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We report first-principles computations of the angle-resolved photoemission response with circularly

polarized light in Bi2Sr2CaCu2O8þ� for the purpose of delineating contributions to the circular dichroism

resulting from distortions and modulations of the crystal lattice. Comparison with available experimental

results shows that the measured circular dichroism from antinodal mirror planes is reproduced in

quantitative detail in calculations employing the average orthorhombic crystal structure. We thus conclude

that the existing angle-resolved photoemission measurements can be understood essentially within the

framework of the conventional picture, without the need to invoke unconventional mechanisms.
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A key to understanding the mechanism of superconduc-
tivity in cuprates is to unravel the nature of the pseudogap
phase, which arises as a precursor to the superconducting
phase when the insulator is doped with holes. A number of
theoretical models of the pseudogap phase invoke the
presence of circulating currents (CCs) in various configu-
rations with breaking of the time-reversal symmetry (TRS)
as one of their hallmarks [1–4]. In this connection, Varma
[5,6] has proposed that the breaking of TRS could be tested
by using circularly polarized light in angle-resolved pho-
toemission (ARPES) experiments. Specifically, the obser-
vation of a nonzero circular dichroism signal from a sym-
metry plane of the sample, i.e., the difference between the
ARPES intensities for left-handed (LH) and right-handed
(RH) polarized light, would provide evidence for the ex-
istence of the CCs. Kaminski et al. [7] carried out ARPES
experiments on a thin Bi2212 film and reported support for
TRS breaking. This conclusion, however, has been chal-
lenged by others, implicating possible dichroic effects
resulting from the breaking of reflection symmetry due to
temperature-dependent changes in the geometry of the lat-
tice [8] or from the presence of superstructure in Bi2212
[9–11]. Here we report first-principles computations,
which include the effects of the ARPES matrix element
[18] and allow us to assess quantitatively how distortions of
the lattice contribute to a dichroic signal in Bi2212.We find
that the existing ARPES measurements can be understood
essentially within the conventional picture without the
need to invoke unconventional mechanisms.

Our focus is on calculating the dichroic effect in dis-
torted geometry using the correct crystal symmetry.
Specifically, we use an average of the incommensurate
structure [19] represented by an orthorhombic unit cell,
i.e., a centrosymmetric bbmb structure, refined using neu-
tron spectroscopy by Miles et al. [20] at 12 K for an
optimally doped single crystal sample. This structure is
consistent with ARPES studies which show the presence of

both a mirror and a glide plane in Bi2212 [21]. In the
orthorhombic distortion, the atoms in the Cu-O layer al-
most maintain their symmetric positions, but the Bi-O
layer is distorted. The states forming the Fermi surface
originate in the Cu-O layer, and distortions in that layer
would change the band dispersions strongly. In contrast,
distortions in the Bi-O layer have little effect on the Fermi
surface, but the effect on ARPES intensities is substantial.
To our knowledge there are no quantitative refinements of
the surface reconstruction, and for this reason a cleavage
surface terminated at the Bi-O layer is used in the present
calculations, without allowing for possible surface recon-
structions or relaxations.
The details of our one-step approach to photoemission

are given elsewhere [22–24]. The imaginary parts of the
initial and final state self-energies were chosen to be 0.1
and 2 eV, respectively, since these values have been shown
to yield a good level of agreement between calculations
and measurements in our recent studies [24]. In any event,
normalized circular dichroism Dn, which is our main con-
cern in this study, is insensitive to the choice of these
parameters. We define Dn by

Dn ¼ ILH � IRH
ILH þ IRH

¼ D

ILH þ IRH
; (1)

where D ¼ ILH � IRH denotes the intensity of the dichroic
signal.
The theoretical dichroic signal in orthorhombic Bi2212

is considered in Fig. 1 using 21 eV light incident normally
to the surface. The computed intensities for LH- and RH
polarized light are shown in Figs. 1(a) and 1(b), respec-
tively. These maps may be thought of as a representation of
the Fermi surface as seen in photoemission. The key,
however, is the dichroic signal D shown in Fig. 1(c), ob-
tained by taking the difference of the maps in Figs. 1(a) and
1(b). Note that there are two symmetry planes relevant for
photoemission spectroscopy in the structure: a mirror plane
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parallel to the y axis and a glide plane parallel to the x axis.
Since D is antisymmetric with respect to reflections at
symmetry planes of the sample [24], D is exactly zero at
these planes which lie along the �� X and �� Y direc-
tions. The mirror planes parallel to the Cu-O bonds, cor-
responding to directions ��M, are lost, and so is the
fourfold rotation symmetry in Figs. 1(a) and 1(b). The faint
shadow bands [marked SB in Fig. 1(c)] result from the
doubling of the unit cell in going from the tetragonal to the
orthorhombic structure [21,25].

We now turn to address the dichroism of the spectra at a
quantitative level. In this connection, Fig. 2(a) shows how
the dichroic intensity varies in the vicinity of the M sym-
metry point as a function of energy for momenta kk lying
along the black line in Fig. 1(c). The same spectrum is
plotted in Fig. 2(b) using a very small initial state linewidth
of 0.02 eV to better reveal various bands underlying the
spectrum. For example, the shadow bands (SB1 and SB2)
around binding energies of 0.2 and 0.6 eV are seen more
clearly in Fig. 2(b), in addition to the familiar bonding
(BB) and antibonding (AB) bands. For comparing dichroic
intensity with experiments, a convenient measure is to
consider the integrated spectral weight between the bind-
ing energy window of 0–0.2 eV [pair of black horizontal
lines in Fig. 2(a)] because in this way one can isolate the
contribution of just the AB band close to the M point. The
integrated weights so obtained as a function of kk in a

narrow momentum range around M are given in Figs. 2(c)
and 2(d). [Here kk ¼ 0 denotes the M point.] Figure 2(c)

shows how these weights vary with kk for the LH and RH

polarized light; the bumps in Fig. 2(c) for kk <�0:1 and

for kk > 0:1 arise because at these momenta the BB band

begins to contribute. For this reason, only the kk range of
�0:1 toþ0:1 shown by gray shading in Figs. 2(c) and 2(d)
is most relevant for discussing the dichroic signal of the
AB band. With this background, Fig. 2(d) compares the

normalized, energy-integrated dichroic weight Dn of
Eq. (1) in the tetragonal (dashed red line) and orthorhom-
bic (solid blue line) structures. Dn is seen to vary essen-
tially linearly in the narrow shaded kk range for both

structures, but as expected, for the tetragonal case, Dn ¼
0 at the M point due to symmetry of the lattice. The
orthorhombic distortion breaks the symmetry of the mirror
plane through theM point, and the resulting dichroic signal
is quite substantial, amounting to about 6% in Fig. 2(d) at
the M point.
Note that near the M point, in principle, the integrated

weights Dn of Fig. 2(d) for the orthorhombic case include
the contribution of the shadow band SB1 in addition to that
of the main antibonding band AB. We see from Fig. 2(b),
however, that the spectral weight of SB1 close to the M
point is small, and, therefore, the dichroic response atM is
dominated by the antibonding band. Interestingly,
Refs. [9,26] have suggested that the umklapp bands or
the diffraction replicas of the main bands resulting from
the presence of the superstructure in Bi2212 are important
in explaining the observed dichroic effects in the ARPES
spectra. Our calculations, on the other hand, indicate that
extra bands such as the shadow and umklapp bands do not
play a significant role in the symmetry breaking dichroic
signal.

a)

E
B 

 (
eV

) AB

BB

b)

SB1

SB2

0.4

0.0

k
||
  (1/Å)

I 
 (

ar
b.

 u
ni

ts
)

c)

M

RH

LH

−0.1 0 0.1

D
n  (

%
)

d)

Ortho.

Tetra.

−0.1 0 0.1

−20

0

20

FIG. 2 (color online). Computed dichroic intensity at and near
the Mð�; 0Þ symmetry point. (a) Dichroic intensity as a function
of binding energy for momenta along the black line in Fig. 1(c).
The horizontal axis denotes kk distance from the M point, where

kk ¼ 0 is the M point. (b) The same as (a), except this panel

corresponds to a very small initial state width to highlight
various spectral features (AB, BB, SB) discussed in the text.
(c) Spectral weight integrated over the binding energy range of
0–0.2 eV [pair of black horizontal lines in (a)] for RH and LH
polarized light. (d) Normalized dichroic signal Dn, energy-
integrated over the 0–0.2 eV binding energy range, for the
orthorhombic and tetragonal structures.
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FIG. 1 (color online). Theoretically obtained photointensity in
orthorhombic Bi2212 for emission from the Fermi energy using
21 eV light incident normally to the surface. (a) LH polarized
light; (b) RH polarized light; and (c) dichroic intensity obtained
by taking the difference (LH-RH) of the maps in (a) and (b).
Black denotes low and white denotes high intensity.
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Figure 3 provides further insight into how the dichroic
response Dn at the M point evolves with geometric dis-
tortion by considering a series of geometries starting with
the tetragonal structure, which is then distorted gradually
into the orthorhombic low-T structure of Ref. [20] by
varying all of the atomic positions uniformly. The dichroic
response is seen to depend quite strongly on the excitation
energy. At 25 eV, the response varies quadratically with the
degree of distortion reaching �13:6% for the fully dis-
torted geometry. The behavior at 50 eV is almost a mirror
replica of that at 25 eV. At 21 eV, the response is much
smaller, being quadratic only for small distortions and then
becoming linear with a maximum of about�6%. At 30 eV,
the response rises slightly at small distortions but falls back
to becoming essentially zero by 50% distortion, rising
again slowly to a value of 2.5% at the 100% distortion.
These results establish very clearly that the size of the
dichroic signal can vary anywhere from �15% to 15% in
Bi2212 depending on the degree of orthorhombic distor-
tion and the choice of the excitation energy.

We delineate temperature effects on the dichroic signal
with reference to Fig. 4 on the basis of the structural
refinements of Miles et al. [20] at 12 K and room tempera-
ture. Insofar as dichroic effects are concerned, the key
structural change involves the movement of the y coordi-
nate of the O atoms in the Bi-O layer in that these atoms
move by 0.05 Å closer to the tetragonal position when the
temperature is raised from 12 to 298 K. In this connection,
Fig. 4(a) shows how the energy-integrated intensity for the
LH and RH polarized light varies with momentum in a
narrow momentum range around the M point at 12 and
298 K for 21 eV photons. (The horizontal scale here has
been chosen to be the same as that used in Figs. 3 and 4 of
Ref. [7].) For both the LH and the RH polarized light, the
reduced distortion of the tetragonal structure at the higher
temperature is seen to induce a reduction in intensity. The
corresponding dichroic signal in Fig. 4(b) also shows a

momentum-dependent reduction of a few percent in the
value of Dn at theM point, which is in agreement with the
experimental results of Ref. [7]. Moreover, the computed
dichroism is odd with respect to rotating the sample by
90�, which is also in accord with the experimental obser-
vations of Ref. [7].
Table I provides a comprehensive comparison between

our low- and room-temperature predictions with the avail-
able experimental data. Experimental results include
room-temperature measurements of Borisenko et al. [9]
on a single crystal sample of Bi2212 with O and Pb doping
and those of Kaminski et al. [7] on a thin-film sample at
low and room temperature. Computed values of the
energy-integrated dichroic intensity Dn are given at three
different excitation energies h�. Considering the single
crystal data of Ref. [9] in the first experimental column,
the measured Dn value of 5% at room temperature is seen
to be in excellent accord with the corresponding computed
value of 6% at 49.7 eV.
Turning to the 2nd experimental column for the thin-film

data of Ref. [7], the measured change of 3% in going from
the room to low temperature is in reasonable accord with
the computed change of 1.5% at 21 eV in Table I. We
emphasize that the value of Dn is seen from Fig. 3 to be
quite sensitive to the photon energy, and it can vary any-
where from zero to 15%. But the three theory columns in
Table I show very clearly that the change in the value ofDn

is rather insensitive to photon energy and shows an in-
crease of a few percent quite consistently in going from the
room- to the low-temperature structure. The zero measured
dichroic signal reported by Ref. [7] at room temperature is
most likely the result of a different structure of the thin-
film samples (compared to bulk single crystals of Ref. [9]),
especially in the surface region which is probed preferen-
tially by photoemission [27]. Notably, the superstructure
signal was found to be very small in ARPES and x-ray
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FIG. 3. Energy-integrated dichroic weightDn at theM point as
a function of geometric distortion. The horizontal axis gives the
fractional (in percent) movement of the atoms in going from the
tetragonal to the experimental orthorhombic structure at 12 K.
Smooth lines have been drawn through the computed points.
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FIG. 4 (color online). (a) Computed energy-integrated inten-
sity in Bi2212 near the M point for the experimentally refined
orthorhombic structures at 12 (solid blue lines) and 298 K
(dashed red lines) of Ref. [20]. The horizontal axis is the same
as in Fig. 2 except for a narrower momentum range with kk ¼ 0
corresponding to the M point. Results are for LH and RH
polarized light at 21 eV. (b) Dichroic signal obtained by taking
the difference LH-RH from the results in (a).
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scattering [7] experiments on thin-film samples, indicating
structural changes in comparison to the bulk case.

Finally, we see from the 3rd experimental column in
Table I that Ref. [9] found a zero dichroic signal at both
room and low temperature from Pb-doped samples. These
results are very consistent with the conclusions of this
study that subtle movements and orderings of the atoms
particularly in the surface region can lead to large changes
in dichroic effects—in the case of Pb-doped samples, to an
effective restoration of the mirror planes in the photoemis-
sion spectra leading to zero dichroic signal.

In conclusion, we have carried out first-principles com-
putations of ARPES response with circularly polarized
light in Bi2212 with a focus on understanding how the
distortions and modulations of the crystal lattice yield
circular dichroism within the conventional picture of the
electronic states in this system. Comparison with available
experimental results shows that the measured dichroism
from antinodal mirror planes is reproduced in substantial
detail in computations employing the average orthorhom-
bic crystal structure [28]. Our study clearly establishes the
sensitivity of dichroism to structural details and the viabil-
ity of the geometric mechanism in explaining existing
measurements and indicates that the detection of time-
reversal symmetry breaking via ARPES using circularly
polarized light will be complicated by the masking effects
of the lattice distortions.
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Theory Experiment

Single crystal [9] Thin film [7] Lead-doped [9]

h� (eV) 21 30 49.7 49.7 21 49.7

Dn (%) at 298 K 4.5 1 6 5 0 0

Dn (%) at 12 K 6 2.5 9.5 3 0
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