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Coupling among conduction electrons (e.g. Zhang-Rice singlet) are often manifested in the core
level spectra of exotic materials such as cuprate superconductors, manganites, etc. These states
are believed to play key roles in the ground state properties and appear as low binding energy
features. To explore such possibilities in the Fe-based systems, we study the core level spectra of
a superconductor, CaFei.9Cog.1As2 (CaCol22) in the CaFesAss (Cal22) family employing high-
resolution hard z-ray photoemission spectroscopy. While As core levels show almost no change with
doping and cooling, Ca 2p peak of CaCol122 show reduced surface contribution relative to Cal22
and a gradual shift of the peak position towards lower binding energies with cooling. In addition,
we discover emergence of a feature at lower binding energy side of the well screened Fe 2p signal
in CaCol122. The intensity of this feature grows with cooling and indicate additional channels to
screen the core holes. The evolution of this feature in the superconducting composition and it’s
absence in the parent compound suggests relevance of the underlying interactions in the ground
state properties of this class of materials. These results reveal a new dimension in the studies of Fe-
based superconductors and the importance of such states in the unconventional superconductivity
in general.

PACS numbers: 74.70.-b, 71.45.Gm, 73.20.At, 74.25.Jb, 82.80.Pv

I. INTRODUCTION

the surface contributions. The experimental results of

Origin of high temperature (T, = transition temper-
ature) superconductivity continues to be an outstand-
ing issue in material science. These materials are called
unconventional superconductors due to the anisotropy
in superconducting gap, effective two-dimensionality in
the charge carrier conduction, pseudogap phase and
a deviation from the Fermi liquid behavior above T,
etc. Various spectroscopic and theoretical studies of
the cuprate superconductorst? show signature of sin-
glet states such as Zhang-Rice singlet? in their electronic
structure. These states are believed to be important
for the formation of Cooper pairs responsible for super-
conductivity. Discovery of Fe-based superconductors? 8
added additional complexity due to the observation of
several unusual phenomena; e.g. coexistence of mag-
netism and superconductivity, nematicity, pressure in-
duced rich phase diagram, etc. In contrast to an effective
single band problem in cuprates, multiple bands cross the
Fermi level, ep in Fe-based systems that makes the de-
tection of various exotic features difficult.

We studied the electronic structure of a superconduct-
ing Fe-based system, CaCo122 employing bulk sensitive,
hard z-ray photoemission spectroscopy (HAXPES). The
results are compared with the high-resolution ultravio-
let photoemission spectroscopy (UPS) data to identify

CaCol122 are compared with those of the parent com-
pound, Cal22 which does not show superconductivity at
the atmospheric pressure. Cal22 forms in the tetrag-
onal structure at room temperature and undergoes a
magneto-structural transition at 170 K to orthorhom-
bic spin-density wave state.”2 The properties of Cal22
can be varied smoothly by application of pressure and/or
substitution of Fe with other transition metal elements
such as Ni, Co, Rh etc1%13 The Co-doped compound,
CaCo122 remains in the tetragonal phase in the whole
temperature range studied, does not show magnetic tran-
sition and superconductivity appears below 15 K. We dis-
cover a new feature at the lower binding energy side of
the Fe 2p HAXPES data of the superconducting compo-
sition which is absent in the parent compound indicating
it’s relevance in the ground state properties.

II. EXPERIMENTAL TECHNIQUE

High quality single crystals of Cal22 and CaCol22
were grown using flux method.2? Laue diffraction pat-
tern of both the materials show sharp spots indicating
high degree of single crystallinity. Samples were charac-
terized using a-ray diffraction (XRD) and energy disper-
sive analysis of z-rays, and were found to be in single
phase with no impurity feature. Structural transition of
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Cal22 is well documented in the literature.” 2 Temper-
ature dependent XRD measurements of CaCol22 show
tetragonal structure in the whole temperature range of 4
- 300 K studied. Lattice parameters show small gradual
decrease due to thermal compression. Magnetic suscepti-
bility measurements show transition to diamagnetic be-
havior below 15 K suggesting onset of superconductivity;
these data are given in the supplemental materials. 4
HAXPES measurements were carried out using 6
keV photon energy at P-22 beamline, Petra-III, DESY,
Hamburg®® and UPS was done at the VUV beamline,
Elettra, Trieste. The samples were cleaved in ultrahigh
vacuum using top-post removal method. The overall
energy resolution for HAXPES and UPS measurements
were 200 meV and 10 meV, respectively. To consider po-
larization induced effects in the valence band spectra,1®
the measurements were carried out in the normal emis-
sion geometry. UPS studies are done only for As 3d
emissions and the incident light comes at an incidence
angle of 45° with the sample surface normal. For HAX-
PES measurements (incidence angle is about 85°), the
light polarization was aligned close to the detector axis
(out-of-plane polarization is about 99.7%) ensuring large
contributions from d,./d,. orbitals which are strongly
hybridized with the As 4p states and have major contri-

butions in the ground state properties..?

III. RESULTS AND DISCUSSIONS

In Fig. [ we show the valence band spectra of
CaCo122 (solid line) and Cal22 (dashed line) collected at
210 K after subtracting Shirley background in each case.
Both the spectra show several distinct features consis-
tent with the reported data for the parent compound 1718
The features between 3-4 eV binding energies are primar-
ily contributed by the As 4p states. The higher binding
energy features are the bonding states with large As 4p
contributions. The antibonding states appear near ep
having dominant Fe 3d character.® Interestingly, while
the intensities of the features beyond 1 eV binding en-
ergy are almost identical in both the cases, the inten-
sity of the feature near ep is significantly enhanced in
CaCol22. There are several reasons that can enhance
intensity. Co-substitution dopes electrons into the sys-
tem. The photoemission cross section of Co 3d states is
larger than Fe 3d cross section; the atomic photoemission
cross-section of Co 3d states is about 1.67 times of the Fe
3d cross-section at 6 keV.1? This may have an effect as
the valence states are expected to have Co 3d contribu-
tions. There could be a change in the orbital character
of the bands close to er due to a change in covalency
via Co-substitution. Clearly, Co-substitution essentially
enhances the intensity below er without observable shift
of €p.

Decrease in temperature has significant effect in the
electronic structure of the superconducting CaCol22
while the HAXPES data of the parent composition does
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FIG. 1. (Color online) (a) Valence band spectra of CaCol22
(solid line) and Cal22 (dashed line) at 210 K. Inset shows
temperature dependence of the near er peak in Cal22. (b)
Valence band spectra of CaCol22 at different temperatures.
210 K data (solid line) is superimposed on the data in every
case. Inset shows the temperature evolution of the near ep
feature of CaCol22.

not show detectable change [see inset in Fig. [i(a)].27 The
spectral change in CaCo122 is shown in the inset of Fig.
[@(b) in an expanded energy scale. Clearly, an additional
feature near ep grows in intensity with cooling. The
magneto-structural transition in Cal22 leads to a change
in the local structural parameters.2? CaCol22 having no
magneto-structural transition also show similar behavior.
However, a link between the spectral changes and struc-
tural transition can be ruled out based on the following
observations: ARPES studies show opening of a gap at
er due to the formation of spin-density wave (SDW) state
in Cal22 below 170 K2 which shows a marginal reduc-
tion of the spectral weight in Cal22 shown in the inset
of Fig. M(a). This is opposite to the scenario observed in
CaCo122. Evidently, the temperature induced spectral
evolution in CaCol22 on cooling is interesting and may
have an implication in the ground state properties of this
system?—2

In order to investigate the surface effect in the elec-
tronic structure, we chose As 3d core levels which can
be probed using high resolution UPS technique in addi-
tion to HAXPES. As 3d spectra of CaCol22 collected
using 6 keV and 80 eV photon energies are shown in Fig.
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FIG. 2. (a) As 3d core level spectra at 210 K measured us-
ing 80 eV and 6 keV photon energies. The simulated UPS
data is shown by line superimposed on the experimental data.
The component peaks are shown in the lower panel. (b) As
3d HAXPES data at different temperatures. (c) Estimated
A/d values as a function of photoelectron kinetic energy. The
smooth curve drawn over the data points is a guide to eye.

Rla). HAXPES data exhibit two intense features at 40.8
eV and 41.5 eV binding energies for the spin-orbit split
3ds/o and 3d3/p signals. The 80 eV data exhibit two
additional intense features at the lower binding energy
sides (40.5 eV and 41.2 eV). At 80 eV, the kinetic en-
ergy of As 3d photoelectrons will be about 34 eV which
is close to the lowest escape depth. Thus, the additional
features in the 80 eV data are attributed to the surface
electronic structure as also observed in other Fe-based
122-compounds %23 In Fig. B(b), the HAXPES data
at different temperatures are shown exhibiting identical
lineshape and spectral features down to 100 K. The 40
K data is weakly shifted towards lower binding energies
along with a small enhancement of the asymmetry.

After identifying the surface and bulk features, we
extract the information about the photoelectron escape
depth, A and the surface layer thickness, d. We fit the
UPS spectra (hv = 60, 65, 70, 75 and 80 eV) using
a set of asymmetric Gaussian-Lorentzian (GL) product
functions; a representative fit of the 80 eV spectrum is
shown in the Fig. la). The binding energies and the full
width at half maximum (FWHM) of the core level peaks
are given in the supplemental material 14 Simulated data
provide an excellent representation of the experimental
spectrum with the intensity ratios of the spin-orbit split
features equal to the ratio of their multiplicities. The
energy difference between the surface and bulk peaks is
found to be about 400 meV and the spin-orbit splitting
is found to be 700 meV as also evident in the raw data.

The photoemission intensity, I(e) can be expressed as
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FIG. 3. HAXPES spectra of (a) Ca 2p, (b) As 3p and (c) Fe
2p core level excitations at 210 K. The inset in (c) is the Co
2p spectrum. The symbols represent the CaCol22 data and
the lines are the Cal22 data.

I(e) = fod I*(e)e=*/Adx + [[° IP(e)e="/dx where, I°(e)
and I°(¢) are the surface and bulk contributions to the
total intensity. Thus, the intensity ratio of the surface
and bulk peaks extracted from the core level analysis, is
equal to (e%/* —1). This relation is used to extract the
A\/d values.2422 The results obtained from the 10 K and
20 K data are shown in Fig. 2l(c) exhibiting a minima be-
tween 30 - 40 eV similar to the universal curve.28 Usually,
M is about 20 A in Al K« energies and becomes 6 - 8 A at
the highest surface sensitivity.2? Thus, a typical value of
d appears to be 3 - 4 A in this material. Since the sample
is known to cleave at the Ca-layer leaving about 50% of
Ca atoms on both the cleaved surfaces, the surface con-
tribution appears to be limited within the top Ca-As-Fe
layers. The HAXPES data represents essentially the bulk
electronic structure.

The doping induced changes in the core level spectra is
investigated in Fig. Bl Ca 2p HAXPES spectra are shown
in Fig. Bla). The intense sharp peaks at 346.5 eV and
350.5 eV are the bulk peaks, and the shoulders at 348 eV
and 352 eV are the surface features for 2p3 /5 and 2p, /o
photoemissions, respectively.l” We observe a depletion of
intensity at about 348 and 352 eV due to doping which
indicates that surface-bulk differences in the Ca contribu-
tions of the electronic structure is reduced in the doped
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FIG. 4. HAXPES spectra of (a) As 3p, (b) Ca 2p, and (c)
Fe 2p core levels measured using 6 keV photon energy at
different temperatures. Inset in (b) is obtained after shifting
the 150 K, 100 K and 40 K spectra by 80, 80 and 140 meV
towards high binding energies, respectively. Spectra shown in
the lower panel of (c) are the simulated Fe 2p signal. (d) Fe
2p spectra of Cal22 at different temperatures.

composition. This is significant as the Ca states have
significant hybridization with the valence states which is
expected to play a role (charge reservoir layer) in the su-
perconductivity of this material 22 As 3p spectra shown
in Fig. Bb) exhibit spin-orbit split sharp and distinct
features at 140 eV and 145 eV with a splitting of about
5 eV. Co substitution does not have any visible effect in
the spectra.

In Fig. Blc), we study the Fe 2p spectra of Cal22 and
CaCo122 samples; Co 2p3/, and 2p; /o signals appear at
778 and 793 eV [see the inset of Fig. Blc)] and confirms
Co-doping. Fe 2p well screened features appear at 706.5
eV and 719.5 eV binding energies for 2p3 /5 and 2p, /5 ex-
citations. In metals and in Fe-based systems as well, the
poorly screened features at higher binding energies are
weak and difficult to distinguish from the background
intensities. A normalization of the spectra by the inten-
sities at the higher binding energy region show significant
enhancement of the relative intensity of the well-screened
features in Co-doped sample. This suggests that the core
hole is more efficiently screened in the superconducting
composition in comparison to the parent compound.

In order to probe the effect of temperature on the elec-
tronic structure, we study the spectra collected at differ-
ent temperatures in Fig. @l The As 3p core level spectra
are almost identical at all the temperatures. Clearly, the
phonon contributions and/or recoil effect are not signif-
icant relative to the intrinsic width of the peaks. Ca
2p3/o spectra show a gradual shift to lower binding en-
ergies with cooling; the 150 K and 100 K data superim-
poses on each other suggesting negligible thermal effect
in this temperature range. We have shifted the 150 K
spectrum by 80 meV and 40 K spectrum by 140 meV,
and show them in the inset of Fig. H(b). All the fea-
tures superimposes almost perfectly. Such a rigid energy
shift towards lower binding energies with cooling suggest
effective reduction of the Madelung potential at the Ca
sites without significant change in it’s properties. A sig-
nificant decrease in As-Ca bond lengths is observed with
decreasing temperature?? suggesting enhanced hybridiza-
tions in this temperature range which is in line with the
core level shift observed here. It is to note here that al-
though the spectral evolution with temperature down to
100 K looks in line with the change in lattice constant,
the understanding of the large change observed in the 40
K data needs further study.

The Fe 2p3 5 spectra of CaCo122 shown in Fig. Bfc) ex-
hibit puzzling changes while the Fe 2p3 /5 signal of Cal22
shown in Fig. [(d) are identical at all the temperatures.
The growing intensities at the lower binding energy side
of the screened peak suggests emergence of a new feature
which becomes stronger with cooling. In order to distin-
guish these two features, we have named them ‘screened
peak’ and ‘well screened peak’. In order to get a qual-
itative idea on underlying physics, let us note that in
cuprate superconductors, the screened Cu 2p HAXPES
spectra exhibit multiple features depending on the be-
havior of the holes in the valence band. One peak corre-
spond to core hole screening via hopping of an electron
from the ligand levels to the photoemission site which
is the ‘screened peak’. There is a second peak at lower
binding energies where the hole in the ligand band forms
a singlet with the neighboring Cu 3d hole, termed as
Zhang-Rice singlet®22:39 providing additional stability of
the corresponding final state. The HAXPES data from
manganites also show signature of additional feature at
the lower binding energy side of the screened peak due
to the final state where screening is done by conduction
electrons.21:32 A similar scenario may be operative in the
present case too.

To understand the final state effect in the photoemis-
sion spectra of varied correlated electron systems, the
typical multiband Hubbard Hamiltonian2? used is as fol-
lows: H = edad:fwdag+eppjgpw+echO_CW+[t%diwpw—i-
hel + [t5plpje +he]l + U dly, dly dyoydss, +
U;cﬁwjdlzal dﬁffchangM + <2p<,u|l-5|V>CLgCua’ where, re-
peated indices indicate sum and the Fermion operators
i, pjg and cLa represent the creation of an electron in

Fe 3d, As 4p and Fe 2p levels respectively. Ugf 7 and



U gf " are the Coulomb repulsion strengths among Fe 3d
electrons, and between Fe 2p and Fe 3d electrons, respec-
tively. For a simplistic description, the eigenstates can
be described within a configuration interaction picture
considering a linear combination of unscreened |d"™) (n is
the number of 3d electrons) and screened |d"*1p) states
where |p) is a As 4p hole state. If |p) forms a singlet with
a 3d hole, |d) at the neighboring Fe site, the energy of
the corresponding state, |S) = (|p;d;) — [p;d;)) will be
lowered by the binding energy of the singlet state. If this
state is called |p*), the corresponding final state would be
|d"*t1p*). Thus, the problem can be reduced to an effec-
tive three states problem with the basis |d"), |[d"!p) and
|d"*1p*). In cuprates, the energy difference between the
screened peaks with the hole in the ligand band without
singlet formation and the hole formed a Zhang-Rice sin-
glet is about 1.5 eV.22 The energy separation of the fea-
tures in manganites due to two types of screening is also
close to 1.5 eV.3! Here, we observe an energy separation
of about 0.4 eV. This is in line with the expected behav-
ior. In both cuprates and manganites, the hybridization
of the transition metal d and oxygen p states is strong
due to the planer geometry. However, in this Fe-based
system, the Fe layers are sandwiched by two As layers;
they do not lie in the same plane. Fe-As-Fe angle is about
71° - 74° in these systems.3? Thus, the hybridization of
the As 4p holes created due to the core-hole screening at
the Fe-sites will have significantly weaker hybridization
with the neighboring Fe-sites compared to the cases in
cuprates and manganites.2> With the decrease in tem-
perature, the Fe-As bondlength reduces in addition to
reduction of thermal vibrations. Therefore, these states
will be more stable at lower temperatures as observed in
various other systems. Signature of such an enhancement
of |p*) states with cooling is consistent with the enhance-
ment of intensity observed in the valence band spectra.
It is to note here that all these observations are carried
out above the superconducting transition temperature.
The presence of these features in the superconducting
compositions and their absence in the parent compound
indicate their relevance in the ground states properties
like cuprates although these features may occur due to

the presence of highly itinerant states as found in man-
ganites. More studies are necessary to understand the
link between the superconductivity and the behavior of
these states.

IV. CONCLUSION

In conclusion, we have studied the final state effects in
the core level spectroscopy of the bulk electronic struc-
ture of CaFesAss and its Co-doped superconducting com-
position, CaFe; 9Cog.1Ass employing hard z-ray photoe-
mission spectroscopy. Core level spectra related to As do
not show visible change with temperature. Ca 2p spec-
tra exhibit reduced surface-bulk differences in the doped
composition and a shift towards lower binding energies
with the decrease in temperature. In addition, we dis-
cover a new feature in the Fe 2p core level spectra at the
lower binding energy side of the screened peak. Intensity
of this feature increases with the decrease in tempera-
ture. This is attributed to the final state where the As
4p hole created due to the hopping of an As 4p electron
to Fe 3d at the photoemission site to screen the core
hole, forms a singlet with the transition metal 3d hole
as found in cuprates and manganites. The emergence of
such a feature in the superconducting composition and
its growth at low temperatures indicate a possible link to
the superconductivity in this class of materials and calls
for further studies in this direction.
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