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The doping evolution of the nodal electron dynamics in the trilayer cuprate superconductor BipSryCay;CuzOq¢. 5
(Bi2223) is investigated using high-resolution laser-based angle-resolved photoemission spectroscopy (ARPES). Bi2223
single crystals with different doping levels are prepared by controlled annealing, which cover the underdoped, optimally-
doped and overdoped regions. The electronic phase diagram of Bi2223 is established which describes the 7. dependence
on the sample doping level. The doping dependence of the nodal Fermi momentum for the outer (OP) and inner (IP)
CuO, planes is determined. Charge distribution imbalance between the OP and IP CuO; planes is quantified, showing
enhanced disparity with increasing doping. Nodal band dispersions demonstrate a prominent kink at ~ 94 meV in the IP
band, attributed to the unique Cu coordination in the IP plane, while a weaker ~ 60 meV kink is observed in the OP band.
The nodal Fermi velocity of both OP and IP bands is nearly constant at ~ 1.62 eV-A independent of doping. These results
provide important information to understand the origin of high 7. and superconductivity mechanism in high temperature

cuprate superconductors.

Keywords: Bi2223, angle-resolved photoemission spectroscopy, nodal electron dynamics, doping evolution

PACS: 74.25.Dw, 74.25.]b, 74.72.~h
DOI: 10.1088/1674-1056/addcc6

The trilayer cuprates (Fig. 1(a)) are unique among all the
discovered cuprate superconductors.!!! First, it has been found
that the superconducting transition temperature (7;) depends
sensitively on the number of CuO, planes (n) per structural
unit and the trilayer cuprates give the highest 7. among the
same family.!'=! Second, the trilayer cuprates exhibit an un-
usual electronic phase diagram distinct from that established
for the single-layer and bilayer cuprates.®! In the general
phase diagram, T, goes up with increasing doping in the un-
derdoped region, reaches a maximum at the optimal doping,
and then decreases to zero in the overdoped region. But in
the trilayer cuprate Bi;SroCa;Cuz0¢, s (Bi2223), while T¢
increases with increasing doping in the underdoped region, it
stays nearly constant in the overdoped region.!”-8! The elec-
tronic structure studies of the trilayer cuprates are important to
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understand the origin of the high 7; and the superconductivity
mechanism. However, due to the sample limitation, the angle-
resolved photoemission (ARPES) measurements on Bi2223
are rather scarce and mostly focused on the optimally-doped
samples.[*17]

In this paper, we prepared a series of Bi2223 single crys-
tal samples with various doping levels by annealing the sam-
ples under different conditions. We carried out high-resolution
laser-based ARPES measurements on the nodal electronic
structures of these samples. The doping dependence of the
charge distribution among the three CuO; planes is determined
in Bi2223. The evolution of the nodal electron dynamics with
doping is revealed.

High-resolution ARPES measurements were carried out
using our lab-based ARPES system equipped with a 6.994 eV
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vacuum ultraviolet (VUV) laser and an angle-resolved time-
of-flight (ARTOF) electron energy analyzer, as well as another
laser-based ARPES setup utilizing a 6.994 eV VUV laser and
a DA30L hemispherical electron energy analyzer (Scienta-
Omicron).['%11 The ARToF ARPES system enables simul-
taneous acquisition of photoelectrons across two-dimensional
momentum space (ky, ky). For both ARPES systems, the en-
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was approximately 0.3°. All Bi2223 samples were cleaved in
situ at low temperature and measured in ultrahigh vacuum with
a base pressure better than 5 x 10~!! Torr. The Fermi level was
referenced by measuring a clean polycrystalline gold which

was electrically connected to the sample.
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Fig. 1. Preparation of Bi2223 single crystals with different doping levels and the related phase diagram. (a) Schematic crystal structure of Bi2223. Here
only half of the unit cell is drawn and the complete unit cell consists of two such structural units displaced with each other by (a/2, b/2). Each structural
unit contains three adjacent CuO, planes with one inner plane (IP) and two outer planes (OPs). (b) AC magnetic measurements of Bi2223 single crystals
with different doping levels and different 7¢s. The optimally-doped Bi2223 single crystals have a T; at 111 K. The optimally-doped samples were annealed
in vacuum to obtain underdoped samples with T¢s at 105 K, 97 K, 89 K, 70 K, 65 K, 57 K, 30 K and 18 K. The optimally-doped samples were also
annealed under high oxygen pressure of ~ 170 atmospheres to obtain overdoped samples with 7;s at 108.3 K and 107.5 K. (c) Phase diagram of Bi2223.
The underdoped region is obtained by fitting the data of 7;.s and doping levels from previous studies with a parabolic form while the overdoped region is
obtained by fitting the previous data of T;s and doping levels with a linear form.[!:1%-17] Here the doping level p refers to the average value of doping levels
on all the three CuO; planes (pc). The doping levels of our samples with different 7¢s are determined based on this phase diagram.

Bi2223 single crystals were grown by the traveling-
solvent floating-zone method.?>?!] The samples were char-
acterized by AC magnetic measurements (Fig. 1(b)) and T¢ is
defined by the onset of the Meissner effect. The optimally-
doped (OPT) samples were obtained by annealing the as-
grown Bi2223 single crystals in air and they have a 7; of
111 K. Then the optimally-doped Bi2223 samples were an-
nealed under two different conditions to adjust their doping
levels. To get the underdoped (UD) samples, the optimally-
doped samples were annealed in vacuum (1 x 1073 mbar)
at different temperatures for different durations.!”-320-231 Ag
listed in Table 1 and shown in Fig. 1(b), the underdoped, heav-
ily underdoped and even non-superconducting Bi2223 sam-
ples can be obtained. To reach the overdoped (OD) region,
the optimally-doped samples were annealed under high oxy-
gen pressure (~ 170 atmospheres) at various temperatures for
different durations,!”-%1%22 a5 shown in Fig. 1(b). For the
overdoped samples, we find that 7. is nearly a constant; it only
slightly decreases with the increasing doping. The most over-
doped Bi2223 sample has a T at 107.5 K. For convenience,
we name our Bi2223 samples by their doping state (under-
doped, optimally-doped and overdoped) and ;.. For example,
UDS57 K represents the Bi2223 sample which is underdoped

and has a T; at 57 K.

Table 1. Preparation of underdoped Bi2223 samples with different 7¢s
by annealing the optimally-doped sample in vaccum at different tem-
peratures for different durations.

Annealing temperature Annealing duration, T,

500°C 1h 4h 45h 55h 8h 10h 33h
108K 88K 8K 69K 60K 30K NSC
450°C I5h 24h  48h 41h 72h
42K 32K 19K NSC NSC
420°C I5h  185h 72h 72h 96h
47K 22K 33K 35K 34K
400°C 15h 24h  8lh
80K 59K 40K

Although the T; dependence on the doping level is qual-
itatively observed in Bi2223,[78) the phase diagram is still
lacking to quantitatively describe the relation between 7, and
the doping level. To establish such a phase diagram, Bi2223
samples covering the underdoped, optimally-doped and over-
doped regions are required. Their 7;s need to be precisely
measured and the corresponding doping levels need to be
determined. Based on the previous ARPES measurements
on Bi2223,[11:16.17] we established the electronic phase di-
On the under-
doped side, we fitted the data from the underdoped samples!'”!

agram of Bi2223 as shown in Fig. 1(c).

(orange squares) and the optimally-doped sample!'!! (green
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squares) by assuming a parabolic form and obtained the rela-
tion T, = 111 —4551(0.178 — pa)?, as shown by the black line
in Fig. 1(c). On the overdoped side, we fitted the data from the

(111 (green squares) and the overdoped

optimally-doped sample
sample!!”! (pink squares) by assuming a linear form and ob-
tained the relation T, = 124.8 — 77.8pa, as shown by the blue
line in Fig. 1(c). By combining the underdoped and overdoped
regions, we established the quantitative relation between T
and the doping level in Bi2223. When T; of the Bi2223 sam-
ples is measured (Fig. 1(b)), their corresponding doping levels
can be determined as shown by asterisks in Fig. 1(c) for our
samples.

Figure 2(a) shows a typical Fermi surface mapping in
the UD105 K Bi2223 sample measured at 15 K by using
our ARToF-ARPES system. Since our laser-ARPES measure-
ments can cover only a small portion of the Brillouin zone,
the position of the Fermi surface mapping, particularly along
the nodal direction, is determined by referring to the previous
ARPES measurements on Bi2223 samples.[!"1%!7] Two main
Fermi surface sheets are clearly observed, labelled as OP and
IP in Fig. 2(a). The OP and IP Fermi surface sheets originate
mainly from the outer CuO, planes and the inner CuO; plane,
respectively. The separation of these two Fermi surface sheets
reflects the difference of charge carrier distribution among the
OP and IP CuO, planes. Since the outer CuO; planes are adja-
cent to the charge reservoir layers, the doping level of the outer
planes is higher than that of the inner plane. This charge dis-

tribution imbalance has been observed in the NMR and STEM
measurements of the multilayer cuprates. [>+2>]

Figure 2(b) displays band structures of Bi2223 with dif-
ferent doping levels measured at 15 K along the nodal momen-
tum cut that is indicated as the black line in Fig. 2(a). Here
the UD57 K, UD70 K, UD89 K, UD105 K and OD108.3 K
Bi2223 samples are measured by using our ARToF-ARPES
system while the OPT111 K and OD107.5 K Bi2223 samples
are measured by using our laser-ARPES system. To iden-
tify bands more clearly, Fig. 2(c) shows the corresponding
second-derivative images with respect to the momentum ob-
tained from Fig. 2(b). Two main bands are clearly observed
in Figs. 2(b) and 2(c), which are labelled as the OP band (red
arrow) and the IP band (blue arrow), corresponding to the OP
and IP Fermi surface sheets in Fig. 2(a). The two bands ex-
hibit a systematic evolution with the increasing doping level.
First, the separation between the two bands increases with the
increase of the doping level. Second, the relative band inten-
sity varies sensitively with the increasing doping level; the OP
band gets stronger while the IP band becomes weaker. Third,
with increasing doping, the OP band extends to higher bind-
ing energy and becomes fully visible in the heavily overdoped
samples. Fourth, the OP bands become broad in the heavily
overdoped samples (OD108.3 K and OD107.5 K). This is at-
tributed to the enhanced splitting of the OP Fermi surface due
to the increased interlayer coupling in the heavily overdoped

samples. !¢

(b) UD57 K UD70 K UD89 K UDI05 K OPT111 K ODI108.3 K ODI107.5 K
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Fig. 2. Band structures measured along the nodal direction at 15 K in Bi2223 samples with different doping levels. (a) Fermi surface mapping
measured in the UD105 K Bi2223 sample at 15 K. (b) Band structures measured along the nodal momentum cut in UD57 K, UD70 K, UD89 K,
UDI105 K, OPT111 K, OD108.3 K and OD107.5 K Bi2223 samples. The location of the nodal momentum cut is indicated by the black line in
(a). The OP and IP bands are marked by red and blue arrows, respectively. (c¢) Corresponding MDC second-derivative images from (b). The
doping level (average sample doping pa) of each sample is indicated in each panel.

To quantitatively determine the band position and the OP—
IP band separation, Fig. 3(a) presents momentum distribution
curves (MDCs) at the Fermi level in Bi2223 samples with dif-
ferent doping levels obtained from Fig. 2(b). Two main MDC

peaks are observed, labelled as OP and IP, which correspond

to the OP and IP bands in Fig. 2(b). The positions of these two
peaks are presented in Fig. 3(b), together with the results from
the previous ARPES measurements.[!!%!71 The momentum
separation between the OP and IP bands is plotted in Fig. 3(c).
The nodal Fermi momentum kg for both the OP and IP bands
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decreases monotonically with the increasing average doping
level (pa) (Fig. 3(b)). In the meantime, the nodal OP-IP kg
separation increases with the increase of the average doping
level (pa) (Fig. 3(c)). With the establishment of these quanti-
tative relations, it is possible to determine the doping level and
T of the measured area by measuring its nodal band structure
in case the Bi2223 sample is inhomogeneous or doped in situ
by annealing or surface deposition during ARPES measure-
ments.

Since the doped holes are distributed unevenly among
three CuO, planes in Bi2223, it is important to know how
the charge carriers are quantitatively allocated among the outer
and inner CuO, planes when the overall doping level changes.

Previous ARPES measurements on Bi2223 with different dop-
ing levels have provided some information about the charge
distribution on the outer and inner CuO; planes which are plot-

L1617 The doping level

ted in Fig. 3(d) as empty symbols.!
variation of the outer CuO, plane with the average doping
level basically follows a linear line crossing the origin (0,0),
which can be described as pc(OP) = 1.32p4 (red dashed line
in Fig. 3(d)). Then the doping level variation of the inner CuO,
plane can be derived to be pc(IP) = 0.37ps (blue dashed
line in Fig. 3(d)). With the establishment of these relations,
the charge distribution of our measured samples can be deter-

mined as shown by solid circles in Fig. 3(d).
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Fig. 3. Doping dependence of the nodal Fermi momentum and the charge distribution in OP and IP CuO; planes in Bi2223. (a) MDCs at the Fermi level
obtained from Fig. 2(b). (b) The nodal Fermi momentum kf of the OP (red symbols) and IP (blue symbols) bands obtained from (a) as a function of the
average doping level (pa). The nodal Fermi momentum kg is defined in the inset of (b). (c) The nodal Fermi momentum difference between the OP and IP
bands in our Bi2223 samples. (d) The charge distribution in OP (red symbols) and IP (blue symbols) CuO; planes in Bi2223 with different doping levels.
The doping levels on the OP CuO, planes from the previous ARPES measurements!!!!%17] are fitted by a linear line (red dashed line). Then the doping
levels on the IP CuO, planes are deduced (blue dashed line). The charge distribution in OP and IP CuO; planes in our Bi2223 samples are determined
based on the two lines. (e) The nodal Fermi momentum kg of the OP (red symbols) and IP (blue symbols) bands as a function of the doping level of their

corresponding CuO, planes (pc).

After the charge distribution on the OP and IP CuO,
planes is known from Fig. 3(d), we can replot Fig. 3(b) to show
the dependence of the nodal Fermi momentum on the doping
level of the individual CuO; plane, as shown in Fig. 3(e). The
nodal Fermi momentum then follows a similar trend for both
the OP and IP CuO; planes. It decreases monotonically with
the increasing doping level of the CuO; plane (pc). As seen
in Fig. 3(d), with increasing average doping level, the doping
level difference between the OP and IP CuO, planes also in-
creases. According to Fig. 3(e), this will lead to the increase
of the nodal OP-IP kg separation (Fig. 3(c)). Therefore, the
increase of the nodal OP-IP kg separation (Fig. 3(c)) with in-
creasing doping can be attributed to the enhanced charge dis-
tribution imbalance between the OP and IP CuO; planes in

Bi2223.

Now we come to analyze quantitatively the nodal band
dispersions in Bi2223. Figures 4(a)—4(g) show dispersions of
the OP and IP bands for Bi2223 with different doping lev-
els, obtained by MDC fitting the band structures in Fig. 2(b).
Considering the band intensity and the band overlapping, we
only present the data that can be reliably extracted from the
MDC fitting. Since the IP band in UD57 K and UD70 K
samples is dominant (Fig. 2(b)), its dispersion can be obtained
up to a high binding energy as shown in Figs. 4(a) and 4(b).
For the heavily overdoped OD108.3 K and OD107.5 K sam-
ples, the OP and IP bands are well separated and clearly ob-
served (Fig. 2(b)) and their dispersions can also be extracted
up to high binding energy, as shown in Figs. 4(f) and 4(g).
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The IP band dispersions exhibit a clear kink at ~ 100 meV in
both underdoped (Figs. 4(a) and 4(b)) and heavily overdoped
(Figs. 4(f) and 4(g)) Bi2223 samples. The kink effect on the
OP band dispersions in the heavily overdoped (Figs. 4(f) and
4(g)) samples is much weaker than that observed in IP band
dispersions.

To identify the kink effect and determine the kink posi-
tion, Figs. 4(h) and 4(i) show the energy difference between
the measured IP band dispersion (blue circles in Figs. 4(a) and
4(b)) and the reference line (black dashed lines in Figs. 4(a)
and 4(b)) in UD57 K and UD70 K samples. Figures 4(j) and
4(k) show the energy difference between the measured OP (red
circles in Figs. 4(f) and 4(g)) and IP (blue circles in Figs. 4(f)
and 4(g)) band dispersions and their corresponding reference
lines (black dashed lines in Figs. 4(f) and 4(g)) in OD108.3 K
and OD107.5 K samples. The energy difference for the IP
dispersions (blue circles in Figs. 4(h)-4(k)) shows a peak or
hump centered around 94 meV (blue arrows in Figs. 4(h)—
4(k)) which is broad in overdoped samples. On the other
hand, the energy difference for the OP dispersions (red cir-
cles in Figs. 4(j) and 4(k)) is much weaker than that for IP
dispersions (blue circles in Figs. 4(j) and 4(k)). They show
a weak peak at around 60 meV (red arrows in Figs. 4(j) and
4(k)). The nodal dispersion kink has been commonly observed
in single-layer and bilayer cuprates at ~ 70 meV.!?0=3% Fur-
ther studies show that the 70 meV kink coexists with another

40 meV kink in the nodal dispersions.3!! The kink energy at

~ 60 meV in the OP nodal band dispersion is comparable to
the ~ 70 meV observed before. However, the kink energy at
~ 94 meV we observed in the IP dispersion is significantly
higher than those (~ 70 meV and ~ 40 meV) observed be-
fore. The nodal dispersion kinks are generally attributed to
electron coupling with bosons and specifically phonons. 26311
It remains unclear whether the ~ 70 meV mode corresponds
to vibrations of the apical oxygens or in-plane oxygens be-
cause their energy scales are similar. Our present study of the
dispersion kink in the nodal IP band in Bi2223 may provide
new clues to understand the origin of the ~ 70 meV kink. In
single-layer and bilayer cuprates, the Cu in the CuO; plane
is coordinated with the apical oxygens. But in Bi2223, the
Cu in the inner CuO; plane is coordinated only with the four
in-plane oxygens and no longer coordinated with the apical
oxygens (Fig. 1(a)). The unusual kink effect we observed in
the IP nodal band dispersion may be related to such a distinct
Cu coordination configuration in Bi2223.

Figure 4(1) shows the Fermi velocity of the OP and IP
bands in Bi2223 as a function of the doping level of the CuO,
planes. The Fermi velocity is obtained by fitting the nodal OP
and IP band dispersions in Figs. 4(a)-4(g) within the energy
range of [—40, 0] meV. The Fermi velocity of both the OP
and IP bands shows little variation with the doping level; it is
nearly a constant at 1.62 eV-A. This observation of universal
Fermi velocity is consistent with the previous results in single-
layer and bilayer cuprates. 3]
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Fig. 4. Nodal electron dynamics in Bi2223 samples with different doping levels. (a)—(g) MDC-derived nodal dispersions for the OP (red cirlces) and IP
(blue cirlces) bands in Bi2223 samples with different doping levels. In (a), (b), (f), (g), straight lines are drawn by connecting two points in the related
dispersions at the Fermi level and —0.15 eV. (h), (i) The energy difference for the IP bands in UD57 K (h) and UD70 K (i) Bi2223 samples, obtained by
subtracting straight lines from the measured IP band dispersions in (a), (b). (j), (k) The energy difference for the OP (red cirlces) and IP (blue cirlces)
bands in OD108.3 K and OD107.5 K Bi2223 samples, obtained by subtracting straight lines from the measured OP and IP band dispersions in (f), (g).
(1) Doping dependence of the Fermi velocity for the OP and IP bands in Bi2223. The Fermi velocity is obtained by fitting the measured OP and IP band
dispersions in (a)—(g) within the energy range of [—40, 0] meV with a linear line. The dashed line shows a constant at 1.62 eV-A.
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In summary, we investigated the doping-dependent nodal
electron dynamics in the trilayer cuprate superconductor
Bi2223 using high-resolution laser-based ARPES. By prepar-
ing samples spanning underdoped to overdoped regions, the
electronic phase diagram is established. The nodal Fermi mo-
mentum for both outer (OP) and inner (IP) CuO;, planes de-
creases monotonically with doping, while their momentum
separation increases due to enhanced charge imbalance be-
tween the OP and IP planes. The IP band exhibits a promi-
nent ~ 94 meV kink and a weak ~ 60 meV kink is observed
in the OP band. The nodal Fermi velocity is nearly constant
at ~ 1.62 eV-A across all doping levels. These results pro-
vide important information to understand the origin of high 7.,
and superconductivity mechanism in high temperature cuprate
superconductors.
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