F—o0GPa 21K ]
S [ —x055 —3GPa, 28K ]
o 3L —x=y=0 1 3C 1
s 0.12 ]
[ —y=0.
2 20 016 1 2f ]
& [ —y=020
kS n FeCrAs 1 4t A
0L corurifll PPN U B 0 1 1 I ]
7020 7040 7060 7080 7020 7040 7060 7080
Emitted photon energy (eV) Incident photon energy (eV)
Ba(Fe,,Co,),As, (C) Bay K FesAs,
electron dope hole dope
'|H'|H'|H'|H'“'\"'\"'150
@
2 100
> <
= <
s -
a 50
<
14.0
113.6
2390 =z
© 132 ©
12.8
oo T L B B
0.305 ¢« ° o « e _i
0295 £ T o E
o E
® E ° E
0.285 | ]
0A275H.|H\Hm.m..‘.m.\.‘n"
20 16 12 08 04 0 04 08 12
10y X
FIG. 2. (Color online). (a) Kp x-ray emission spectra

of Ba(Fei—yCoy)2As2 and Bai_,K,;Fe2sAsy with a reference
spectrum of FeCrAs. (b) Those of BaFezAsy at 0 and 3 GPa.
(c) The IAD values (left vertical axis) of Ba(Fei—,Coy)2As2
and Baj_;K;FesAse with the phase diagram. Closed cir-
cle and closed square correspond to the measurement at 0
and 3 GPa, respectively. Note that the horizontal scale of
y is multiplied by a factor of 10. (d) The lattice constants
of Ba(Fe1—,Coy)2As2 and Baj_,K,FeaAsy, where closed and
open symbols correspond to the data taken in these experi-
ments and from the literatures, respectively.?""?* (e) The ratio
of the lattice constants a to ¢, where closed and open symbols
are present and previous data, respectively.

reference spectrum of FeCrAs, which is known to have a
low-spin state without magnetic moment,3® as shown in
Fig. 2(c). Additionally, we show the chemical composi-
tion dependence of the lattice constants measured for the
sample here (closed symbols) with the data taken from
the literatures (open symbols)?1:2% in Fig. 2(d). The ra-
tio of the lattice constants a to ¢ is plotted in Fig. 2(e).
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FIG. 3. (Color online). Temperature dependence of the XES
spectra of (a) BaFeaAsy at 0 GPa, (b) BaFezAss at 3 GPa, (c)
Ba(Fe()‘QQCO()‘OS)QASQ at 0 GPa, and (d) Bag.u5Ko.55Fea Aso at
0 GPa with the difference for a reference spectrum of FeCrAs
(lower panels in each figure). Temperature dependence of the
IAD values are shown in (e).

Present data of the lattice constants and the ratio show
good agreement with the previous data. The ratio seems
not to show anomalous features. It is noted that the
change in the lattice constant in the Co substitution is
very small, Aa ~ 0.002 A, Ac ~ 0.06 A, while in the K
substitution Aa ~ 0.115 A, Ac ~ 0.8 A in the measured
substitution range. Both the electron- and hole-doping
to BaFeyAsy show a trend of increase the IAD values.

Temperature dependence of the KB XES spec-
tra of BaFesAs, at 0 GPa, BaFesAs, at 3 GPa,
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FIG. 4. (Color online). (a) Chemical composition depen-
dence of the PFY-XAS spectra at 12 K and 0 GPa. (b)
PFY-XAS spectra of BaFeaAss at 0 and 3 GPa and those
of Ba(Feo,QQCOO,()g)zASQ at 0 GPa and Bag.45Ko.55FeaAss at
0 GPa. (c) A fit example of the PFY-XAS spectrum of
BaFesAsy at 12 K. (d) Chemical composition dependences
of the pre-edge peak intensity and the intensity ratio of P1 to
P2. A schematic figure of two superconducting and AFM re-
gions are also shown, where the full vertical scale corresponds
to 150 K.*"?3

Ba(FeO'QQCOO_Og)QASQ at 0 GP&, and Ba0_45K0_55F€2ASQ
at 0 GPa are shown in Figs. 3(a)-3(d). The y = 0.08
and x = 0.55 samples correspond to the compositions
where T, takes a maximum. Temperature dependence of
the TAD values are summarized in Fig. 3(e). At ambi-
ent pressure the IAD values of Ba(Feg.92Cog.0s)2As2 and
Bag.45Ko.55Fes Asy decrease slightly with decreasing the
temperature.

The pressure decreases the IAD value in BaFesAso at
300 K as shown in Fig. 3(e). This result is consistent with
the previous ones where pressure induced the spin state
from higher- to lower-spin states.*>47 In BaFeyAsy the
temperature-induced change in the IAD values are not
clearly observed at 3 GPa, where the superconductivity
observed.

2. PFY-XAS at Fe K-absorption edge

Chemical composition and pressure dependences of the
PFY-XAS spectra are shown in Figs. 4(a) and 4(b), re-
spectively. A fit example of the PFY-XAS spectrum of
BaFeaAsy at 12 K is shown in Fig. 4(c), assuming two
component of the pre-edge peak*® and other components
with an arctan-like background for simplicity. The pre-
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FIG. 5. (Color online). (a) Temperature dependence of the
PFY-XAS spectra of (a) BaFeaAsy at 0 GPa, (b) BaFezAso
at 3 GPa, (c¢) Ba(Fep.92Co0.08)2As2 at 0 GPa, and (d)
Bag.asKo.s5FeaAss at 0 GPa. (d) Temperature dependence
of the pre-edge peak intensity. (e) Temperature dependence
of the pre-edge peak intensity ratio of P1 to P2.

edge peak intensity and the ratio of the two component
are show in Fig. 4(d). The intensity of the pre-edge peak
of the doped samples at z = 0.5 and y > 0.12 is larger
than that of non-doped BaFesAss. However, the chemi-
cal composition dependence of the pre-edge peak inten-
sity and the ratio is not clear. On the other hand, pres-
sure increases the intensity of the pre-edge peak largely,
suggesting the increase of the p-d hybridization.

Temperature dependence of the PFY-XAS spectra
at Fe K-absorption edge of BaFesAsy at 0 GPa,
BaFeoAsy at 3 GPa, Ba(Fep92Cog.0s)2As2 at 0 GPa,
Bag.45K¢.55FeaAsy at 0 GPa are shown in Figs. 5(a)-5(d),
respectively. Temperature dependence of the intensity of
the pre-edge peak and the ratio are show in Figs. 4(e)
and 4(f). No significant temperature dependence of the
PEFY-XAS spectra is observed. Our results agree with
those for BaFesAss and Ba(Feq.935Co00.065)2As2 previ-
ously measured by Balédent et al.?

3. PFY-XAS at As K-absorption edge

We performed As K 3 x-ray emission spectroscopy and
measured the PFY-XAS spectra at the As K-absorption
edge because the above K[ x-ray emission spectra as
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FIG. 6. (Color online). (a) Chemical composition depen-

dence of the PFY-XAS spectra of Ba(Fe;_,Coy)2Asz and
Bai_.K.FesAsy at the As K-absorption edge. (b) Chemi-
cal composition dependence of the absorption edge energy. A
schematic figure of two superconducting and AFM regions are

also shown, where the full vertical scale corresponds to 150
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well as the PFY-XAS spectra at the Fe K-absorption
edge only show very small chemical composition and
temperature dependences. Figure 6(a) shows the chemi-
cal composition dependence of the PFY-XAS spectra of
Ba(Fe;_,Coy)2Asy and Bai_K;FesAsy at the As K-
absorption edge. The shift of the absorption edge energy
is shown in Fig. 6(b) in Ba;_,K,FesAss. The K-doping
to Ba site drastically induces the increase of the inten-
sity of the pre-peak around 11866 eV, lowering the ab-
sorption edge energy, and narrowing width of the main
peak around 11874 eV. This shift of the edge energy cor-
responds to lower the charge state of As and electron
transfer to As (i. e. hole transfer to Fe). In contrast,
only little changes in the intensity of the pre-peak are
observed in the case of the Co-substitution to Fe site.

Temperature dependences of the PFY-XAS spectra of
BaFegASQ, Ba(FeO'QQCOO_Og)QASQ, and Ba0,6K0,4FegASQ
are shown in Fig. 7. Temperature-induced change in the
electronic structure is small for all compounds here. Ad-
ditionally, the energy of the absorption edge in Fig. 7(d)
does not show a significant temperature dependence.

We also measured the pressure dependence of the PFY-
XAS spectra of BaFeyAss, Ba(Feg 92Cog.0s)2As2, and
Bag gKg.4FeaAsy at 300 K as shown in Fig. 8. The inten-
sity of the pre-peak shows a discontinuous increase at 0.6
GPa for BaFeyAss, at 0.6 GPa for Ba(Feg 92Cog .o )2 Asa,
and at 1.9 GPa for Bag Ko 4FeaAss. While it increases
monotonically in Ba(Fe 92Cog.0s)2As2 with pressure, the
shift of the As K edge energy does not show significant
pressure dependence for BaFes Aso and Bag Ko 4FeoAss.
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FIG. 7. (Color online). Temperature dependence of the PFY-
XAS spectra of (a) BaFea Asz2, (b) Ba(Feo.02Coo.08Yy)2As2, and
(c) Bag.sKo.4FeaAsz at the As K-absorption edge. Tempera-

ture dependence of the absorption edge energy is also shown
in (d).

T T T T T (bv) T T T
121 12} Ba(Fe2C00.08)2AS, |
— _ = As K-edge
£ 1 £ 1t N7 300K
i= [ =4 4 o
=l - ] |
o 081 5 081 1
g 0.6 g 0.6
'g “l 8 é gF’a % “ i ——0GPa
J— -
§osl - § o4l orchs - eee
< ? g gpa £ :gg gga 15.3 GPa
02 18GPa --158GPa 0.2 T 49GPa - -229GPa |
2.6 GPa y 5.9 GPa
11860 11870 11880 11890 11900 11860 11870 11880 11890 11900
Incident photon energy (eV) Incident photon energy (eV)
R (C) R 11866.2 . . (d)
12}  BageKosFerAs, | |
= As K-edge | S
2 AL 300K %11865.8 3
3. 0.8 / e A = o 4
| T 12 BaFe,As,
< o6l —oGPa —115GPa | O 118654 1
2 —1.9GPa 11.9 GPa > )
‘@ °
§ 04 —g4gPa --141GPa | O
£ 64 GPa f’ 11865.0 |
02 $SeR 2106Pa 1 <
--10.3 GPa ’ 1
0 e 11864.6 s s .
11860 11870 11880 11890 11900 0 5 10 15 20 25
Incident photon energy (eV) Pressure (GPa)
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XAS spectra of (a) BaFeaAsa, (b) Ba(Feg.02Co0.08)2As2, and
(c) Bag.cKo.4Fe2Asy at the As K-absorption edge and 300 K.
Pressure dependence of the absorption edge energy of these
compounds is also shown in (d) with the result of SrFesAss.
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FIG. 9. (Color online). Pressure dependence of the K3 XES
spectra of SrFesAsy (a) at 17 K and (b) at 300 K, with the dif-
ference for the spectrum at 17 K and 11.8 GPa (lower panels
of each figure). (c¢) Comparison of the K3 XES spectra at 17
K and 0.81 GPa and at 300 K and 1.37 GPa. (d) Pressure de-
pendence of the TAD values at 17 and 300 K. A schematic fig-
ure of superconducting and AFM regions (blue-colored area)
are also shown, where the full vertical scale corresponds to
200 K.2° A pale-red and a deep-red colored areas of the SC
regions correspond to the filamentary and bulk superconduc-
tivity, respectively.

B. SrFe;As>

1. Fe KB XES

The K XES spectra were measured for a sister com-
pound of SrFe;As,. Figures 9(a) and 9(b) show pressure
dependence of the K8 XES spectra of SrFesAss at 17 K
and at 300 K, respectively. The difference of the inten-
sity for the spectrum at 17 K and 11.8 GPa is also shown.
Figure 9(c) shows a comparison of the spectra at 17 and
300 K at low pressures. This suggests the same trend
as observed in BaFeyAss, the change in the spin state to
lower-spin state at low temperatures. The TAD values as
a function of pressure are shown in Fig. 9(d). They show
a monotonic decrease at both 17 and 300 K. The IAD
values at 17 K are always lower than those at 300 K. The
results of SrFegAss are similar to those of BaFeyAss.
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FIG. 10. (Color online). Pressure dependence of the pre-edge
part of the PFY-XAS spectra of SrFesAs; (a) at 17 K and (b)
at 300 K. (¢) A fit example of the pre-edge part of the PFY-
XAS spectra at 300 K and 16.1 GPa. (d) Pressure dependence
of the pre-edge peak intensity (P1+P2) at 17 and 300 K. A
schematic figure of superconducting and AFM regions are also
sh%vn in (d), where the full vertical scale corresponds to 200
K.

2. PFY-XAS at Fe K-absorption edge

Pressure dependence of the pre-edge part of the PFY-
XAS spectra of SrFesAss is measured at 17 K and 300 K,
as shown in Figs. 10(a) and 10(b). We did not measure
the spectra at the incident energy above the absorption
edge and the intensity is normalized by the area of 7115-
7117 eV. A fit example is shown in Fig. 10(c). Pressure
dependence of the pre-edge peak intensity at 17 and 300
K is shown in Fig. 10(d). The pressure dependence of
the total intensity of the pre-edge peak at 300 K shows
a trend to increase with pressure.

3. PFY-XAS at As K-absorption edge

We show the pressure dependence of the PFY-XAS
spectra of SrFesAsy, at the As K-absorption edge and
300 K in Fig. 11. The spectra shift to higher energy with
pressure, almost keeping the shape, and the energy of the
absorption energy shifts monotonically with pressure as
shown in Fig. 11(d). This indicates the increase of the
charge state of As and the electron transfer from As to
other atoms with pressure. Seemingly, there are sudden
increases of the electron transfer around the pressures
of 3 and 5 GPa where the filamentary superconductivity
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FIG. 11. (Color online). (a) Pressure dependence of the PFY-
XAS spectra of SrFeaAsy at As K-absorption edge and 300 K.
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to 200 K.*°

and bulk superconductivity start, respectively.

IV. DISCUSSION

In these Fel22 superconductors there are common fea-
tures: the decrease of the temperature that induces
the structural phase transition from tetragonal with C4
symmetry to orthorhombic phase with Cs symmetry.
Parent compounds of BaFesAss and SrFesAss do not
show the superconductivity, while both doping and pres-
sure induces the superconductivity at low temperatures.
At room temperature the pressure causes the T — cT
isostructural transition and at low temperatures it breaks
the Co-symmetry of the orthorhombic phase with pres-
sure. The As-As distance decreased rapidly with pressure
and changed slowly in the ¢T phase, while the K doping
BaFesAss served the same role of applying negative pres-
sure along the ¢ axis.

A. The IAD values, local magnetic moment, and
electron-electron correlation

In the doped samples of BaFesAss the temperature
also decrease the IAD values and magnetic moment
gradually. Such temperature dependence of the TAD

values has been observed in the other 122-type iron-
superconductor systems of Ca;_,RE,FeaAsy (RE = Pr
and Nd) (Ref. 37) and Cag.67Srg.33FeaAss (Ref. 16) and
explained later by the theory based on first-principles
calculations with scaled magnetic interaction.*®

In the non-doped parent compounds the ordered
magnetic moment is much smaller than the local mo-
ment.?%°! It has been suggested theoretically that spatial
and temporal quantum fluctuation of the local magnetic
moment reduced the ordered moment significantly.'%-52
The theory suggested that the nesting contributes the
fluctuation of the local magnetic moment. The local mag-
netic moment is caused by the electron-electron correla-
tion through the Coulomb interaction. In this scenario
the Co doping may cause the increase of the local mag-
netic moment because the doping reduces the nesting
condition.?® In iron-based superconductors it is known
that the IAD values are proportional to the local mag-
netic moments.?%37 In our results both the Co and K
doping show a trend to increase the IAD values, i. e. the
magnetic moment, supporting the above scenario.

Another theory suggested that the spin-state of Fe con-
trols the As-As bonding and the lattice parameters in
CaFeyAs,.199% The theory indicated that the local mag-
netic moment of Fe decreases with pressure, weakening
the strength of the As-Fe bond, increasing the As-As in-
teractions, and causing significant reduction in the c-axis.
This phenomenon has been observed as the T — ¢T phase
transition experimentally, which has often occurred in
the Fe-122 superconductors as described above. Pressure
decreases the interlayer As-As distance, reaching close to
the As-As covalent bond state at the ¢T phase. The
theory indicated that the increase of the As-As bond
strength in the cT phase weakens the correlation and
decreases the local moment.'® Experimentally pressure
also suppresses the long-range AFM order as well as the
local magnetic moment through the increase of the Fe 3d-
As 4p hybridization as described below. It is noted that
the pressure dose not suppress the local magnetic mo-
ment completely in both BaFesAss and SrFesAss, and
the magnetic moment is partially reduced. In BaFesAs,
and SrFesAs, the superconductivity disappeared at the
c¢T phase. Our results show that the pressure decreased
the TAD values, the magnetic moment, and thus the
electron-electron correlation monotonically. These re-
sults may suggest that there is an optimum strength of
Fe-spin state that is required for high-T, superconductiv-
ity'® and the electron-electron correlation may correlate
to T,.

It is known that the electron-electron correlation and
the magnetic moment increases with the increasing pnic-
togen height (h) from FeAs layer in the order of LaFePO
< LaFeAsO < BaFesAsy; < FeSe < FeTe.b The Fe 3d-
As 4p hybridization decreases with increasing h and the
bond between Fe and As changes from covalent bond to
ionic bond. In FeSe the electron-electron correlation is
strong and no long-range magnetic order has been ob-
served. However, the theory suggested that the orbital



order and fluctuation originated from the nematicity and
the nematic orbital fluctuations considered to play im-
portant roles in the pairing mechanism.?®% It was indi-
cated that the origin of the electronic nematic state in
Fe-based superconductors is the electron-electron corre-
lation. Pressure decreases the pnictogen height and the
electron-electron correlation in Fel22 superconductors.
Thus the electron-electron correlation is consider to play
an important role in the superconductivity.

Density functional calculations reproduced the pres-
sure dependence of the volume and the transition to the
cT phase in BaFeaAsy (Ref. 18) and SrFesAsy (Ref. 57) .
The theory predicted the transition to the zero-magnetic
moment at the ¢T phase.'®5” We measured the pressure
dependence of the Fe K emission spectra for SrFesAss,
from which we know the pressure-induced change in the
IAD values, corresponding to the magnetic moment. The
results indicate a gradual decrease of the magnetic mo-
ment with pressure up to 11.8 GPa at 17 K and up to
15.6 GPa at 300 K. A similar trend has been observed
in K,Fes_,Ses.*® Thus pressure-induced sudden disap-
pearance of the magnetic moment at the c¢T phase is not
likely in the Bal22 and Sr122 systems.

In SrFegAsy pressure decrease the IAD values mono-
tonically at 17 K in SrFesAss, while it seems to show an
anomaly around 7-11 GPa at 300 K as shown in Fig. 9(d).
In K Fes_,Ses the pressure-induced change in the IAD
values at 300 K is gentle above the pressure of the T
— ¢T structural transition.*> Therefore, the pressure-
induced anomaly of the IAD values at 300 K in SrFesAss
possibly correlates to the T — ¢T structural transition at
room temperature. In SrFesAss a structural transition
from orthorhombic to tetragonal phase occurred around
4-5 GPa at 13 K;3' however, the lattice parameter of ¢
monotonically decreased in contrast to the T — ¢T tran-
sition at room temperature. The monotonic decrease of
the TAD values at 17 K may also correspond to this gen-
tle structural transition at 13 K. In K Fe,_,Ses second
SC dome was observed at cT phase, where the super-
conducting symmetry is considered to be different from
the first SC dome, while in SrFesAss superconductivity
seems to be suppressed at the ¢T phase.

Thus we can conclude that the Fe 3d-As 4p hybridiza-
tion plays a key role in suppressing the AFM order by
the doping or pressure and it is reasonable to consider
that the fluctuation of the local magnetic moment and
the electron-electron correlation may also play a role on
the appearance of the superconductivity.

B. Pre-edge peak of the PFY-XAS spectra at Fe K
edge

The previous XAS study at Fe Ly 3 absorption edge
by Merz et al. showed the peak shift to the higher en-
ergy only for the case of the hole-doping with the K-
substitution in BaFesAs,.28 The substitution of K to the
Ba site means the hole doping at Fe 3d-derived states at

the Fermi level. On the other hand, little effect on the Fe
3d-derived states was observed with the electron doping
by the Co substitution to the Fe site in BaFepAsy.28:58
The XAS spectra at As Ly 3 absorption edge showed a
change in the intensity of the As 4p-derived pre-edge peak
for the Co substitution and no change for the K sub-
stitution.?® Additionally, in the electron doping by the
Co substitution to the Fe site the Fe valency remained
unaffected in SrFepAs,.?” It was suggested a prominent
role of the hybridization between (Fe,Co) 3dyy, dzz, dy-
orbitals and As 4s/4p states for the band structure in
A(Fe1_;Co,)2Ass. These results agree with our XAS re-
sults at the Fe and As K absorption edges.

Pressure may decrease the Fe-As distance, resulting in
an increase of the overlap between Fe and As orbitals and
the Fe-3d and As-4p hybridization.?® The pre-edge peak
of the PFY-XAS spectra at Fe K-absorption edge cor-
responds to the forbidden quadrupole transition and the
increase in the intensity of the pre-edge peak as a mea-
sure of the hybridization with p states. Therefore, our
results indicate that the pressure induces the increase of
the hybridization between Fe 3d and As 4p in both com-
pounds of BaFes;Ass and SrFesAs,. The increase of the
intensity of the pre-edge peak correlates to the decrease
of the magnetic moment as described above.*? Thus, the
TAD values correlate to the magnetic moment and de-
crease with pressure, which also well corresponds to the
increase of the intensity of the pre-edge peak the PFY-
XAS spectra at the Fe K-absorption edge at high pres-
sures.

Figure 10(d) suggests that in SrFesAss the pressure
increases the d-p hybridization, corresponding to the de-
crease of the TAD values in Fig. 9(d) and thus the shift to
the lower-spin state. Interestingly, the pressure-induced
change in the pre-edge peak intensity seems to correlate
to T,.

C. The PFY-XAS spectra at As K edge

Here, we consider the Fe 3d-As 4p hybridization by
summarizing the results of the XAS spectra at the Fe and
As K-absorption edges. In BaFeyAsy the K-substitution
to the Ba site lowered the energy of the As K-absorption
edge by increasing the intensity of the pre-peak, while the
Co-substitution to the Fe site does not change the elec-
tronic structure, as shown in Fig. 6. These phenomena
correspond well to the change in the lattice parameters in
Fig. 2(d). The K-substitution resulted in the decrease of
the As valence. The K-substitution also caused a slight
shift of the energy of the Fe K-absorption edge to higher
energy as shown in Fig. 4(a). A similar shift of the edge
energy at the Fe L absorption edge and the increase of
the As-As distance by the K-substitution were reported,
although the Fe-As distance did not change.?® These re-
sults confirm the hole doping from As to Fe sites by the
K-substitution with increasing the Fe-As hybridization,
which was consistent with the results of the increase



of the pre-edge peak of the XAS spectra at the Fe-K-
absorption edge and that of the pre-peak of the XAS
spectra at the As K-absorption edge.

The Co or electron doping was insensitive to the change
in the both electronic structures at the Fe and As K-
absorption edges as well as the lattice constants. How-
ever, the pre-edge peak intensity at the Fe K edge shows
a trend of increase at higher doping level as shown in
Figs. 4(a) and 4(d), although it is not clear at the SC
region. Similar results have been reported that no Co-
doping effect was observed at the Fe nor Co L-absorption
edges in Sr(Fe; ,Co,)2As2.2” They concluded that the
covalency of the (Fe,Co)-As bond was a key parameter
for the interplay between magnetism and superconduc-
tivity. A small amount of Co doping, i. e., one addi-
tional electron caused significant effect to suppress the
AFM order, emerging the SC region. A recent theory
using the the Hubbard model with the self-consistent
vertex-correction method, which successfully explained
the phase diagram and the superconductivity of the Fe-
based superconductors in a unified way, may suggest a
possible scenario.®®®°6 The theory indicated that the
spin + orbital fluctuation is a driving-mechanism of the
superconductivity in iron-based superconductors and it
depends on the electron-electron correlation and fermi
surface structure such as the nesting condition. The Co
doping may weaken the nesting condition with reduc-
ing the spin susceptibility and the AFM order may be
suppressed. However, detailed mechanism has not been
clarified yet. Further theoretical investigation may be
required.

The pressure dependence of the PFY-XAS spectra at
the As K-absorption edge shows a discontinuous increase
at 0.6 GPa for BaFeaAss and Ba(Fep 92Cop.0s)2As2 and
at 1.9 GPa for Bag gKp4FesAss. It is understandable
that the critical transition pressure of BaFesAss is almost
the same as that of Ba(Fep92Cog 0s)2As2 because the
Co-substitution did not show a significant effect crystal-
lographically. However, the pressure-induced change in
the electronic structure of Ba(Feg.92Cop.0s)2As2 is more
drastic compared to that of BaFesAss as shown in Fig. 8.
A similar behavior was previously observed in BaFesAss,
where the critical pressure was approximately 1 GPa and
the sudden increase of the pre-peak intensity occurred at
the Fe-As interatomic distance of 2.39 A.26 The pressure-
induced shift of the As K-absorption edge was little as
shown in Fig. 8(d) in BaFesAsy and Ba(Feg 92Cog .0 )2Asa
in contrast to the results by Balédent et al.2® The pre-
edge peak intensity at Fe K-absorption edge at 3 GPa
increased compared to that at ambient pressure as shown
in Figs. 4(b) and 4(d), also in contrast to the results re-
ported by Balédent et al.?> These results lead the similar
conclusion discussed in the above subsection that pres-
sure caused the increase of the Fe 3d-As 4p hybridization,
which resulted in the increase of the pre-edge peak in-
tensity at the Fe K-absorption edge and the pre-peak
intensity at As K-absorption edge. It is noted that
in BaFesAsy and Bag gKg.4FesAss the pressure-induced
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change in the electronic structure at the As K-absorption
edge above the critical pressure is very small as shown in
Figs. 8(a) and 8(c), and even at the SC region.

In SrFesAss the pressure induced a different behav-
ior from the BaFesAsy systems. There was no critical
pressure to change the electronic structure abruptly and
the As K-absorption edge shifts to higher energy con-
tinuously with pressure as shown in Fig. 11(c). This is
similar to the shift in Ba(Feg.92Cop.0s)2As2 in Fig. 8(d).
The pressure works to dope the electrons from the As
site to the Fe site in SrFeaAsy and Ba(Feg.92Cog.08)2Asa.
The intensity of the pre-edge peak at the Fe K-absorption
edge may increase with pressure as shown in Fig. 10(d).
While the pressure-induced change in the intensity of the
pre-peak at the As K-absorption edge was not observed
as shown in Fig. 11(b), the shift of the As K-absorption
edge occurred. These results suggest the electron transfer
from As to Fe and the Fermi level shift to higher bind-
ing energy without the change in the electronic structure
of As with pressure. In SrFe;Ass there was no critical
pressure for the spectra at the As-K absorption edge in
contrast to the Bal22 systems.

V. CONCLUSION

The electronic structures of electron- and hole-doped
BaFesAsy (Bai—,K;FeaAsy and Ba(Feq—,Coy)2Ass) and
SrFe;Ass were studied systematically by measuring the
K XES and PFY-XAS at the Fe and As K-absorption
edges as functions of the chemical composition and pres-
sure. The TAD values of the Fe K/ spectra decreased
with decreasing the temperature in Ba;_, K, FesAsy and
Ba(Fe;_,Coy)2As,. Both the electron- and hole-doping
by the chemical substitutions increased the IAD wval-
ues slightly, while the PFY-XAS spectra at the Fe K-
absorption edge did not show a significant doping de-
pendence. The hole-doping with the K substitution and
the pressure created the increase of the pre-edge peak in-
tensity of the PFY-XAS spectra at the Fe K-absorption
edge. This indicates the transition to the lower-spin
state, i. e. smaller magnetic moment. Pressure induced
the lower-spin states in BaFegAso and SrFesAss, result-
ing in the smaller magnetic moment. However, the mag-
netic moment is partially reduced and the pressure did
not suppress the local magnetic moment completely in
both BaFesAsy and SrFeaAsy. In SrFeg Ass the magnetic
moment and the electron-electron correlation decreased
monotonically with pressure in the pressure range mea-
sured.

Both electronic structures at the Fe and As K-
absorption edges as well as the lattice constants were in-
sensitive to the electron doping with the Co substitution.
While the PFY-XAS spectra at the As K-absorption
edge showed that in BaFe;Ass the K substitution to the
Ba site lowered the energy of the As K-absorption edge
with increasing the intensity of the pre-peak. Thus the K-
substitution decreased the As valence. We found that in



the PFY-XAS spectra at As K-absorption edge pressure
induced a discontinuous increase of the pre-peak inten-
sity at 0.6 GPa for BaFesAso and Ba(Feg.92Cop.0s)2Asa,
and at 1.9 GPa for Bag Ko 4FesAss, while in SrFegAso
no critical pressure was observed. We, however, still do
not understand the mechanism of the sudden change in
the electronic structure at low pressures and its role on
the superconductivity. The pressure did not change the
energy of the As-K absorption edge in BaFeyAs, and
Bag gKg.4FeaAsy. Meanwhile the energy of the As-K ab-
sorption edge increased with pressure in SrFesAss and
Ba(Feg.92Cop .08 )2As2, indicating a pressure-induced elec-
tron doping to the Fe site.

Our results suggest that the Fe 3d-As 4p hybridiza-
tion plays a key role by suppressing the AFM order un-
der pressure in the Fel22 superconductors. The electron
doping is also effective in suppressing the AFM order and
the emergence of the superconductivity without change
in the lattice constants. The fluctuation of the local mag-
netic moment may also play a role on the physical proper-
ties of the iron superconductors and an optimum strength
of Fe-spin state may exist for high 7.. The electron-
electron correlation that connects to the magnetic mo-
ment and the pnictogen height may be also important
for the emergence of the superconductivity in the Fel22
systems.
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