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Abstract We develop an orbital angular momentum (OAM)
excitation pump-probe (Pp) spectroscopy and perform ex-
periments on a Bi2Sr2CaCu2O8+δ (Bi2212) superconduc-
tor. The OAM modulation for the pump is realized by us-
ing a transverse mode conversion technique which allows
to modulate the chirality of the optical OAM with a fixed
polarization. The result reveals a difference of the OAM
dependent transient reflectivity changes below Tc, indicat-
ing that the pump OAM can break the chiral symmetry of
the superconducting (SC) state. The OAM dependences of
the transient signal imply that the quasi-particle (QP) exci-
tation with OAM enhances the SC with opposite chirality
and/or suppress the SC with equal chirality. The tempera-
ture dependence of the OAM dynamics shows virtually no
pairing fluctuation that usually appears in the QP dynamics
observed by conventional Pp, suggesting that the nonequi-
librium OAM dynamics is sensitive to the delocalized OAM
associated with long range order.
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1 Introduction

The symmetry analysis in high-Tc superconductors is quite
important for understanding the mechanism of the super-
conductivity, and has been performed using various tech-
niques [1,2]. For example, scanning tunneling microscopy
/spectroscopy studies have indicated the presence of
charge-order associated with the pseudogap formation in
Bi2Sr2CaCu2O8+δ (Bi2212) [3–7], which is quite differ-
ent from the static stripe-order observed in La2−xBaxCuO4
(LBCO) and La1.6−xNd0.4SrxCuO4 (LNSCO) by neutron
scattering studies[8,9]. Moreover, gyrotropy appears at the
same temperature as stripe order in La-family, suggesting
the rotation of the stripe order with broken chiral symmetry
[10,11].

Polarized optical pump-probe (Pp) spectroscopy using
near-infrared/visible femtosecond pulse laser is also a use-
ful technique for the symmetry detection. In our previous
study, the B1g and B2g symmetry breaking of the transient
reflectivity changes (∆R) have been observed below T ∗ in
Bi2212[12]. Here the high energy pump-excited carriers on
a short time scale result in totally symmetric excitation of
quasiparticles (QPs) that reveal the polarization anisotropy
of ∆R responsible for the symmetry breaking. The symme-
try analysis is thus realized by the polarization dependence
of the time-delayed probe pulse.

Based on the polarization symmetry analysis above, in
this work, we develop a novel orbital angular momentum
(OAM) modulation Pp spectroscopy for the global symme-
try analysis. Here we newly introduce the optical vortex pulses
for the excitation. The optical vortex carries an OAM de-
fined by ℓh̄ per photon[13], where ℓ indicates the azimuthal
phase index of the transverse mode of the beam and cor-
responds to the winding number of helical wavefront. The
sign of ℓ specifies the chirality of the vortex. We perform
the OAM-resolved Pp spectroscopy on an underdoped (UD)
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Fig. 1 Schematic illustrations of the OAM dynamics in a time-
resolved Pp spectroscopy. (a) OAM distributions for ℓ = ±1 at differ-
ent delay time (τ). Nonequilibrium carrier densities between different
chiral states are induced by the pump excitation with an OAM (e.g.,
ℓ=+1) and relax to the equilibrium. (b) Transient reflectivity changes
∆R with different OAM, which can be resolved by the time-delayed
probe pulses with OAM (ℓ=±1).

Bi2212 and successfully obtain the non-equilibrium OAM
dynamics below Tc, indicating the chiral symmetry break-
ing of the SC state induced by the optical vortex. The com-
parison with the QP dynamics with the standard Pp spec-
troscopy suggests that the OAM dynamics reflects the delo-
calized OAM associated with the SC with long range order.

2 Experiments

In laser spectroscopy, the optical vortex transfers its OAM to
the electrons through local and delocalized interactions[14–
16]. The local OAM is dominated in the atom-like quan-
tized system, where the OAM of the vortex beam extends
the selection rules for the optical transition[17]. On the other
hand, for the high energy non-resonant photoexcitation in
metals or superconductors, the delocalized OAM, namely
the QP excitation with an azimuthal momentum flow within
the photoexcited area, essentially contributes to the signal.
Figure 1 shows schematic illustrations of the transient OAM
dynamics induced by the pump pulses with an OAM. Here-
after we consider the simple case of QP momentum distribu-
tions with different chirality (ℓ=±1). In analogy to the case
of the pump-induced transient polarization anisotropy, the
OAM dynamics is reflected by the pump-induced QP den-
sities with different OAM chirality. Unlike the polarization
spectroscopy, the change of the chiral symmetry induced
by the pump occurs only when the system contains long-
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Fig. 2 (a) A schematic illustration of the transverse mode conversion
using a q-plate and a pair of quarter wave plates (QWPs) for gener-
ating an optical vortex with ℓ = +1, where the q-plate is a half wave
plate with an azimuthally varying orientation of the fast axis (red ar-
rows). (b) Transient ∆R (pump, probe) at 10 K with F ≈ F SC

th =1
µJ/cm2. Intense signals were ∆R(⊥) = (∆R(ℓ+, ℓ−)+∆R(ℓ−, ℓ+))/2
(red dashed line) and ∆R(∥) = (∆R(ℓ+, ℓ+)+∆R(ℓ−, ℓ−))/2 (blue
thin line), respectively. Both signals are obtained by the standard Pp
with fluence modulation, where ℓ± = ±1. Black dotted line indicates
the OAM transient ∆R(⊥)− ∆R(∥) obtained from the difference of
above 2 curves. Thick orange line is ∆R(⊥)−∆R(∥) obtained from
OAM modulation.

range order because the momentum flow is governed by the
photoexcited area. The chiral symmetry change is thus mea-
sured by the OAM dependence of the time-delayed probe
pulse that is spatially overlapped with the pump-excited area
in the sample.

The sample studied was an UD Bi2212 single crystal
with Tc ≈ 69 K grown by the traveling solvent floating zone
method. The Pp measurements were performed using a 120
fs pulse train from a cavity-dumped mode-locked Ti:sapphire
oscillator for the probe (at 800 nm) and its frequency-doubled
pulse train for the pump (at 400 nm) with a repetition rate of
380 kHz. The Gaussian-like pump and probe pulses were in-
dependently converted to the optical vortex pulses by using
the transverse mode conversion technique described below.
Both pulses were coaxially overlapped by a dichroic mirror
and focused onto the ab-plane of the crystal, allowing us to
precisely evaluate the OAM dynamics.

To create the optical vortex pulses, we used our orig-
inal conversion technique using a q-plate sandwiched be-
tween two quarter wave plates (QWPs) as shown in Fig.
2 (a), where the linearly polarized Gaussian optical pulses
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are first converted into the circularly polarized pulses by the
QWP and are then into the vortex pulses by the q-plate;
the circularly polarized vortex pulses is finally converted
back to the linearly polarized vortex pulses after passing
through another QWP. It is important to note that the po-
larization is unchanged in this process. The azimuthally ro-
tated fast axis in the q-plate provides an azimuthal rotating
phase difference, generating optical vortex pulses with a ro-
tational phase, where the chirality of the output OAM is de-
termined by the direction of circularly polarized Gaussian
pulses. Therefore the optical vortex with opposite chirality
can be generated by simply changing the orientation of the
QWP. When performing the OAM modulation spectroscopy,
we modulated the OAM of the pump between ℓ =+1 and -
1 at around 30 Hz in order to use lock-in detection. Here
we used a pair of liquid crystal variable retarders (LCVs)
instead of QWPs for the electric control. The qualities of
OAM of the pump and probe pulses were checked by the
astigmatic transformation method[18].

3 Results and discussions

The intense signals indicated by thin (blue) and dashed (red)
lines in Fig. 2 (b) show the ∆R obtained by using a fluence
modulation, where the pump pulses were chopped by an op-
tical chopper. The signals were obtained by the crossed and
parallel configurations of the OAM for the pump and probe
pulses at T =10 K. At this temperature, the QP dynamics
associated with the SC is dominant and shows an intense
∆R[19]. The crossed configuration ∆R(⊥) indicates the chi-
rality of pump and probe OAM are opposite while the par-
allel ∆R(∥) indicates both are equal. Here, in order to re-
duce the contribution of the QP population difference, we
evaluated the average of ∆R with different configurations
obtained by using optical vortex pump with OAM of ±1.
Although the signal in each configuration is almost identi-
cal, a small difference can be confirmed by the difference of
∆R shown by the dotted line (black).

The signal to noise ratio of the difference signal was sig-
nificantly improved by using the OAM/chiral modulation of
the pump as shown by the thick line (orange). Here we mod-
ulate the OAM of the pump with a fixed fluence by modulat-
ing the retardation of LCVs as mentioned above. These re-
sults clearly indicate the OAM dependence of the transient
signal, and suggests the chiral symmetry of the SC is bro-
ken by the optical OAM-induced QP excitation. More im-
portantly, the magnitude of the transient OAM in the crossed
configuration is larger than that in the parallel one. This im-
plies that the photoexcited QPs with OAM enhance the SC
component with opposite chirality and/or suppress the com-
ponent with equal chirality, suggesting that the OAM tran-
sient signal reflects the change in the SC state more effec-
tively than that in the QP state.

In Fig. 3, we compare the temperature dependences of
the OAM and QP dynamics across Tc. Here we evaluated the
transient OAM signal observed by one of the two OAM con-
figurations (∆R(⊥ : ℓ+, ℓ−)−∆R(∥: ℓ−, ℓ−)). In this case,
however, an instantaneous signal due to the QP population
inversion appears in the vicinity of zero delay (just after the
pump excitation). Except for this artifact, we confirmed that
the signals are compatible with the OAM dynamics. The
upper figures plot the signal amplitudes as a function of
temperature. In the OAM dynamics, we estimated the sig-
nal amplitude by removing the artifact. The temperature de-
pendences of the magnitudes for the OAM and QP dynam-
ics show a similar trend and is consistent with the previous
work[20]. However, around Tc, the QP dynamics shows a
significant amount of signal, which remains even well above
Tc while the OAM dynamics shows virtually no signal. To
verify the absence of the OAM signal above Tc, we plot the
transient signal at around T = 80 K in Fig. 3 (c) together
with the QP dynamics in Fig. 3 (d). The OAM dynamics is
a little bit noisy, but there is almost no signal, which is con-
trary to the distinct feature of the SC component in the QP
dynamics. The SC component observed in QP dynamics is
associated with the pairing fluctuation above Tc because the
QP population obtained from the standard Pp measurement
is sensitive to the pairing amplitude[20]. In another words,
the QP dynamics show no information of the SC phase co-
herence. In contrast, the OAM dynamics shows virtually no
signal above Tc, which is consistent with that the nonequi-
librium OAM dynamics reflects the delocalized OAM with
long range order and is thus sensitive to the SC phase coher-
ence.

We further comment on the difference between the OAM
and QP transient dynamics. In Fig. 2 (b), the OAM dynamics
(∆R(⊥)−∆R(∥)) is distinct from the QP dynamics (∆R(⊥
or ∥)). Indeed, the relaxation time of the OAM (≈6.6 ps)
is estimated to be longer than the QP relaxation time of 2.5
ps. The difference may be reasonable if the OAM transient
is dominated by the SC coherence while the QP reflects the
pairing amplitude. Here we note that the OAM signal was
very sensitive to the spatial overlap between the pump and
probe OAM pulses.

4 Summary

The OAM resolved pump-probe spectroscopy using opti-
cal vortex pulses was performed on UD-Bi2212 supercon-
ductor. The pump OAM induced ∆R shows a small differ-
ence depending on the probe OAM (OAM dynamics), which
can be uniquely resolved by using a novel OAM modula-
tion spectroscopy. The magnitude of the transient OAM in
the crossed OAM chilarity is larger than that in the par-
allel OAM chilarity, indicating that the photoexcited QPs
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Fig. 3 Plots of the amplitude of the (a) OAM transient (∆R(⊥)−∆R(∥)) and (b) QP transient (∆R) responses as a function of temperature. The
solid lines indicate the Tc ≈ 69 K. To highlight the difference of the temperature dependences, the signals below and above Tc are shaded in
different colors. Typical transient (c) OAM dynamics and (d) QP dynamics obtained at the temperature above Tc. In (c), the impulsive response
around zero delay is an artifact due to the QP population inversion, which is removed when the signal amplitude is estimated in (a).

with OAM enhance the SC component with opposite chi-
rality and/or suppress the component with equal chirality.
The temperature dependence of the OAM dynamics shows
the absence of the pairing fluctuation, suggesting that the
OAM dynamics is sensitive to the delocalized OAM associ-
ated with long range order.
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