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We report an ARPES investigation of the circular dichroism in the first Brillouin zone(BZ) of under- and
overdoped Pb-Bi2212 samples. We show that the dichroism has opposite signs for bonding and antibonding
components of the bilayer-split CuO-band and is antisymmetric with respect to reflections in both mirror
planes parallel to thec-axis. Using this property of the energy and momentum intensity distributions we prove
the existence of the bilayer splitting in the normal state of the underdoped compound and compare its value
with the splitting in overdoped sample. In agreement with previous studies the magnitude of the interlayer
coupling does not depend significantly on doping. We also discuss possible origins of the observed dichroism.
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It is hard to overestimate the role of magnetic interactions
in the high-temperature superconducting cuprates. While the
spin fluctuations1 remain a reasonable candidate as a media-
tor of the pairing itself, the orbital currents form the basis of
the approaches which seem to be promising in the explana-
tion of the enigmatic pseudogap state.2,3Angle-resolved pho-
toemission spectroscopy(ARPES) has proven to be a suc-
cessful technique to study related feedback effects in the
electronic spectrum.4–8 To be directly sensitive to magne-
tism, ARPES experiment needs to resolve the spins of pho-
toelectrons. Such an attractive opportunity to measure spin,
momentum and energy simultaneously and with the same
efficiency requires further improvement of the apparatus for
“complete” photoemission—high spin resolution today still
implies lower energy or/and momentum resolutions. To go
around this problem one can suggest an alternative to a con-
ventional explicit spin analysis. When using circularly polar-
ized light as an excitation source, and in certain cases, the
photoemission intensity itself may depend explicitly on the
spin state of the excited electrons.9,10 Explained in terms of
spin-dependent diffraction through the surface, this effect
suggests a possibility to study spin-dependent processes with
conventional spin integrating electron analyzers. On the
other hand, circularly polarized excitation can also be used to
test the time-reversal invariance of the electronic system
which is broken in the presence of the orbital currents.11–13

Up to now, however, only a small part of the Brillouin zone
of Bi2Sr2CaCu2O8+d sBi2212d in the close vicinity of the
sp ,0d-point was the focus of attention in the studies using
circularly polarized light.12,13 In addition, already the geom-
etry of both experiments assumed a strong dichroic compo-
nent, expected from a purely general consideration of the
problem.11

Here we extend our studies to the whole Brillouin zone.
We reduce the “handedness” of our experiments, keeping the

vectors of incidence, emission and the normal to the sample
surface coplanar. In spite of this we clearly observe a strong
(up to ,18%) dichroism which turns out to be of opposite
sign for bonding and antibonding components and which is
odd upon reflections in all mirror planes. We use this effect
to prove the existence of the bilayer splitting in the normal
state of an underdoped sample. This is in direct contradiction
with recent claims that the bilayer splitting is absent already
in the optimally doped Bi2212.14 Quantitative estimates give
comparable results for the under- and overdoped samples
implying the constancy of the bilayer splitting with doping in
agreement with previous studies.15,16

The experiments were performed at the 4.2R beamline
“Circular Polarization” at the ELETTRA storage ring using
approximately 70% circularly polarized(CP) light from the
elliptical wiggler-undulator. Spectra were collected in the
angle-multiplexing mode of the SCIENTA SES-100 electron-
energy analyzer. The overall average resolution in(k,
v)-space was set to 0.01 Å−130.02 Å−1330 meV. An es-
sential advantage of this experimental setup is that no me-
chanical movement is involved in the process of switching
the helicity of the incoming radiation. Only the direction of
the current in the coils of the wiggler-undulator needs to be
reversed which takes approximately 30 s. This enables the
successive recording of the spectra using the light of both
polarizations with the other experimental parameters remain-
ing unchanged. Direct imaging of the beam spot on the
sample surface using the transmission mode of the same
electron-energy analyzer has demonstrated its perfect
s,10 mmd spatial stability with respect to multiple switching
of the helicity. The excitation energy washn=25 eV show-
ing no dependence on the chirality of the light. High-quality
single crystals of 531-superstructure-free, underdoped
Y-Pb-Bi2212 sTc=80 Kd and overdopedsTc=72 Kd Pb-
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Bi2212 were mounted on the three-axis stepper motor driven
cryo manipulator allowing a precises0.1°d positioning of the
sample with respect to the analyzer’s entrance slit. Under-
doping of the Pb-Bi2212 single crystals was done by partial
substitution of calcium atoms by yttrium, which is known to
be a good alternative to the deoxygenation and is success-
fully investigated in different studies.19 Measurement tem-
peratures of the overdoped and underdoped samples were
105 K and 120 K, respectively. Fermi surface maps were
recorded at room temperature from thesamesingle crystals
using mostly unpolarized light as reported earlier.16

In Fig. 1 we present the results of the routinely performed
measurements which are considered by us as an essential
constituent of the sample characterization. Local maxima on
the momentum distribution maps measured near the Fermi
level correspond to the Fermi surface. The area of the Fermi
surface seen in Fig. 1 as rounded squares directly corre-
sponds to the number of charge carriers in the system, i.e., its
doping level. One can easily notice the difference in sizes of
the “barrels” even without any quantitative analysis. More-
over, the intensity near(p, 0)-point is much lower in case of
the underdoped sample indicating the possible influence of
the pseudogap. Comparison with the similar data for an op-
timally doped sample(not shown) together with these two
observations clearly establishes the considerable difference
in doping levels of the studied samples and their under- and
overdoped characters respectively.16

Energy distribution mapssEDMd and their difference
taken in the nodal direction(cut 5) of the overdoped sample
using the CP light are shown in Figs. 2(a)–2(c). A difference
EDM is obtained by subtraction of the raw data shown in
panel (b) from the data shown in panel(a) taking into ac-
count corresponding values of the storage ring current. The
resultant grey scale image does not show any significant
variations of the intensity upon the change of helicity, thus
rulling out possible experimental artifacts(uncontrolled shift
of the photon energy or emission angle, etc.) which might be
responsible for the dichroic signals discussed below. We note
that the grey scale is the same for the panels(c) and (f) and
ranges from −45000 counts(black) to +45000 counts(white)
resulting in the grey background if the difference is negli-
gible. Cut 6 crosses the Fermi surface along a direction

which makes an angle of 11° with theG-(p, p) line. One
expects here a crossing of two bands originating from the
c-axis bilayer splitting, the latter having been observed now
by a number of photoemission groups in overdoped samples.
In this case the dichroic signal is remarkably strong
s,±8%d and has a well-defined structure[Fig. 2(f)]. One
would expect such a pattern if there are two closely separated
dispersing features with the corresponding dichroism having
the opposite sign for each of them. To check this we fitted the
MDCs of panels(d), (e) and their sum with two Lorentzians.
The fit appeared to be stable within the rather narrow energy
interval s±40 meVd where an apparently asymmetric MDC’s
line shape was observed. The results are shown in Figs. 2(g)
and 2(h). The extracted dispersions prove the presence of
two bands split by 0.032s7d Å−1, though the position of the
weaker(in terms of intensity) bonding component is defined
with larger errors as seen from Fig. 2(h). More importantly,
the ratio of the spectral weights corresponding to the bonding
and antibondig bands is systematically higher for the spectra
taken with right-hand circularly polarized light. The pre-
sented data thus confirm the selective character of the exci-
tation from the bonding and antibonding bands when using
light of different helicity. A qualitatively similar picture is
observed for other cuts through the FS within the irreducible
octant of the first BZ(not shown).

The absence of dramatic changes of this picture in the
underdoped regime as compared to the overdoped case is
evident from Fig. 3. There we show difference EDMs for the
directions 1 and 2(see Fig. 1). The pattern is easily recog-
nizable and qualitatively similar to the one shown in Fig.
2(f). Regardless of the origin of the dichroism, already on the
basis of the visual comparison with the overdoped case, one
can immediately conclude that the bilayer splitting is also
present in the normal state of the underdoped sample, con-
trary to what is stated in Ref. 14. In order to illustrate the
fitting procedure and how the element of the difference map
looks like in more conventional representation we show in
panel(c) exemplary pair of MDC’s[see the black arrow in
panel (a)] together with their difference and fitting compo-
nents. The small constant background is not shown. One eas-
ily notices an asymmetric shape of both MDC’s and different
contributions of the bonding and antibonding bands repre-

FIG. 1. (Color online) Normal
state Fermi surface maps of the
UD80K and OD72K samples.
White lines indicate the cuts in
k-space measured with circular
light. Two mirror planes are
shown as dashed white lines.
Black dashed lines schematically
show bilayer split components not
clearly resolved at room
temperature.
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sented by the Lorentzians. All fit parameters were allowed to
vary, the only constraint being applied is the equality of the
Lorentzians’ widths. Results of the fit for the direction 1 are
nearly identical to those shown in Fig. 2: antibonding/
bonding ratios are also of the order of 3 and 2 for the right-
and left-hand CP light, respectively, and the size of the bi-
layer splitting is 0.037s5d Å−1 implying the constancy of this
value with doping.15 We note that the obtained values of the

splitting in this direction of the BZ are larger than expected
using the formulat'scoskxa−coskyad2/2 (Ref. 17) and es-
timated in Ref. 18 tight binding parameters. This is in agree-
ment with our recent findings as for the finite nodal
splitting.20

Another characteristic feature of the momentum distribu-
tion of the dichroic signal is its antisymmetry with respect to
the reflections in the crystal mirror planes. This is seen by

FIG. 2. Overdoped sample.
EDMs taken with left- and right-
hand circularly polarized light and
their difference along the nodal
(cut 5) direction (a–c) and along
direction labeled 6(d–f). White
lines in panels(c) and (f) are the
energy and momentum distribu-
tions of the dichroic signal ob-
tained from the difference EDM
by deciphering the grey scale
along the cuts marked by white ar-
rows. Results of the two-
Lorentzian fitting procedure ap-
plied to the spectra shown in
panels (d) and (e): ratio of the
heights representing the relative
bonding/antibonding contribution
to the total spectral weight(g) and
dispersion of the corresponding
peak positions(h). Average values
of the ratios are shown as black
dashed lines(g).

FIG. 3. (Color online) Under-
doped sample.(a, b) Difference
EDM’s along the directions 1 and
2. Black arrow, MDC’s energy.(c)
MDC’s taken with differently po-
larized light, they difference and
the fitting functions.(d, e) Fitting
results for the direction 1 equiva-
lent to shown in Figs. 2(g) and
2(h).
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comparing, for instance, the difference spectra presented in
Figs. 4(a)–4(d). The spectra taken with circularly polarized
light of positive helicity on one side of the mirror plane(e.g.,
cut 7) essentially agree with the ones recorded using the light
of negative helicity and measured on the other side(e.g., cut
8) and vice versa. As seen from Figs. 4(a)–4(d) this holds for
both under- and overdoped samples. Qualitatively similar
picture is observed for theG-(p, p) mirror plane and at room
temperature(not shown, see Ref. 13).

Before going into the discussion of what could be the
reason for such intensity variations we briefly summarize
here three experimental results that follow from the pre-
sented and previously published data:(i) dichroism is ob-
served everywhere in(k, v)-space except along the high
symmetry lines, at different temperatures and in under- and
overdoped samples of Pb–Bi2212;(ii ) the sign of the di-
chroic signal changes upon reflection in all crystal mirror
planes parallel to thec-axis;(iii ) within the irreducible octant
of the BZ the dichroism on the bonding and antibonding
bands has the opposite sign. This is schematically illustrated
in Fig. 4(f).

We consider three possible candidates which could be re-
sponsible for the dichroism in the studied samples. An inter-
ference effect, known in the literature as circular dichroism
in the angular distribution(CDAD), can be observed in non-
chiral systems only if the experimental setup has a definite
chirality.21 As mentioned above, our experimental arrange-
ment is such that all three vectors(incidence, emission, and
normal to the surface) are always kept within the same plane.
This rules out a purely geometric origin of the dichroism.22

The second possibility is the traditional magnetic circular
dichroism in photoemission which requires the combination
of spin-orbit coupling and exchange interaction in the initial
or final state. It was demonstrated that the excitation with CP
light under certain conditions results inoptical spin orienta-
tion originating from the spin dependence of the dipole ma-
trix elements.23 The process becomes possible because the

spin character of a given state is coupled to a wave function
of certain spatial symmetry if one takes into account the
spin-orbit interaction. In other words, the electrons excited
from spin-orbit split bands could be spin-polarized in a final
state due to relativistic symmetry selection rules when using
circularly polarized light.24 Further, to detect this spin-
polarization using a conventional analyzer the diffraction
through the surface should be spin-dependent. This seems to
be the case in Bi2212 since exactly Bi–O layers are the
topmost after cleavage and Bi atoms are heavy enough to act
as a natural “spin-filter.” Moreover, within this scenario also
the observed mirror plane antisymmetry of the dichroism is
robustly understood. Both the photon spin and the spin po-
larization are axial vectors, so that they behave like angular-
momentum vectors under a mirror operation. Taking this into
account it is easy to show10 that such antisymmetry would
mean the flipping of the vector of spin-polarization upon
reversal of the helicity. This last condition, in turn, is fulfilled
for centrosymmetriccrystals assuming that the time reversal
symmetry is not broken.10 To clarify the interplay between
the bilayer splitting and spin-orbit interaction we have car-
ried out relativistic band structure calculations of Bi2212.
The basal plane-projected Fermi surface is shown in Fig.
4(e). Inclusion of relativistic terms into the computational
scheme results in the two split bands, but only near(p, 0)
they are split by the spin-orbit interaction and only due to
large admixture of the Bi-states which are thus actively in-
volved in the formation of the Fermi surface. This, however,
is in contradiction with the generally accepted views as for
the nonmetallicity of the Bi-O layers. The so-called “Bi-O
pockets” have never been experimentally observed. In addi-
tion, presented experimental results clearly suggest that the
effect persists all along the Fermi surface.

The third option is that the observed dichroism could also
be attributed to orbital currents flowing in real space and thus
breaking time-reversal symmetry. Naturally, the symmetry of
the dichroism in reciprocal space requires that the order im-

FIG. 4. Difference EDMs il-
lustrating antisymmetric behavior
of the dichroism with respect to
reflection in the mirror plane for
the overdoped(a, b) and under-
doped(c, d) samples. Numbers of
the cuts correspond to Fig. 1. Gray
scale ranges from −105 to 105

counts. (e) Fermi surface calcu-
lated within the LDA approxima-
tion including relativistic effects
(spin-orbit interaction). (f) Sche-
matic picture of the momentum
distribution of the dichroism on
the main Fermi surface in the first
Brillouin zone.
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posed by the orbital currents has to adequately reflect this
symmetry. This condition limits the number of possible pat-
terns. For instance, the pattern of currents suggested in Ref.
11 implies the breaking of the reflection symmetry in theG-
(p, 0) mirror plane and requires a considerable value of the
dichroism in this mirror plane, which is apparently not the
case, also in the present study. On the other hand, the ar-
rangement of elementary currents expected in the “d-density
wave” approach2 would be in agreement with our results. In
order to account for the different sign of the dichroism for
bonding and antibonding components one could order these
currents in neighboring planes antiferromagnetically. In any
case, our observations rule out a clear relation of the dichro-
ism to the pseudogap regime as it was detected over signifi-
cant portion of the phase diagram of Bi2212. This in turn
reduces the chances of the orbital currents to be a solution of
the given problem.

While at present it is not exactly clear what the origins of
the reported dichroic effects in Bi2212 are, it definitely opens
up a promising possibility to differentiate between the bond-
ing and antibonding bands in future ARPES studies. Such a
possibility seems to be urgently needed to help disentangle
true many-body effects from mere features of the band struc-
ture.
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