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The electronic structure of iron-pnictide compound superconductor BasTisFesAsyO, which has metallic inter-
mediate Tiz O layers, is studied using angle-resolved photoemission spectroscopy. The Ti-related bands show a
‘peak-dip-hump’ line shape with two branches of dispersion associated with the polaronic states at temperatures
below around 120 K. This change in the spectra occurs along with the resistivity anomaly that was not clearly
understood in a previous study. Moreover, an energy gap induced by the superconducting proximity effect opens
in the polaronic bands at temperatures below T, (~21 K). Our study provides the spectroscopic evidence that su-
perconductivity coexists with polarons in the same bands near the Fermi level, which provides a suitable platform

to study interactions between charge, lattice and spin freedoms in a correlated system.

PACS: 74.25.—q, 71.20.—b, 71.38.—k

Many-body correlations and interactions play
an important role in the properties of iron-
based superconductors (IBSC).[' ¥l The discovery
of superconductivity (SC) in FeSe monolayer films
grown on SrTiOs substrates suggests that the in-
terlayer lattice-charge coupling may enhance the
superconductivity,” ) which makes it meaningful to
study the interplay between Fe-related layers and in-
termediate layers, as well as its impact on supercon-
ductivity. However, the understanding of the inter-
layer physics is still limited because this kind of ma-
terial is rare in the known Fe-based SCs.

Titanium-oxygen (Ti-O) related materials such as
the SrTiO3, TiOg, and NayTisSboO family are known
to exhibit a strong lattice-charge coupling.l'~'* In
fact, the monolayer film of FeSe grown on SrTiOj3 sin-
gle crystals can also be regarded as a special kind of
combination of a Fe-based superconductor and a Ti-
O related material.l>~*) However, monolayer films are
difficult to handle in the atmosphere. The discov-
ery of Fe-pnictide SC BasTisFesAs,O with a super-
conductivity transition temperature T, ~ 21K pro-
vides a new platform to study interlayer physics.['> 7]
BasTisFesAs;O can be regarded as a superlattice
consisting of alternating stacking of BaFeyAss and
BaTizAs;O layers, as shown in Figs. 1(a) and 1(b).
Compared with other Fe-based SCs, the most distinc-
tive characteristic of BasTisFeaAs,O is the presence

DOI: 10.1088/0256-307X/35/5,/057401

of metallic Ti 3d bands, which makes it a promising
platform to study the interplay between the supercon-
ductivity in the FeAs layers and the lattice degrees of
freedom in the TiyO layers.!'‘]

Previously, BasTisFes As;O was shown to exhibit
an anomaly in the electrical resistivity, magnetic sus-
ceptibility, and in Raman scattering at around 125 K,
suggesting a charge- or spin-density wave transition in
the Ti sublattice, while such anomaly in BaTizAs,O
occurs at a higher temperature of 200K.['15.1]
However, this anomaly and its material dependence
are not well understood. Omne possible reason for
the difference in the anomaly temperature is the
charge transfer between the FeAs layers and metal-
lic TioAsoO layers, indicating a significant interlayer
coupling.l'?) In this Letter, we present a systematic
angle-resolved photoemission spectroscopy (ARPES)
study of BasTisFeyAs,O single crystal. Our results
clearly reveal both the Fe-related and Ti-related Fermi
surfaces (FSs). When the temperature decreases to
below around 120 K, the Ti-related energy dispersion
curves (EDCs) show an obvious ‘peak-dip-hump’ line
shape with two separate branches of dispersion, which
may be associated with the polaronic states. The po-
laronic states are very broad and cover a large area
of the Brillouin zone (BZ), indicating localized po-
larons in the real space. Below T., a superconduct-
ing energy gap induced by the proximity effect opens
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in the polaronic bands. The coexistence of polaronic
states and superconductivity in the same bands indi-
cates a strong interlayer coupling between FeAs layers
and TiO4 layers, as well as a strong coupling between
the related lattice degrees of freedom from the Ti-O
bonds and the Cooper pairs from the Fe-As blocks.
Unlike in other high-temperature SCs where the su-
perconductivity competes with the charge or spin den-
sity wave,?0~ 2%l this kind of interlayer coupling may
enhance the superconductivity.

High quality single crystals of BagTisFegAs O
were synthesized using the flux method.['”) ARPES
measurements were performed at the Institute of
Physics, Chinese Academy of Sciences, the SIS beam-
line in Swiss Light Source (PSI), and the 105 beamline
in Diamond Light Source. The energy and angular res-
olutions were set to 15-30meV (for band structure),
3-5meV (for energy gap), and 0.2°, respectively. The
samples were cleaved in situ and measured in the tem-
perature range between 4.5K and 150K in a vacuum
better than 1 x 10~'° Torr.
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Fig.1. (a), (b) Side view of layer structure and 3D view
of the unit cell superlattice structure consisting of alter-
nating stacking of BaFegAsz and BaTiaAs20 layers. (c)
Fermi surface intensity plot and indication of cutl and
cut2 in the BZ. (d) Ti-related electron-like band structure
centered at M recorded along cutl. (e) Ti-related hole-like
band structure centered at X recorded along cut2. (f), (g)
Energy distribution curves (EDCs) of (d) and (e). The
dark-blue dashed lines indicate the two branches of the
Ti-related bands, and the light-blue EDCs at kp indicate
the ‘peak-dip-hump’ line shape. (h), (i) The 2D curvature
intensity plots of (d) and (e), showing the renormalized
polaronic state features in the white boxes.

Our previous study shows the band structure of
BayTisFesAs,O at a high temperature (150 K).['9) In
this work, we performed multiple ARPES measure-
ments at lower temperatures. As shown in Figs. 1(d)
and 1(e), one large Ti-related electron-like band
around the M point and one small Ti-related hole-
like band around the X point are observed at 30 K.
The spectra are recorded along cutl and cut2, respec-
tively, in the BZ as indicated in Fig. 1(c). The details
of the band dispersion in Figs.1(d) and 1(e) are re-
vealed in the 2D curvature intensity plots in Figs. 1(h)
and 1(i). We can clearly observe that each of the
Ti-related bands breaks into two branches at the low
temperature, as indicated in the white boxes, which
is different from the high-temperature band struc-
ture. The energy distribution curves (EDCs) of the

bands around the M and X points in Figs. 1(f) and
1(g) clearly display signatures of renormalization in
the Ti-related band. The lower branch of the band
curves backward near the Fermi wavevector kg, while
the upper branch forms sharp peaks. The light blue
EDCs at kg indicate a ‘peak-dip-hump’ line shape.
The ‘hump’ in the lower branch is formed by the inco-
herent electronic excitations, which strongly couple to
phonons, and the ‘peak’ in the upper branch is formed
by strongly renormalized quasiparticles related to the
coherent polarons.’) To illustrate the signatures of
band renormalization more clearly, the intensity peaks
extracted from the EDCs are plotted onto the band
structure around the polaronic bands along the M-I"
and X—X symmetry lines in Figs. 1(h) and 1(i). The
EDCs peaks plotted in the upper branch of the renor-
malized bands show a flatter band structure, which
means that these states are heavy and nearly local-
ized. This kind of band renormalization is a signature
of polarons, similar to those found in iron-chalcogenide
Fe, Te with an antiferromagnetic order,”! deeply un-
derdoped cuprates,”>~?7 and colossal magnetoresis-
tance (CMR) manganites.>"]

W

05 0.0 05 —05 00 05 —05 00 05
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Fig.2. The 2D curvature intensity plots of the band
structure along the X—X high-symmetry line at different
temperatures from 142 K to 30 K. The arrows indicate the
quasiparticle peaks (QP), dips, and humps appearing at
below 120 K.

The ARPES spectra in Figs. 2(a)-2(f) recorded in
the temperature range where the electrical resistivity
anomaly occurs provide an insight into the effects of
the polarons. Above 120 K, there is no sign of any po-
larons, as shown in Figs. 2(a) and 2(b), which is similar
to our previous data.l'?! The electron-like band cen-
tered at M in Fig. S2 of Ref. [16] and the hole-like band
centered at X in Figs.2(a) and 2(b) cross the Fermi
level with no interference. As the temperature de-
creases below 120 K, the intensities of the ‘hump’ and
the ‘peaks’ increase (Figs.2(c)-2(f)). The ‘hump’ be-
comes wider and the ‘dip’ gradually deepens, suggest-
ing that the polaronic states become more distinct.
The appearance of polarons causes a renormalization
in the electronic bands near the Fermi level, increasing

057401-2


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol.35, No.5(2018) 057401

the electron’s effective mass (or lowering the electron
mobility), which likely leads to the anomaly in the
resistivity observed at around 125 K.
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Fig. 3. Plots of EDCs along the 10 cuts marked as red

lines (a)—(e) and (f)—(j) in the BZ in (k). (k) ARPES
intensity plot of FSs recorded at 30 K with horizontally
polarized photons.

To investigate the distribution of polarons in the
momentum space, we choose ten cuts within a quar-
ter of the BZ, and plot the corresponding EDCs in
Figs. 3(a)-3(j). In all these plots, the polaronic band
structure can be observed in the Ti-related bands near
the Fermi level. Considering the 4-fold symmetry of
the whole BZ, the polaronic states cover a large range
in the momentum space, indicating the localized po-
larons in the real space. However, no polaronic state
is observed in the Fe-related bands, suggesting that
the polarons are solely related to the TiO5 layers, and
likely induced by the strong charge-lattice coupling.

According to our previous study,!'?) there are
about 0.25 electrons per unit cell transferred from the
FeAs layer to the Ti;O layer, leaving the FeAs layer
in a nearly optimal hole-doped state, which leads to
superconductivity. In the current work, we performed
high-resolution temperature-dependent ARPES mea-
surements around 7,.. The Fe-related bands are much
broader than the Ti-related bands due to the correla-
tions of Fe 3d electrons. We symmetrize the Fe-related
bands crossing the BZ center in Figs. 4(a) and 4(b) and
the corresponding EDCs at kg in Fig. 4(c), which is a
common practice in ARPES to remove the effect of
the Fermi function.[’”) An energy gap (2A ~ 10 meV)
is clearly visible at 4.7K (below T¢) and is not visi-
ble at 30K (above T¢), indicating its superconduct-
ing nature. To check the superconducting proxim-
ity effect between the FeAs layer and the TixO layer,
we performed high-resolution measurements of the Ti-
related bands around the M and X points. The pola-
ronic bands can also be clearly observed, as shown in
Figs. 4(j) and 4(k). The zoomed-in symmetrized spec-
tra near kg of the M- and X-centered Ti-related bands

at different temperatures are shown in Figs. 4(d)—4(i),
from which we can see that at both the M and X
points, the Ti-related polaronic bands have an energy
gap opening below T.. The temperature-dependent
EDCs at kp (indicated with white lines in Figs. 4(j)
and 4(k)) shown in Figs.4(l) and 4(m) provide fur-
ther evidence that the observed gap is indeed the su-
perconducting gap. The leading edges of the EDCs at
both the M and X points shift towards the higher
binding energy as the temperature decreases below
around 21 K. The symmetrized EDCs in Figs. 4(n) and
4(0) show in a more intuitive way that the energy gap
opens at temperatures below around 21K. Because
the position of the superconducting coherent peaks
is difficult to track in the presence of the polaronic
peaks, we estimate that the size of the energy gap is
approximately 6 meV based on the leading edges that
locate around 3 meV in both the M- and X-centered
Ti-related bands at 6.7 K. The similar gap size on the
Ti-related bands and Fe-related bands indicates that
the superconductivity in the Ti-O layers is induced by
the proximity effect. Therefore, we obtain that the
superconductivity coexists with the polarons in the
Ti-O layers. The fact that these two kinds of bosons
(the Bogoliubov Cooper pair quasiparticles and po-
larons) couple to each other prompts us to speculate
that quasiparticles of higher order can be generated
by combining different degrees of freedoms.

(c)

—4.7K

Intensity
(arb. units)

—0.4 0.0
ky (A7)

—-0.3 0.0 -0.3 0.0 —0.3 0.0
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. \ \

—0.8 f0‘470.8 T0.470.8 f0'4
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Fig.4. [(a),(b)] Zoomed-in symmetrized intensity plots
of the bands around the BZ center at 30 K and 4.7 K show-
ing that the superconducting gap opens at low tempera-
tures. (c¢) Symmetrized EDC at kp of (a) and (b). (d)—(f)
Zoomed-in symmetrized band structure around kg of the
M-centered electron-like pocket at different temperatures.
(g)—(i) Zoomed-in symmetrized band structure around kg
of the X-centered hole-like pocket at different tempera-
tures. [(j), (k)] The 2D curvature intensity plots of Ti-
related bands structure around M and X. [(1), (m)] The
EDCs at kr (marked as white lines in (j) and (k), respec-
tively) recorded at different temperatures. [(n), (o)] The
symmetrized EDCs of (1) and (m) showing that the super-
conducting gap opens below T¢.

E-Ep (meV)

In summary, we have systematically studied the
electronic band structure of iron-pnictide compound
BasTisFes As4O. The polaronic band structure is ob-
servable in all the Ti-related bands near the Fermi
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level at temperatures below around 120K, which
likely contributes to the electrical resistivity anomaly.
Moreover, a superconducting energy gap induced by
the proximity effect is observed on the Ti-related
polaronic bands at temperatures below T.. Our
study reveals the coexistence of superconductivity
and polarons in the same energy bands. Theoret-
ical works have considered the possibility that po-
larons and bipolarons affect superconductivity in high-
T, superconductors.l*’:*!] Our work provides the more
concrete evidence for this coexistence, which is ex-
pected to generate new kinds of bosonic quasiparticles
by combining the charge, lattice, and spin degrees of
freedom, and also provides a promising platform to
study the interaction between unconventional super-
conductivity and polarons.
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