aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Selective hybridization between the main band and the
superstructure band in the
Bi {2}Sr {2}CaCu {2}0 {84086} superconductor
Qiang Gao, Hongtao Yan, Jing Liu, Ping Ai, Yongqing Cai, Cong Li, Xiangyu Luo, Cheng Hu,
Chunyao Song, Jianwei Huang, Hongtao Rong, Yuan Huang, Qingyan Wang, Guodong Liu,
Genda Gu, Fengfeng Zhang, Feng Yang, Shenjin Zhang, Qinjun Peng, Zuyan Xu, Lin Zhao,
Tao Xiang, and X. J. Zhou
Phys. Rev. B 101, 014513 — Published 29 January 2020
DOI: 10.1103/PhysRevB.101.014513


http://dx.doi.org/10.1103/PhysRevB.101.014513

Selective Hybridization between Main Band and Superstructure

Band in Bi;Sr,CaCuy0g.5s Superconductor

Qiang Gao'?, Hongtao Yan'?, Jing Liu?3, Ping Ai'?, Yongqing Cai?, Cong Li%*?,
Xiangyu Luo'?, Cheng Hu'?, Chunyao Song!'?, Jianwei Huang'?, Hongtao Rong?, Yuan
Huang!, Qingyan Wang!, Guodong Liu'?, Genda Gu?, Fengfeng Zhang®, Feng Yang?®,
Shenjin Zhang®, Qinjun Peng®, Zuyan Xu®, Lin Zhao!, Tao Xiang’?%6 and X. J. Zhou!%36*
! Beijing National Laboratory for Condensed Matter Physics,

Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China.
2University of Chinese Academy of Sciences, Beijing 100049, China.

3 Beijing Academy of Quantum Information Sciences, Beijing 100193, China
4 Condensed Matter Physics and Materials Science Department,

Brookhaven National Laboratory, Upton, New York, 11973, USA
® Techmical Institute of Physics and Chemistry,

Chinese Academy of Sciences, Beijing 100190, China.
6Songshan Lake Materials Laboratory,

Dongguan, Guangdong 523808, China.

*Corresponding authors: XJZhou@iphy.ac.cn
(Dated: January 13, 2020)



Abstract

High-resolution laser-based angle-resolved photoemission measurements have been
carried out on BisSroCaCuy0g.5 (Bi2212) and BisSrs_,La,CuOg.s5 (Bi2201) supercon-
ductors. Unexpected hybridization between the main band and the superstructure
band in Bi2212 is clearly revealed. In the momentum space where one main Fermi sur-
face intersects with one superstructure Fermi surface, four bands are observed instead
of two. The hybridization exists in both superconducting state and normal state, and
in Bi2212 samples with different doping levels. Such a hybridization is not observed
in Bi2201. This phenomenon can be understood by considering the bilayer splitting
in Bi2212, the selective hybridization of two bands with peculiar combinations, and
the altered matrix element effects of the hybridized bands. These observations in-
dicate that the origin of the superstructure bands is intrinsic to the CuO5 planes.
Therefore, understanding physical properties and superconductivity in Bi2212 should
consider the complete Fermi surface topology which involves the main bands, the

superstructure bands and their interactions.



High temperature cuprate superconductors have been extensively studied for more than
thirty years due to its unusally high critical temperature (T¢), anomalous normal state,
and challenging mechanism of high temperature superconductivity [1-5]. Angle-resolved
photoemission spectroscopy (ARPES) [3, 6, 7] has played a key role in studying the elec-
tronic structure of the cuprate superconductors, including the revelation of the distinct
d-wave superconducting gap symmetry [8-10], the pseudogap above T [11-14] and many-
body effects [15-26]. The majority of these significant ARPES results are obtained from
BiySryCaCusOg. 5 (Bi2212) because of the availability of high quality single crystals and its
easiness to cleave to get smooth and clean surfaces. Bi2212 is also widely used in other
experimental techniques like scanning tunneling microscope/spectroscopy (STM/STS) [27-
31].

It is well-known that the bismuth-based cuprate superconductors have incommensurate
modulations in their crystal structure along the b* direction [32-36]. This modulation leads
to the formation of superstructure bands of various orders in the measured ARPES results
[37-42]. A related issue under debate is about the origin of the superstructure bands whether
they are extrinsic due to diffraction of the BiO layers, or intrinsic coming directly from the
CuO, planes [38, 39, 43]. Another feature of Bi2212 is that there are two CuO, planes in one
structural unit separated by calcium (Ca). The interaction between these two structurally
equivalent CuQOs planes gives rise to bilayer splitting, i.e., two Fermi surface sheets, bonding
and antibonding, which correspond to different doping levels with distinct superconducting
gap [44-52]. While most ARPES measurements focus on the main band, little attention has
been paid on the interaction between the main and superstructure bands, and between the
bonding and antibonding bands. These interactions may provide important information on
the origin of superstructure bands and adequate consideration of Fermi surface topology in
studying the physical properties and superconductivity in Bi2212.

In this paper, we report the observation of an unexpected hybridization between the main
band and superstructure band in Bi2212 due to the interaction between the bonding and
antibonding bands. Taking advantage of high resolution laser-based ARPES measurements,
we observed four bands, instead of two, in the momentum space where one main band
intersects with one superstructure band. Such an unusual hybridization is present in both
the normal state and the superconducting state and in Bi2212 samples with different doping

levels. This hybridization phenomenon is not observed in the similar ARPES measurements



on BiySry_,La,CuOg,s (Bi2201) excluding the possibility of its spin-related origin. We
propose this unusual band hybridization in Bi2212 can be understood by considering the
bilayer splitting effect. We find that in this case only the bonding and antibonding bands
can hybridize and the resultant hybridized bands exhibit distinct matrix element effects.
These observations provide key insights on the origin of the superstructure band that is
intrinsic to the CuQOs planes. They also provide a new overall picture of the Fermi surface
topology of Bi2212 that needs to be taken into account in studying its electronic structure
and physical properties.

ARPES measurements were carried out on a vacuum ultraviolet (VUV) laser-based
ARPES system [53, 54]. The photon energy is 6.994 eV with a bandwidth of 0.26 meV.
The energy resolution of the electron energy analyzer (Scienta DA30L) was set at 1 meV,
giving rise to an overall energy resolution of 1.0 meV. The angular resolution was ~0.3°,
corresponding to a momentum resolution of 0.004 A='. The Fermi level is referenced by
measuring on the Fermi edge of a clean polycrystalline gold that is electrically connected to
the sample. High quality optimally-doped BisSrs_,La,CuOgys (x=0.4, Tc=32 K, denoted
as OP32K hereafter) [55] and BisSroCaCusOgys (T=91 K, denoted as OP91K hereafter)
single crystals were grown by the floating zone method. Overdoped Bi2212 sample (T¢=78
K, denoted as OD78K hereafter) was prepared by annealing the optimally-doped sample in
high pressure oxygen atmosphere [56]. Underdoped Bi2212 sample (T¢=64 K, denoted as
UDG64K hereafter) was prepared by annealing the optimally-doped sample in vacuum. The
T was measured using a Quantum Design SQUID magnetometer. All samples were cleaved
in situ and measured in vacuum with a base pressure better than 3 x 107! mbar.

Figure 1 shows the Fermi surface and the corresponding band structure of the Bi2212
OP91K sample. Two momentum spaces are covered, one in the first quadrant and the other
in the second quadrant, as indicated in Fig. 1(i) by the dashed box areas. The Fermi surface
measured in the first quadrant (Fig. 1(a) and Fig. 1(b)) consists of only one sheet, as also
shown by the measured band structures in Fig. 1(g). This Fermi surface corresponds to the
antibonding sheet when measured by using 6.994 eV laser [23]; the bonding sheet is fully
suppressed at this measurement condition. In the second quadrant, the main Fermi surface
is expected to intersect with two first-order superstructure replicas at MS1 and MS2 points,
as indicated in Fig. 1(i). However, the measured Fermi surface in the second quadrant

(Figs. 1(d), (e)) shows rather complex topology near the crossing areas, MS1 and MS2,



of the main and superstructure Fermi surface sheets. First, both the main Fermi surface
and the superstructure Fermi surface get broken and become disconnected near the MS1
crossing point. Three branches of Fermi surface can be clearly seen near the crossing point
although the main Fermi surface and the superstructure Fermi surface still consist of only
one band away from the crossing point. In the constant energy contour at a binding energy
of 15 meV (Fig. 1(f)), these features show up more clearly by reducing the effect of the
superconducting gap and four branches of contours can be identified near the MS1 crossing
point. Here the branch 1 comes from the superstructure band, and the branches 2 and 3
come from the main band broken at the crossing point. But the weak branch 4 appears
unexpectedly which can not be attributed to either the main band or the superstructure
band.

When the momentum cuts move from the nodal direction to antinodal direction (B1 to
B9 cuts in Fig. 1(e)), the measured band structure (Fig. 1(h)) changes from two bands for
B1-B5 cuts, to three bands for B6 cut, to four bands for B7 cut, and finally back to two
bands for the cuts B8 and B9, as indicated by the arrows on the top of Fig. 1(h). The band
structure evolution in Fig. 1(h) agrees with the measured Fermi surface in Fig. 1(e) and
the constant energy contour in Fig. 1(f). In particular, the simultaneous observation of four
bands in Cut B7 corresponds to the four branches of contours in Fig. 1(f). We note that the
band 4 in the Cut B7 panel of Fig. 1(h) gives rise to the branch 4 in Fig. 1(f); it is not due
to the superconductivity-induced back bending of the band 3 because it is parallel to the
band 3 [57]. The bands caused by superconductivity-induced back bending exhibits different
slope from the original band, as seen in the Cuts A7-A9 panels in Fig. 1(g). The two bands
observed away from the crossing point, for cuts B1-B5, B8 and B9, are well understood
as from one main Fermi surface and one superstructure Fermi surface as depicted in Fig.
1(d). However, the simultaneous observation of four branches of Fermi surface sheets (Fig.
1(f)) and four bands (Fig. 1(h) B7) near the crossing point MS1 is rather different from the
expected pictures where only two bands can be observed, either there is no hybridization
(Fig. 1(j)) or hybridization (Fig. 1(k)) between them.

To check the effect of superconductivity on this unusual band hybridization and its doping
dependence, we measured Bi2212 samples with different doping levels in both normal state
and superconducting state. Fig. 2 shows the Fermi surface mappings and the constant

energy contours at a binding energy of 15 meV for the underdoped UD64K (Fig. 2(a)),



optimally-doped OP91K (Fig. 2(b)), and overdoped OD78K (Fig. 2(c)) samples both above
and below their corresponding superconducting transition temperatures. The measured data
in the normal state show quite similar behaviours as that measured in the superconducting
state, i.e., the Fermi surface topology near the crossing point is characterized by broken
Fermi surface and the appearance of multiple branches. Some fine structures, in particular
the appearance of the branch 4, become less clear in the normal state data possibly due
to thermal broadening at relatively high temperature. This will not affect the result that
unusual band hybridization exists both above and below Ty and therefore it is not caused
by superconductivity. The three samples with different doping levels show quite similar
behaviours near the crossing area of the main band and the superstructure band. Here
some fine structures in the measured data of the underdoped UD64K sample (Fig. 2(a)) are
less clear than those in the optimally-doped and overdoped samples which may be related
to photoemission spectrum broadening by strong electron scattering in the underdoped
samples [58—-61]. The key features of the unusual band hybridization, broken Fermi surfaces
and multiple branches, remain in the underdoped sample. Therefore, the unusual band
hybridization between the main and the superstructure bands is a general phenomenon in
Bi2212 with different doping levels.

Since superstructure modulation is present in all the bismuth-based superconductors [32—
35], it is natural to ask whether similar band hybridization phenomenon can also occur in
other systems besides Bi2212. To this end, we performed similar ARPES measurements on
Bi2201. The measured Fermi surface in two quadrants and the corresponding band structure
are shown in Fig. 3. In the first quadrant, single Fermi surface sheet is clearly observed
(Fig. 3(a)). The corresponding band structure consists of a single band for the momentum
cuts from nodal to antinodal regions (Fig. 3(g)). In the second quadrant, both the main
Fermi surface and the superstructure replica are clearly observed. The main Fermi surface
is continuous and there is no additional Fermi surface branch appeared in the crossing area
of the main and superstructure bands (Fig. 3(d)). There appear only the main band and
the superstructure band in the measured band structure for the momentum cuts from the
nodal to the antinodal directions and no sign of any additional bands is observed (Fig.
3(h)). These results can be well understood by the picture in Fig. 1(j) where the main band
and the superstructure band cross without hybridization. The unusual band hybridization

observed in Bi2212 does not occur in Bi2201 although in both cases only one main Fermi



surface is observed.

Now we come to discuss on the possible origin of the peculiar band hybridization discov-
ered in Bi2212. When two bands hybridize with each other, they usually still give rise to
two avoided bands as shown in Fig. 1(k). When we first observed two hybridized bands to
split into four bands, the first possibility coming into mind is whether this is spin related
phenomenon. Special momentum-locked spin texture has been reported in Bi2212 super-
conductor [62]. If spin-up and spin-down bands split during the band hybridization between
the main band and the superstructure band, it will naturally produce four bands as we have
observed. We believe this scenario is less likely. First, it remains to see whether the observed
spin texture in Bi2212 can cause the splitting of the spin-up and spin-down bands. Second,
if we assume the spin texture observed in Bi2212 is general in cuprate superconductors, the
absence of the unusual band hybridization in Bi2201 is not consistent with the spin-related
scenario.

The observation of the unusual band hybridization in Bi2212 and its absence in Bi2201
indicates that it is a Bi2212 specific phenomenon. Compared with Bi2201, the unique
features of Bi2212 lie in the presence of two CuQOs planes in one structural unit that gives
rise to bilayer splitting [44-52]. Although there is only one main Fermi surface that is
observed during our measurements, there are actually two Fermi surface sheets, bonding
and antibonding, that are present. This prompted us to examine whether this unusual
hybridization could be related to the bilayer splitting in Bi2212. Fig. 4(a) shows the Fermi
surface topology of Bi2212 by considering both the bilayer splitting and the superstructure
bands. In the same momentum area as covered by our experiment, two main Fermi surface
sheets are expected to cross with two superstructure Fermi surface sheets in the second
quadrant, giving rise to four crossing points (A, B, C and D) as shown in Fig. 4(b). If there
is no band hybridization at the four crossing points, it is obviously not consistent with the
measured result shown in Fig. 4(d). When we consider band hybridization on all the four
crossing points in Fig. 4(c), it does not agree with the measured result in Fig. 4(d) either. A
consistent picture emerges when we consider (1) only the bonding band and the antibonding
band can hybridize. This applies to the crossing point A where the main antibonding band
(MainAB) intersects with the superstructure bonding band (SSBB) and the crossing point
C where the main bonding band (MainBB) intersects with the superstructure antibonding

band (SSAB); (2) The bonding band does not hybridize with the bonding band like the



crossing point D; The antibonding band does not hybridize with the antibonding band like
the crossing point B; (3) In our present ARPES measurement condition, only the antibonding
band is observed while the bonding band is fully suppressed. The hybridized bands show up
because they are mixed with both bonding and antibonding characters. The resultant Fermi
surface picture (Fig. 4(e)) agrees well with the observed results (Fig. 4(d)). In particular,
the simultaneous observation of four bands in the crossing area can be well understood in
this picture.

The present work provides a unique opportunity to look into the interaction between the
bonding and the antibonding bands in Bi2212. Our results indicate that only the bonding
and the antibonding bands can hybridize with each other. The underlying mechanism of this
selective hybridization is interesting that asks for further theoretical understanding. This
band interaction rule can also explain why there is no band hybridization between the main
and the superstructure bands in Bi2201.

It has been under debate on the origin of superstructure bands in the bismuth-based
superconductors in which the superstructure modulation is present [38, 39, 43|. In one sce-
nario, the superstructure bands are extrinsic that are formed when the photoelectrons from
the CuO, plane are diffracted in passing through the BiO layer with superstructure mod-
ulation. In the other scenario, they are intrinsic that come from the CuOs planes directly.
Our present work provides strong evidence in favour of their intrinsic nature. If the super-
structure band originates from photoelectron diffraction, it is impossible for it to hybridize
with the main band. Both the main band and the superstructure band, as well as their hy-
bridization, come directly from the CuO, plane. This is consistent with the observation of
superstructure modulation in CuO, planes [36, 43, 63]. We note that similar situation occurs
in graphene where several new replicas of Dirac cones are observed which is attributed to
the underlying weak modulation of the ionic potential by the substrate experienced by the
electrons in the graphene [64]. The new features are intrinsic and important in understand-
ing the related transport properties [64]. Likewise, the intrinsic nature of the main bands,
the superstructure bands and their hybridization provides a complete Fermi surface topol-
ogy for Bi2212 that should be considered in understanding its electron structure, physical
properties and high temperature superconductivity.

In summary, by taking high resolution laser-based ARPES measurements on Bi2212,

we have discovered an unexpected band hybridization between the main band and the su-



perstructure band. Such a hybridization is observed in Bi2212 with different dopings and
in both the normal and the superconducting states. It is not present in Bi2201. This
phenomenon can be understood by considering the bilayer splitting and the selective inter-
action of bonding and antibonding bands in Bi2212. Our results provide strong evidence
to support the intrinsic nature of the superstructure bands. They also provide a complete
Fermi surface topology of Bi2212 that needs to be considered in theoretical and experimental
understanding of its physical properties.
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FIG. 1: Fermi surface and band structure of Bi2212 (OP91K) measured at a temper-
ature of 20 K by laser-based ARPES. (a) Fermi surface mapping in the first quadrant of the
Brillouin zone. It is obtained by integrating the spectral weight over an energy window of [-2,+2]
meV with respect to the Fermi level. (b) The second derivative of the original image (a) with
respect to momentum. The second derivative image helps enhance the contrast to reveal some
detailed structures. (c) The second derivative image of the constant energy contour obtained by
integrating the spectral weight over an energy window of [-3,+3] meV with respect to a binding
energy of 15 meV. (d-f) The same as (a-c) but measured in the second quadrant of the Brillouin
zone. (g) Band structure along different momentum cuts A1-A9 in the first quadrant. The location
of the momentum cuts is shown by white lines in (b). The images are second derivative of the
original band structure with respect to momentum. (h) Band structure along different momentum
cuts B1-B9 in the second quadrant. The location of the momentum cuts is shown by white lines in
(e). The images are second derivative of the original band structure with respect to momentum.
The red and yellow arrows mark the location of the observed bands. (i) Schematic Fermi surface
of Bi2212 containing the main antibonding Fermi surface (MainAB, red lines) and its first-order
superstructure replicas (SSAB, yellow lines). The dashed purple box represents the mapping area
of (a), and the dashed grey box represents the mapping area of (d). (j) The enlarged momentum
area where the main band and the superstructure band intersects at the MS1 point. (k) Same as

(j) by assuming hybridization of two bands.
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FIG. 2: Doping and temperature dependences of Fermi surface and band hybridization
in Bi2212. (a) Fermi surface and constant energy contour of underdoped Bi2212 with 7T,=64 K
(UD64K) measured in the superconducting state at 15 K (al-a3) and the normal state at 75 K
(ad-a6). (a2), (a3), (ab) and (a6) are obtained by the second derivative of the original data with
respect to momentum. (al), (a2), (a4) and (ab) represent the measured Fermi surface while (a3)
and (a6) are constant energy contours at a binding energy of 15 meV. (b) Same as (a) but the
Fermi surface and constant energy contour are measured on an optimally-doped Bi2212 with T,=91
K (OP91K) in the superconducting state (20 K) and the normal state (96 K). (c) Same as (a) but
the Fermi surface and constant energy contour are measured on an overdoped Bi2212 with T,=78

K (OD78K) in the superconducting state (15 K) and the normal state (80 K).
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FIG. 3: Fermi surface and band structure of Bi2201 (OP32K) measured at a temper-
ature of 20 K by laser-based ARPES. (a) Fermi surface mapping in the first quadrant of
the Brillouin zone. It is obtained by integrating the spectral weight over an energy window of
[-2,42] meV with respect to the Fermi level. The corresponding momentum area is marked as
the dashed red box in the inset. (b) The second derivative of the original data corresponding to
(a) with respect to momentum. (c) Constant energy contour at a binding energy of 15 meV. The
image is obtained by the second derivative of the original data with respect to momentum. (d)
Fermi surface mapping in the second quadrant of the Brillouin zone at 15 K. The corresponding
momentum area is marked as the dashed red box in the inset. (e) The second derivative of the
original data corresponding to (d) with respect to momentum. (f) Constant energy contour at a
binding energy of 15 meV. The image is obtained by the second derivative of the original data with
respect to momentum. (g)-(h) Band structure measured at 15 K. The location of the corresponding
momentum cuts is shown as white lines in (b) and (e) labelled with A1-A9 and B1-B9. The images
are obtained by the second derivative of the original data with respect to momentum. The red and

yellow arrows in (h) mark the location of the observed bands.
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FIG. 4: Schematic illustration of band hybridization and its comparison with the mea-
sured results in Bi2212. (a) Schematic Fermi surface of Bi2212 containing the main Fermi
surface with bilayer splitting: antibonding sheet (MainAB, red lines) and bonding sheet (MainBB,
dashed blue lines), and first-order superstructure replicas: antibonding sheet (SSAB, yellow lines)
and bonding sheet (SSBB, dashed green lines). The dashed grey box marks the momentum area
enlarged in (b)-(e). (b) The enlarged momentum area marked in (a). The main bonding and anti-
bonding Fermi surface sheets intersect with the superstructure bonding and antibonding replicas
that gives rise to four crossing points labelled as A, B, C and D. (¢) Same as (b) but considering
band hybridization at all four crossing points. (d) The measured constant energy contour at a
binding energy of 15 meV at the crossing point MS1 as shown in Fig. 1(f). The observed four
branches of sheets are marked. (e) Same as (b) but considering the band hybridization only at A

and C crossing points.
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