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Abstract

Using high energy resolution angle resolved photoemission spectroscopy, we

have resolved the bilayer splitting effect in a wide range of dopings of the

bilayer cuprate Bi2Sr2CaCu2O8+δ . This bilayer splitting is due to a nonva-

nishing intracell coupling t⊥, and contrary to expectations, it is not reduced

in the underdoped materials. This has implications for understanding the

increased c-axis confinement in underdoped materials.
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It has long been thought that the high temperature superconducting cuprates can to

first order be treated as two dimensional systems since the transport properties within the

ab-plane (CuO2 plane) and along the c-axis are very different. Such anisotropy shows up

for example in the resistivity ratio ρc/ρa,b and their temperature dependence ρ(a,b),c(T ) [1,2].

Other probes such as the optical conductivity and interlayer tunneling measurements also

indicate that the charge transport along the c-axis is severely reduced, especially in under-

doped samples [3,4]. This leads to the general notion that the physics of these materials is

almost entirely two dimensional, and can be well described by a single CuO2 plane. How-

ever, this picture seems to be incompatible with the fact that the transition temperature Tc

is closely related to the number of CuO2 planes per unit cell [5], with single layer compounds

of a family generically having lower Tc’s than bilayer or trilayer compounds. Additionally,

recent experiments on the organic-chain intercalated Bi2Sr2CaCu2O8+δ (Bi2212) showed

that isolated CuO2 planes do not possess superconductivity [6]. These results highlight the

importance of the c-axis couplings for the superconductivity. Therefore, although they have

been largely neglected so far, it appears clear that studies of the c-axis coupling effects on

the electronic structure will be critical for a clear understanding of the high Tc phenomenon.

A large advance was made recently by angle-resolved photoemission (ARPES) experi-

ments on the overdoped bilayer cuprates Bi2Sr2CaCu2O8+δ (Bi2212) which showed for the

first time the existence of the normal state c-axis intracell coupling [7,8]. The coupling

between adjacent CuO2 planes within the bilayer, t⊥, was observed as a splitting of the

near Fermi energy (EF ) bands into a Bonding (B) and Antibonding (A) set. This effect was

found to be maximal at the (π, 0) point of the zone and to go to zero along the (0, 0)− (π, π)

nodal line, consistent with theoretical predictions [9]. The extracted coupling value t⊥ of

55meV is reduced from band theory predictions by about a factor of 3, indicating sizable

correlation effects.

Considering the highly unusual physics in the underdoped regime including in particular

the pseudogap [10] and the non-Fermi liquid behavior due to some sort of increased correla-

tions [11], it is natural to wonder whether the correlations which reduce t⊥ are enhanced in
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the underdoped regime as well. General expectations are that they would, since (1) the c-

axis conductivity (DC [1] and optical conductivity [4]) is greatly reduced in the underdoped

samples, indicating greater two dimensional confinement, (2) correlations are expected to be

stronger as the parent Mott insulator is approached, and (3) the bilayer splitting has not yet

been directly observed in the underdoped regime. In this letter, we present the first direct

evidence that bilayer splitting exists generically in the Bi2212 family irrespective of doping,

and in fact, the energy splitting is essentially constant as a function of doping.

We performed high resolution ARPES on Bi2Sr2CaCu2O8+δ over a wide range of doping

from heavily overdoped (OD, Tc = 55K), through optimal (OpD, Tc = 91K) and underdoped

(UD, Tc = 78K), where the doping levels corresponding to different oxygen concentrations

were achieved by high temperature anneals [12]. The experiments were carried out at the

Advanced Light Source (ALS), Berkeley using the HERS Scienta endstation at the undulator

BL10.0.1. Experimental details can be found elsewhere [13]. An important aspect of the

experiments was the choice of photon energy, which we found adjusts the relative intensities

of the bonding and antibonding bands, allowing an easier experimental deconvolution of the

various features.

Figure 1 shows experimental spectra along the (π, 0) − (π, π) line (green line of the

Brillouin zone in panel (g), which also shows a schematic of the bonding FS (red) and

antibonding FS (black)) [14]. False color images of the energy and momentum spectra along

this cut are shown in panels (a)-(f) for the three dopings and for two photon energies (22eV ,

47eV ). The bilayer-split bands labeled A and B are seen very clearly in panel (a) (OD,

22eV ), in the (red) energy distribution curve (EDC) in panel (h) and (red) momentum

distribution curve (MDC) in panel (i). In the OpD and UD samples however, the intrinsic

linewidth of the individual features is increased to a value equivalent to or even greater than

the bilayer splitting energy, effectively masking the splitting.

Additional insight can be obtained by using the complementary photon energy of 47eV ,

which we empirically found enhances the antibonding band A relative to the bonding band

B (see panels (b), (h) and (i)). A recent first-principles calculation of the photoemission
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matrix elements has independently shown this same effect [15]. Aside from the matrix

element effect changing the intensity ratio of the two bands, we find that the lineshape and

energy/momentum position of the A band is to within experimental uncertainty unchanged.

This large matrix element modulation allows us to deconvolve the contribution from each

of the bilayer-split bands in the optimal and underdoped samples, where the broadening of

the individual features is relatively large.

Similar to what we have observed in panels (a) and (b), the 47eV images of (d) and

(f) show a larger concentration of spectral weight near EF than do the 22eV images of (c)

and (e). This is seen more clearly in the EDCs at (π, 0) shown in (j) and (l) which show a

sharper feature at 47eV (blue) than at 22eV (red). We argue that this is because the 47eV

data shows significant weight from the A band, while the 22 eV data additionally shows

weight from the B band. The MDCs at EF (panel (i), (k) and (m)) tell a similar story - the

47eV data is more concentrated at ky = 0.0 corresponding to the A band, while the 22eV

data extends farther out in ~k space because it contains weight from the B bands as well.

Figure 2 shows the Fermi Surfaces plots extracted from the data, including the effects

of superstructure bands and some photon energy dependences. Panels (a) -(f) show the the

locus of normalized near-EF ( in ±10meV window) spectral weight throughout much of the

Brillouin zone for the same OD and OpD samples and photon energies as in figure 1. The

data were taken in the normal state (T = 80K for OD and 100K for OpD and UD) and

the ~k space location is indicated by the green box in panel (g). A few of the additional

superstructure bands possible are also indicated in panel (g) [16]. Modulo matrix element

effects which may be significant, the high intensity locus of this data should represent the

Fermi Surface topology [17].

As in figure 1, the bilayer splitting is most clear in panel (a) of figure 2 (OD, 22eV )

where we see the A (black) and B bands (red) plus some of their superstructure replicas

(light black and red lines). Also similar to figure 1, the 47eV data emphasizes the A band

and so panel (b) (OD, 47eV ) almost exclusively shows the A band with a great amount of

weight near (π, 0) (in fact the matrix elements at 47eV favor the second zone somewhat,
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causing the high weight portion to be slightly off of the (π, 0) point). Panels (d), (f) show

the FS topology very similar to that in (b), i.e. they all show the A FS topology. Panels (c)

and (e) at 22eV are dominated by the standard hole-like FS corresponding to the B band.

The above data is relevant for the issue of the Fermi Surface topology of Bi2212, which

has been an intensely debated issue recently. In particular, there has been a discussion

about whether the Fermi Surface may sometimes (depending upon photon energy) exhibit

a more electron-like character [20] , or whether there is a single unchanging hole-like piece

plus superstructures, with no effects other than matrix elements which vary as a function

of photon energy [21]. Figures 1 and 2 show that both FS topologies can be seen on any

one sample depending upon the photon energy used, and this can be clearly understood to

be simply due to the bilayer splitting effect. We believe that this should close the debate of

the possibility of two types of Fermi Surfaces in Bi2212- they both exist. Whether one, the

other, or both are observed depends upon the matrix elements which naturally vary with

photon energies [22].

We note that the current data can not explicitly determine which side of (π, 0) the

antibonding band crosses, as it approaches exceedingly close to this point (this is the reason

for the shading in panel (g) of figures 1 and 2). In other words, the van Hove singularity

of the antibonding band is very near the Fermi level at this point. Typical notion is that

if the band crosses EF along (0, 0) − (π, 0) line, the van Hove singularity is above the

EF whereas if it crosses along (π, 0) − (π, π) then it is below EF . In general it had been

known that the van Hove singularity was near EF , with a well known parameterization

being 34meV below EF [23]. While this is quite near EF , it is still much larger than the

temperature scale of Tc. On the other hand, the current data indicates that for the overdoped

sample the antibonding band is at binding energy 9 ± 2meV at the (π, 0) point, which is

comparable to the temperature scale of the problem [24]. This implies it should be quite

active electronically. The van Hove singularity of the standard “hole-like” Fermi Surface

(bonding component) is on the other hand about 100meV below EF , making it much less

relevant. This is important, as there have been many theoretical suggestions that a van Hove
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singularity near EF may be critical to understand the physics of these compounds [25–27] .

The existence of the bilayer splitting and its effect on the Fermi Surface topology is

qualitatively new and was obtained directly from the raw data with no fitting or modeling

required. This is the ideal most trustworthy case. There is much new quantitative infor-

mation as well, and this can be extracted through a simple fitting of the data. Near EF

where the dispersion is steep we fit each set of MDCs with two Lorentzian peaks and a

linear background (see for example figures 3(a)-(d)). Near the bottom of the bands where

the dispersion is flat we fit the EDCs with two Lorentzian peaks plus a linear background

multiplied by a Fermi cutoff (figure 3(e)-(g)). Usually we can only fit a portion of the

spectra (positive ky portion in (a), negative ky in (b),(c),(d)) because of contamination by

superstructure bands. The easiest data to fit is 22eV OD, which shows both A and B bands

clearly and well separated (figure 3(a) and 3(e)). However, data from the optimal and un-

derdoped samples can also be well fit if we tune to 47eV and use two bands A and B. It is

much more difficult or impossible to fit these spectra with one peak [28].

The overall fitting results are compiled in figures 3(h) - 3(k), each set of which corresponds

to about 20 fits of the type in panels (a)-(g). These were each taken along a cut about 27% of

the zone away from (π, 0) where the superstructure contamination was minimal (kx = 0.73π

for 22eV data and 1.27π for 47eV data). The open circles are the EDC peak centroids and

the closed circles are the MDC peak centroids. The dashed lines are quadratic fits to the

centroids, implying a simple parabolic band dispersion [30]. The fact that both the MDC

and EDC centroids are very well fit by the same parabolic bands gives high confidence for

the quality of the data and fits for all sample types.

Panels (i) - (k) show the parabolic fits from all three sample types measured under

identical conditions (47eV , kx = 1.27π cut, normal state). While the different doping levels

give an energy offset of the parabolas from one sample to another (30meV from OD to

OpD and another 10meV from OpD to UD) due to the band filling effect, the shape and

energy splitting of the parabolic curves are essentially unchanged with doping. In practice,

we found the shape and splitting (≈ 70meV ) of the parabolic curves from the OD sample
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and then overlaid this parabola (shifted in energy but with the same splitting) with the data

for the other samples. The good agreement is clear from the fits.

The bilayer splitting as a function of k has been theoretically parameterized as ∆(~k) =

0.5t⊥(cos(kxa) − cos(kya))
2, which is zero along the node lines and maximal at the (π, 0)

points [9]. Using this formula to extrapolate the current data to (π, 0) we get a maximum

splitting of 114meV ± 8meV or a t⊥ ≈ 57meV ± 4meV , obtained from the 47eV data. The

22eV data shown here (panel (h)) gives an estimate of 54meV also. This is in excellent

agreement with our previous estimate of 55meV obtained on 25eV data [7]. Thus we con-

clude that t⊥ is independent of the incident photon energies and has at the most a very

weak dependence on the doping level.

The conclusion that t⊥ depends weakly on the hole doping levels is quite surprising

since the normal state resistivities show very different behavior, both in the magnitude and

the temperature dependence [1,2]. For example, in the UD regime, ρc shows insulating

behavior while ρab is still metallic. In contrast, both ρab and ρc are metallic in the overdoped

regime. This type of data has been widely taken to indicate an increased two-dimensional

confinement in the underdoped samples, a phenomenology that would be consistent with

other exotic behaviors such as spin-charge separation [29] or marginal Fermi Liquid behavior

[11]. While coupling between the unit cells is also relevant for the confinement, this coupling

should be much weaker than the bilayer coupling discussed here, and in fact this coupling

has not yet been directly observed. Our data directly implies a lack of increase in two

dimensional confinement from the strong intracell t⊥ and hints at a lack of change from the

intercell t⊥ effect. We suggest that other factors such as the increase in the scattering rate

near (π, 0), the onset of the pseudogap, or carrier fractionization should be more responsible

for these anomalies in the transport behavior.
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FIGURES

FIG. 1. (a)-(f) Energy and momentum spectra along the (π, 0) − (π, π) line, with a false color

intensity scale. (g) A Fermi Surface plot indicating the location of the data cuts (green lines).

Superstructure bands are not shown, and the shading near (π, 0) indicates the uncertainty of the

FS location. (h),(j),(l) EDCs at the (π, 0) point. (I),(k),(m) MDCs at EF . Red curves are 22eV

data and blue curves are 47eV data.

FIG. 2. Integrated spectral weight over (−10meV, 10meV ) binding energy window. (a)

OD,hν = 22eV . (b) OD, 47eV . (c) OpD, 22eV . (d) OpD, 47eV . (e) UD, 22eV . (f) UD,

47eV . The shaded area of 1(g) is removed in these panels. (g) schematic FS topology with A FS

(black) and B FS (red), plus a few of the SS bands (lighter).

FIG. 3. Fitting results on the 47eV data at kx = 1.27π and on the 22eV data at kx = 0.73π.

(a)-(d) Overlay of MDC at EF with fitted curves. (e): Overlay of EDC at (0.73π, 0.1π) at 22eV

with fitted curves. Open circles are the data, dashed lines are Lorentzian peaks, dotted lines are the

backgrounds and solid lines are the overall fitting results. (f),(g) Overlay of EDCs at (1.27π,−0.1π)

with fitted curves. (h) -(k) Overlay of the centroids from EDCs (open circles) and MDCs (closed

circles) with parabolic fitting curves (dashed lines).
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