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Low energy ultrahigh momentum resolution angle resolved photoemission spectroscopy study on four-
layer self-doped high T, superconductor Ba,Ca;Cu,OgF, (F0234) revealed fine structure in the band
dispersion, identifying the unconventional association of hole and electron doping with the inner and outer
CuO, layers, respectively. For the states originating from two inequivalent CuO, layers, different energy
scales are observed in dispersion kinks associated with the collective mode coupling, with the larger
energy scale found in the electron (n-) doped state which also has stronger coupling strength. Given the
earlier finding that the superconducting gap is substantially larger along the n-type Fermi surface, our
observations connect the mode coupling energy and strength with magnitude of the pairing gap.
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In the search for the mechanism of high-T,. supercon-
ductivity, the discovery of electron-boson coupling in the
form of a dispersion anomaly with sharp energy scales has
attracted significant attention [1-6]. Their universal pres-
ence in high-7,. superconductor families makes them a
possible common origin of pairing. The novel four-layer
self-doped [7-9] high-T, superconductor Ba,Ca;Cu,OgF,
(F0234), on which previous experiments [7] revealed si-
multaneous presence of both electron (n-) and hole (p-)like
Fermi surfaces (FSs) and very different superconducting
gaps, provides a unique opportunity for investigating the
relationship between the bosonic mode coupling and the
pairing gap magnitude in the same sample within a single
experiment so that many uncertainties can be eliminated.
In addition, the unconventional charge association between
CuO, layers revealed by the fine structure of band disper-
sion also suggests a reexamination of current theory.

Because of the resolution limitation associated with the
relatively high energy photons used, previous angle re-
solved photoemission spectroscopy (ARPES) measure-
ments were not able to resolve the p and n bands well
enough for studying their individual energy scales, or to
tell whether there exist fine structures in p or n bands,
making it difficult to identify the bands’ association with
specific CuO, layers [7]. In our recent investigations, with
the superior momentum and energy resolution made pos-
sible by low energy photons [10], we unambiguously re-
solve the fine structures of the bands associated with the
p-doping FSs, which positively identifies the association of
the p-type FS with the inner CuO, layers. Furthermore, the
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much improved resolution allowed us to reveal that the
n and p bands couple to the collective modes indepen-
dently and anisotropically, with the n-band coupling at
higher binding energy with larger strength. By comparing
the energy difference of the dispersion anomaly between n
and p bands to the difference of their superconducting gap
magnitude [7], our finding provides evidence for a direct
correlation between mode coupling and pairing strength in
a single material under identical experimental conditions.

ARPES experiments were performed at two facilities,
with the low photon energy (8.5-10 eV) measurements at
beam line 9 A of Hiroshima Synchrotron Radiation Center
(HiSOR) and medium energy (22,55 eV) measurements at
beam line 10.0.1.1 of the Advanced Light Source (ALS).
For the F0234 sample, we utilized 8.5-9.5 eV/55 eV cir-
cularly or linearly polarized light at HISOR/ALS, and the
Bi,Sr,CaCu,0q (Bi2212) sample was measured at ALS
with 22 eV linearly polarized light to manifest the bilayer
splitting [11]. At both facilities, measurement pressure was
kept = 4 X 10! Torr, and data were recorded by Scienta
R4000 analyzers at 20 K sample temperature. The total
convolved energy and angle resolution is 10 meV/16 meV
and 0.2°/0.2° at HISOR/ALS.

In Fig. 1, we show photon energy dependent ARPES
measurements along the nodal direction that reveal the fine
structure in band dispersions, suggesting an unconven-
tional, layer-dependent charge distribution.

Figure 1(a) is the measurement with a photon energy of
9.5 eV. Compared to earlier measurements [7], we find that
the p and n bands are much better separated due to the
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FIG. 1 (color).
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(a)—(d) Photon energy dependence of ARPES measurement along the nodal direction [indicated by the black arrow in

(a) inset]. Upper panels: spectra intensity plots with fitted p1-, p2-band dispersions (see text) superimposed in plots (b)—(d) and in
insets (where the two dispersions are overlapped for comparison); lower panels: MDC stack plots, with an example of two peak MDC
fitting at 120 meV binding energy in insets of (b)—(d). (e),(f) Layered structure of F0234 and Bi2212 in a unit cell, with the CuO, layer

separations indicated.

better k resolution of the low energy photons [10].
Furthermore, the n-band intensity is greatly suppressed at
this photon energy, leaving the p band prominent. With
these two advantages, we can see indications of fine struc-
ture in p band, manifested by the shadow near the main
dispersion in the image plot (top) and the clear shoulder of
the main p-band peak in the momentum distribution curve
(MDC) stack plot (bottom). Also in the p-band dispersion
is a visible “kink” indicated by a sudden electron velocity
(dE/dk) reduction, which results naturally from the renor-
malization of many-body effect as also found in other high
T, superconductor families [1-3,12,13]. The energy scale
of the “kink” is around 67 meV, as will be discussed
further below. We note here that the two p subbands
were predicted by recent LDA calculation [8] but could
not be resolved in previous experiments [7].

To further enhance the p-band contribution for fine
structure study, we chose the photon energy range 8.5—
9 eV [see Figs. 1(b)-1(d)], where we not only have com-
parable subband (noted as p1 and p2) intensities, but also
almost complete suppression of the n-band contribution.
The dramatic variation of the p1 and p2 subbands’ relative
intensities shown in panels (b) to (d) confirms that these
two subbands are not trivially the result of the same band of
two slightly offset domains on the sample surface. Given
that the pl and p2 subbands are well separated, we can
apply the MDC line shape analysis [14] to extract their
dispersions, which are superimposed on the (b)—(d) inten-
sity plots and also shown in their insets for clarity. While it
is self-evident that two peaks can be fitted at low binding
energies, the line shape allows us to do a global fit even to
higher binding energies (see inset, for example, at £, =
120 meV).

The fitted pl and p2 subbands’ dispersions are almost
parallel to each other with a k space separation Ak =
0.026(1/A), which is similar to the bilayer splitting in
Bi2212 along the nodal direction, except 3 times larger
in magnitude [15]. This anomalously large separation in-
dicates that the interaction between the two p-type CuO,
layers is much stronger than that in Bi2212, thus suggest-
ing that the two p-type CuO, planes are the two inner
CuO, layers and the two outer CuO, planes are n type, as
can be seen in Figs. 1(e) and 1(f): The large separation
(945 A) between the two outer CuO, layers makes it
unrealistic for such strong interaction; on the other hand,
the separation (3.18 A) between two inner CuO, layers of
F0234 is 0.16 A less than that in Bi2212 (3.34 A), making
the stronger coupling possible. This unconventional charge
distribution between inequivalent CuQ, layers, while
against the common wisdom [16,17], does agree with the
indication from recent NMR observations [9].

Furthermore, Figs. 1(b)-1(d) also indicate an energy
scale associated with the dispersion kink at £, =67 meV,
with the electron velocity reducing factor A’ ~ 0.75 (see
text below for more details). As we will see below, this is
much different from that in the n band.

To extract the dispersion and energy scales of n band,
medium photon energy (55 eV) was used for intensity
enhancement. In Figs. 2(a)-2(c), we show three measure-
ments parallel to the nodal direction. At this photon en-
ergy, although both bands have comparable intensity at the
node, n-band gains weight quickly when moving away
from the node. In all three measurements, the simultaneous
presence of p and n bands is self-evident, except now the
fine structure of p band cannot be resolved due to
k-resolution limitations [10]. It is obvious from the plots
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FIG. 2 (color). ARPES measurements on F0234 and Bi2212
parallel to the nodal direction (k space loci in insets). (a)-
(c) Spectral intensity plots of F0234 [with fitted p and
n dispersions superimposed in (a),(b)]. White arrows at E;, =
85 meV indicate the binding energy of the n-band dispersion
kink. (d)—(f) Measurements at the same k space loci of Bi2212.
Fitted dispersions for bonding (B) and antiboding (AB) bands
are superimposed on all three plots (see text).

that there exists a clear energy scale indicated by strong
n-band dispersion kink (~85 meV), which becomes
clearer from panels (a) to (c), where n band becomes
more dominant. Further, the renormalization of n band
also becomes stronger, especially in panel (c), where the
n-band kink is so prominent that it appears to intersect into
the p-band dispersion. This clearly shows a band-
dependent renormalization effect.

This band (or FS) dependence of the mode coupling is
different from other high 7, superconductors that possess
multiple FSs such as Bi2212. For comparison, we illustrate
in panels (d)—(f) three measurements for overdoped (7, =
70 K) Bi2212 sample at the same k space loci. Unlike the
large splitting between p and n bands even along nodal
direction in F0234 [panel (a)], from (d) one sees that the
antibonding (AB) and bonding (B) bands of Bi2212 are
almost degenerate. The comparison is similar between
panels (b) and (e). In (f), although the AB and B bands
are now separated, the two dispersions are nearly parallel
with no noticeable renormalization difference, which re-
sembles the pl and p2 bands in Fig. 1 but contrasts
obviously to panel (c).

To better compare the electron-bosonic mode coupling
strength of both bands, we show in Fig. 3(a) fit dispersions
of four fine measurements around the nodal region. (The
fitting function used is two Lorentzian peaks convolved
with a Gaussian resolution function. As seen in Fig. 2(c), in
the region far away from the node, the n band gets too
dominant to permit reliable MDC fitting for the p band.)
From Fig. 3(a), it is clear that for both p band (warmer
color) and n band (cooler color), although the high binding
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FIG. 3 (color). (a) Dispersions from four sequential cuts with
the k space separation between adjacent cuts as 0.057/a (see
inset). Warm and cool colors are used for p- and n-band
dispersions, respectively. (b) Velocity reduction factor A’ (see
text) extracted from the dispersions in panel (a) and in Fig. 1.
(c) Overlapped dispersions of p and n bands at nodal direction.
The black dashed line is a guide to the eye that shows the
coincided dispersions at high binding energy.

energy dispersions are almost parallel, at low binding
energy, the electron velocity decreases clearly from cut
(1) to (4). This shows that the electron-bosonic coupling
is anisotropic in k space for both bands. To quantify the
different strength of the renormalization, we calculate the
velocity reduction factor A’ from each dispersion curve
[see Fig. 3(b)], where A’ is defined by dE/dkgy~100 mev =
(1 4+ X)dE/dkgp<eo mev- The 100 and 60 meV are chosen
to avoid the possible uncertainty of kink positions within
this region. While A’ is not exactly the coupling constant A,
it is proportional to A and thus is also appropriate for
comparing the renormalization strength [3]. Figure 3(b)
confirms that the mode coupling strength is band depen-
dent and anisotropic in k space within each band. Given
that the superconducting gap magnitude for n band is much
larger than that of p band [7], the stronger coupling in-
dicated by larger A’ correlates with larger pairing strength.
Furthermore, in Fig. 3(a), the sharp kink of n band
reveals an energy scale of E, = 85 meV (the p-band
dispersion kink seems blurred due to the presence of strong
n band in vicinity and limited k space resolution), which
obviously differs from the energy scale of p band (67 meV,
see Fig. 1). This difference can clearly be seen by over-
lapping the p- and n-band nodal dispersions in Fig. 3(c).
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FIG. 4 (color). An ARPES measurement on F0234 cutting
through the antinodal point [see inset in (a)]. (a) Intensity plot,
the black arrow indicates the binding energy (85 meV) to which
the quasiparticle band approaches asymptotically. The bare and
quasiparticle bands are originated from the n band (see text).
(b) Energy distribution curve (EDC) stack plots of the same
measurement. Blue arrows are guides to the eye that trace the
sharp EDC peak dispersion. Black dashed lines indicate the
85 meV binding energy positions.

To confirm that the energy scale of the n band does not
result from the artifact of fitting procedure due to the
presence of two bands, we show a medium energy
(55 eV) measurement around the antinodal region in
Fig. 4, where p-band intensity is almost completely sup-
pressed. From both intensity and EDC stack plots, we see
clearly the evidence of electron-bosonic mode coupling
[18-20]: starting from low binding energy, a band with
sharp EDC peak disperses asymptotically towards the
characteristic energy scale (85 meV), and at high binding
energy, a band of broad hump traces the (overdamped) bare
band dispersion. The fact that the asymptotic energy of the
sharp band resides at the same binding energy as the
dispersion kink in nodal direction [21-23] proves that the
85 meV energy scale discovered for the n-type state is real.

The different energy scales of the p and n bands seen in
this compound are rather unusual [3,24]. Since the energy
scale indicated by dispersion anomaly reflects the addition
of bosonic mode energy and the maximum magnitude of
d-wave superconducting gap: Eyinx = Emoge T A [21-23],
the Ej;,s acquired above (67/85 meV for p/n bands) and
As from previous work (leading edge gap 22/42 meV for
p/n bands) [7] determine the mode energy to be
45/43 meV for p/n bands, respectively. These similar
mode energies indicate that the modes coupled to the inner
and outer CuQ, layers can either be different modes with
similar energies, or even the same mode if the experimental
uncertainty is taken into consideration [25]. We encourage
future works to study how these modes with similar ener-
gies can couple to different types of CuO, layers and result
in vastly different local superconducting gaps.

The unconventional charge distribution between inequi-
valent CuO, layers, together with the interplay between the
electron-boson coupling strength and the energy gaps of p
and n bands also provide excellent tests for theory. The fact
that there are two oppositely doped superconducting sub-
systems in a same material enables a comparison of results
from different subsystems under identical experimental
and material conditions. The unusual charge distribution
indicates an unusual chemical environment in this material
and the positive correlation between the gap size and kink
strength raises the intriguing question of whether the dif-
ference in the local superconducting gap size is linked to
the difference of local electron-boson coupling strength.
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