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Doping dependence of spin-momentum
locking in bismuth-based high-
temperature cuprate superconductors

Check for updates

Hailan Luo 1,2, Kayla Currier1,2, Chiu-Yun Lin1,2, Kenneth Gotlieb2,3, Ryo Mori2, Hiroshi Eisaki 4,
Alexei Fedorov5, Zahid Hussain5 & Alessandra Lanzara 1,2

Non-zero spin orbit coupling has been reported in several unconventional superconductors due to the
absence of inversion symmetry breaking. This contrasts with cuprate superconductors, where such
interaction has been neglected for a long time. The recent report of a non-trivial spin orbit coupling in
overdoped Bi2212 cuprate superconductor, has re-opened an old debate on both the source and role
of such interaction and its evolution throughout the superconducting dome. Using high-resolution
spin- and angle-resolved photoemission spectroscopy, we reveal a momentum-dependent spin
texture throughout the hole-doped side of the superconducting phasediagram for single- and double-
layer bismuth-based cuprates. The universality of the reported effect among different dopings and the
disappearance of spin polarization upon lead substitution, suggest a common source. We argue that
local structural fluctuations of the CuO planes and the resulting charge imbalance may cause local
inversion symmetry breaking and spin polarization, whichmight be crucial for understanding cuprates
physics.

Symmetry and symmetry breaking are arguably among the most funda-
mental concepts in condensedmatter physics andmore generally are key to
classifying and understanding a variety of natural phenomena1. The prop-
erties of materials can be linked to their various global symmetries, such as
time and space inversion symmetry. When symmetry is broken in crystals,
new patterns emerge and give rise to novel phases and properties2. For
instance, the removal of inversion symmetry can lead to coupling of the
electron’s orbital motion with its spin, also known as spin-orbit coupling
(SOC), eventually resulting in two spin-split electronic bands in
momentum.

The ramification of global inversion symmetry breaking in the context
of superconductivity has been a matter of study for a long time3,4, with
consequences on the pairing symmetry via singlet-triplet mixing, and with
the general understanding that spin-orbit coupling mostly behaves as a
symmetry-breaking field to the superconducting state5,6. However, the
recent realization that breaking the local symmetry could also drive the
formation of novel exotic phases, even when the global symmetry is pre-
served, has opened a new paradigm in materials design. In the specific case
of inversion symmetry, local symmetry breaking can still lift the spin
degeneracy through an asymmetry of the wave function, while bearing a

zeronet spinpolarization7–9. In this case, the resulting spin-lockingpattern is
not necessarily that of the textbook’s Rashba effect at Γ, but can occur across
different valleys10 or layers11.

The concept of local symmetry breaking becomes evenmore appealing
in the context of superconductivity, where it has been proposed that it could
play a key role in determining which competing phases are stabilized, in
favoring a specific symmetry of the superconducting order parameter, and
ultimately even in enhancing the superconducting transition temperature12.
Unconventional superconductors such as cuprates, pnictides, and even the
recently reported 2D superconducting heterostructures are particularly
attractive for studying the interplay between spin-orbit coupling and
superconductivity, as often the local symmetry breaking is intrinsic to their
nature13–16. In the case of cuprates and pnictides for example, short-range
structural distortions, rotations of the octahedra17,18, and staggered stacking
between layers19, are all possible sources of local symmetry breaking, with
the latter being also shared among the majority of 2D superconducting
heterostructures20. In each one of these cases, it is therefore natural to expect
that the altered symmetry of the lattice, combinedwith the presence of SOC
will have an impact on theorderparameter12. The level of sophistication that
has been reached in measuring the spin-resolved electronic structure of
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materials21,22, togetherwith the recent report of a non-zero spin-momentum
locking in a centrosymmetric cuprate Bi2Sr2CaCu2O8+x(Bi2212)
superconductor23, has opened a new frontier in this line of research.
However, after this first report confirmed by subsequent studies24,25, there is
still no confirmation whether this is a universal property of cuprates and
how it evolves across the superconducting phase diagram.

Here we use high-resolution spin- and angle-resolved photoemission
spectroscopy (spin ARPES) to study the doping and spin-dependent elec-
tronic structure of the single-layer Bi2Sr2CuO6+x(Bi2201), double-layer
Bi2Sr2CaCu2O8+x(Bi2212) and Pb-doped (Bi2−xPbx)Sr2CaCu2O8+x (Pb-
Bi2212).We reveal the persistence of an intrinsic and universal spin texture
in the Bi-based hole-doped side of the cuprate phase diagramover the entire
superconducting dome.We attribute such spin texture to a breaking of local
inversion symmetry induced by the short-range structural distortions of the
CuO octahedra, and show how their reduction can lead to a suppression of

the spin polarization. These findings reveal the imprint on the electronic
structure by a combination of spin-orbit coupling and lattice symmetry,
bringing forward the intriguing possibility that such interplay might con-
stitute a missing ingredient in understanding cuprate physics.

Results and discussion
Doping-dependent spin measurements of double-layer Bi2212
Figure 1 shows the spin-resolved ARPES spectra for double layer Bi2212
samples at four different dopings with the respective location on the phase
diagram indicated by cross in Fig. 1a: underdoped (x = 0.091, TC = 55 K
(UD55), and x = 0.124,TC = 81K (UD81)), optimally doped (x = 0.16,TC =
91 K (OP91)), and overdoped (x = 0.226, TC = 59 K (OD59)), as shown in
Fig. 1b-d. Data were collected with s-polarized light (Fig. 1e) with the
measured spin component in-plane and perpendicular to the nodal direc-
tion (Γ–Y), as schematically shown in Fig. 1f. Figure 1b shows (E vs kΓY)
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Fig. 1 | Doping-dependent spin measurements of Bi2212. a Sketch of the cuprate
phase diagram. b Spin-resolved nodal maps of OD59, OP91, and UD55. The color
codes the spin polarization as shown in the inset. To the right of eachmap is the spin
polarization as a function of binding energy at the Fermi momentum kF corre-
sponding to the nodal point, where P = (I↑− I↓)/(I↑+ I↓). All samples were mea-
sured at ~30 K, with the exception of the UD55 sample, which was measured at
~90K. c, dDoping-dependent spin-resolved EDCs acquired along the (c) nodal and
(d) ~20 degrees from the nodal direction. All cuts are normalized to the OP sample

quasiparticle peaks. e Experimental geometry for the laser-based (hν = 6 eV) spin
ARPES experiments. For details, see the methods section. f Location of measured
momenta in energy-momentum space, where (kF,k0F) are the locations of the
coherent peaks and (kHBE, k0HBE) are those of the incoherent humps. g, h Doping
dependence of the total spin polarization in the nodal and off-nodal direction. The
error bars are extracted as ΔP ¼ 1=S

ffiffiffiffi

N
p

where S is the Sherman function and N is
the photoemission intensity68.
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spin-resolved maps for some representative doping (UD55, OP91, and
OD59), where the color represents the direction of the spin polarization
along the Fermi surface - blue is positive or “spin-up” and red is negative or
“spin-down” as defined by the arrows in Fig. 1f. The spin-resolved nodal
maps aremostly blue, suggesting that the spin-up channel is dominating. To
the right of each map we show the extracted spin polarization as a function
of binding energy in correspondence of the Fermi vector, which reveals a
clear overall decrease in magnitude from the overdoped sample to the
underdoped ones.

To study in detail the doping dependence of the observed spin asym-
metry, in Fig. 1c, d we show the nodal and off-nodal energy distribution
curves (EDCs) for the coherent quasiparticle peak at the Fermi vector (kF)
and the incoherent peak at momentum kHBE, corresponding to binding
energyEB = 160meV.Twomain trends are observed in the data: thefirst is a
decrease of the spin polarization from overdoped to underdoped samples
for both coherent and incoherent quasiparticles; the second is the shift of
spin polarization from positive to negative as a function of momentum,
going away from the nodal direction (compare Fig. 1c and Fig. 1d). For the
quasiparticle peak at the node, the positive spin polarization present in the
overdoped sample decreases with less oxygen doping and eventually
reverses to become negative for the heavily underdoped sample. The
same negative trend persists for the incoherent part of the spectra, with an
overall decrease of ~25–30% for both momenta. Away from the nodal
direction (Fig. 1d), a decrease in the spinpolarization is still observed, but for
both the coherent and the incoherent part of the spectra the total decrease is
a lot smaller (~3–13%). The doping dependence of the spin polarization
clearly suggests it to be an intrinsic property of the material, rather than
an extrinsic effect due to a phase difference in the photoemission process26,
and a manifestation of a bulk property, as will be discussed in more
details later.

In addition to the reversal of the direction of spin polarization as a
function of doping and momentum, the overall magnitude of the polar-
ization also shows an interesting doping dependence. Along the nodal
direction (Fig. 1c), the spin-up channel shows stronger intensitywith respect
to the spin-down channel at both kF and kHBE for all dopings except for the
underdoped sample. For the quasiparticle peak, the relative difference of the
two spin channels decreases for both momenta and eventually reverses as
the hole doping reduces. Fig. 1d shows that closer to the antinodal region,
the quasiparticle peaks (k0F) for all dopings have stronger negative spin
intensity, with the most underdoped crystal showing the strongest differ-
ence. A similar pattern in the spin polarization can also be found at higher
binding energy (k0HBE). These trends are summarized in Fig. 1g,h, where we
show the spin polarization of the quasiparticle peaks and incoherent humps

as a function of doping. The data show a clear overall increase of the spin
polarization from negative to positive as the oxygen doping level increases
for both nodal and off-nodal directions, while the magnitude follows an
opposite trend between the two directions.

Spin polarization of single layer Bi2201
To demonstrate that the presence of non-zero spin texture extends also to
other members of the Bi-family, and is not a property only of the double
layer Bi2212, in Fig. 2 we study the momentum dependence of the spin-
dependent electronic structure for single layer Bi2201. The spin-resolved
EDCs are shown as a function of the azimuthal angle from the nodal
direction both at kF and the incoherentmomentum. Similarly to the double-
layer case, we observe a non-zero spin polarization along the nodal direc-
tion, with an overall decrease of the positive spin component moving away
from it, for both the coherent and incoherent peaks (Fig. 2a), as summarized
in Fig. 2b, where the spin polarization is reported as a function of
momentum, for the twomomenta. The overall spin polarization resembled
the one discussed in Fig. 1 for double-layer Bi2212, pointing to a universal
origin of the observed effect.

Pattern of spin polarization across momentum space
To better understand the k-dependent pattern of spin polarization across
momentumspace, in Fig. 3we show the evolution of the spin polarization of
UD81K Bi2212 across the Brillouin zone center Γ point, within the first
Brillouin zone. Data were collected with p- polarized light (Fig. 3a) and hν =
25 eV photons. Spin-resolved EDCs are shown in Fig. 3b, c for different
momenta near the node, and along the two opposite quadrants of Fermi
surface across Γ point. The corresponding spin polarization are displayed in
Supplementary Fig. S4. At the node of the quadrant shown in the inset of
Fig. 3b, the intensity is higher for the spin up component, leading to a
positive spin polarization (Fig. 3d). The polarization decreases as we move
away from the node and eventually vanishes for k approaching approxi-
mately 1/3 of the Brillouin zone (ϕ = 20). Although a similar behavior is
observed for the spin-polarized EDCs in the opposite quadrant (Fig. 3c),
with the absolute value of the polarizationdecreasing aswemove away from
the node, the overall spin polarization is reversed in this quadrant (Fig. 3d).
This can be nicely observed also in the spin-polarized Fermi surface, shown
in Fig. 3e, where the spin polarized intensity at the Fermi momentum is
plotted. This observation is reminiscent of a similar behavior reported for
OD58K sample23. We note that the following observation might appear in
contrast with previous report25 where the overall magnitude of the spin
polarization is by a factor of ~4 smaller and no reversal of the spin polar-
ization across the Γ point is observed. These differences can be easily

Fig. 2 | Spin polarization of single layer Bi2201.
a Spin-resolved spectra of single layer Bi2201 (TC =
35 K) at the Fermi level (left) and at the incoherent
hump (right) measured at 30 K. The spin compo-
nent is in-plane and tangential to the Fermi surface
(normal to Γ–Y), in one quadrant shown in the inset
of (b). b Spin polarization at kF (quasiparticle peak)
and kHBE (incoherent hump) along the Fermi
surface.
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accounted for bymatrix elements effects, sample quality and alignment (see
Supplementary Note for a detailed description). Overall, the reversal of the
spin component across the Brillouin zone center points to a spin polariza-
tion that not only is a function of k, but also respects time-reversal symmetry
by switching sign across the Γ point.

Doping-dependence of the full spin texture of Bi2212 and Bi2201
In Fig. 4we summarize all the findings and report the doping dependence of
the spin-polarized constant energy maps over one quadrant of the first
Brillouin zone, at both EF (Fermi surface, Fig. 4a, b) and at EB = 160 meV
(Fig. 4c, d) for the double layer and single layer Bi-compounds. Fig. 4b, d are
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Fig. 4 | Doping dependence of spin-polarized constant energy maps of Bi2212
and Bi2201. a Spin-polarized Fermi surface maps for the in-plane spin component
tangential to the Fermi surface (normal to Γ–Y), in one quadrant, for Bi2212 samples.
c Spin-polarized high binding energy maps for Bi2212 samples. The solid black line in
each panel represents the tight-binding Fermi surface at optimal doping, while the
dashed lines are the calculated Fermi surface for overdoped to underdoped, as specified
in each panel. b, d Spin-polarized Fermi surface map (b) and high binding energy map
(d) for the in-plane spin component, inonequadrant, forBi2201, summarizedaccording
to the data in Fig. 2. e Sketch of the proposed three-dimensional (3D) spin texture based

on the continuous evolution as a function of doping between the polarization shown for
OD59 and UD55 in (a) and (c) and their location in momentum space. The calculated
band structure is color-coded with respect to different spin helicity, with green repre-
senting counterclockwise helicity around Γ, and purple representing clockwise case. The
effect of changing the doping in a Bi2212 crystal is equivalent to taking a horizontal slice
of the 3D spin texture at different binding energies, so higher doping will yield spin with
more clockwise helicity, and vice versa when decreasing the doping. The data used for
producing the 3D spin texture are shown in Supplementary Fig. S5 and Fig. S6.

Fig. 3 | In-plane spin polarization along two opposite quadrants of Fermi surface
of UD81KBi2212measured at 25 eV. a Experimental geometry for the synchrotron
measurements. bThe spin-resolved spectra measured at 10 K corresponding the spin
component perpendicular to the Γ–Y direction measured along the left-bottom
quadrant of Fermi surface as plotted in (e). The momenta along the Fermi surface

where we obtain the EDCs aremarked by the angle ϕ. c Samewith (b) but acquired at
the right-top branch of the Fermi surface. The spin components perpendicular to the
Γ–Y direction show the opposite spin signs across the Γ point. d Spin polarization at
the Fermi vectors as a functionof angleϕ from the nodal direction along the Fermi arc.
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summarized based on the raw data in Fig. 2. In each case the data reveal an
interesting evolution of the spin texture with both momentum and energy.
Calculated Fermi surfaces based on a tight-binding model27 are also shown
(dashed lines) for each doping level together with the calculated optimal
doping Fermi level for comparison (solid lines). Alongside the standard
decrease of the hole-like Fermi surface with decreasing doping, we observe a
gradual evolution of the spin polarization. Specifically, in the overdoped
regime the polarization is positive along the Fermi arc, and becomes
negative as we move along the surface toward the antinode. The constant
energy maps at high binding energy are mainly positive in the overdoped
and optimally doped regime and gain somenegative spin polarization in the
underdoped regime toward the edge of the Fermi arc, reminiscent of the
Fermi surface spin texture observed for higher doping (compare OD 59K
Fermi surface map in Fig. 4a with UD 55K high energy map in Fig. 4c).
These similarities, though fromdifferent spectral features in the two samples
(coherent peak vs incoherent hump), occur at momenta that are very close
to each other as can be seen by the location of the constant energy maps in
relation to the OP Fermi surface (solid line). Therefore, the apparent
complexity of themeasured spin as a function of doping andbinding energy
seems to hide a qualitative universality in the spin texture, shared by all
doping levels, where the observed spin polarization depends mainly on the
momentum and energy of the photoelectron or in other words on the
position of the chemical potential. Lowering the hole concentration, i.e.,
going from the overdoped to the underdoped samples, raises the chemical
potential, and therefore changing the doping level is phenomenologically
equivalent to taking horizontal slices at different binding energies of a
universal three-dimensional spin texture. This is summarized in Fig. 4e,
wherewe schematically represent the 3Delectronic band structureswith the
corresponding spin polarization, highlighting the presence of two different
helicities - counterclockwise (green) and clockwise (purple) around Γ.

Evolution of the spin polarization upon changing the chemical
potential
The data reported so far demonstrate the existence of an intriguing doping-
dependent spin-momentum locking across different families of Bi-based
compounds. Although the observation of the spin texture under different
geometries, photon energies, doping and families, suggests that the observed
effect is not extrinsic, to undoubtedly validate its intrinsic bulk nature and

the intriguing doping dependence, in Fig. 5 wemonitor the evolution of the
spin polarizationupon changing the chemical potential on the same sample.
This is achieved via in situ doping through the deposition of potassium (K)
atoms on the cleaved surface of an optimally doped Bi2212 sample. Such an
in situ doping method has been successfully used in ARPES to study the
doping dependence of a variety of materials, such as 2D systems28, Rashba
materials29 and cuprate superconductors30. The K atoms donate electrons
due to the low ionization potential, causing the exposed surface to lose holes
(i.e. to become more underdoped), which has practically an effect opposite
to that of oxygen doping. Figure 5a shows the spin-integrated (EvskΓY)maps
as a function of K doping. Clear rises in the chemical potential by 55 meV
after the first K doping treatment and by 92 meV after the second are
observed, as expected from the evolution of doping from optimal toward
underdoped.The evolutionof the corresponding spin-resolvedEDCspectra
are shown in Fig. 5b. The data reveal a decrease in the spin-up intensity
going toward the underdoped sample, similar to the doping dependence
reported in Fig. 1, where the doping changewas achieved instead by varying
the oxygen content. In Fig. 5c the full momentum dependence of the spin
polarization is reported, showing that as the K content increases (so the
sample becomes more underdoped), the spin polarization at the node
becomes more negative, with a decrease from ~11% to 5% and then to -2%
after the first and second deposition, respectively. By showing Fermi surface
diagrams (Fig. 5d) similar to those in Fig. 4a,we can compare the similarities
between the spin textures at similar momenta. The qualitative equivalence
with the bulk oxygen doping dependence reported there supports the
intrinsic and universal nature of the observed effect in the Bi-based bilayer
family, as well as its bulk origin.

Suppression of spin polarization in lead-doped Bi2212
The results presented here add two important pieces of information with
respect to the previous work23. The first one is the persistence of the spin
asymmetry over the entire superconducting dome. The second one is
the need for an additional field component to explain the asymmetry
in the single-layer case. Indeed, previouswork has argued in favor of an out-
of-plane electric field generated by the lack of local inversion symmetry
within two CuO2 planes in the unit cell23. However, this explanation does
not hold for the single layer Bi2201 where only one CuO2 is in the unit cell
and local inversion symmetry is preserved.

Fig. 5 | Potassium deposition on optimally doped
Bi2212. a Spin-integrated nodal maps for different
levels of K deposition measured at 30 K. All three
maps are adjusted by the Fermi vector of the pure
OP91 sample (kF) for ease of comparison. kF1 and
kF2 are the Fermi vectors for the slightly UD and
heavily UD samples, respectively. In addition, the
energy axis is plotted as E − EF + Edoping, where
Edoping is the energy shift of the bands due to the
added electrons, again for ease of visualization of the
effects of doping. b Spin-resolved EDCs at kF. EF was
raised by ~55 meV and ~92 meV after the first and
second deposition treatment, respectively. The noise
level for each doping is comparable to the bulk-
doped counterparts when they are compared within
the same energy scale. c Spin polarization at the
Fermi vectors as a function of angle ϕ from the nodal
direction (see inset) along the Fermi arc (Raw EDCs
shown in Supplementary Fig. S7). dConstant energy
maps at the Fermi surface for comparison
with Fig. 4a.
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Here we propose that such a field derives from the local structural
fluctuations of the CuO octahedra, a common feature of p-type cuprates,
including La-17,31,32, Bi-33–36,Hg-37, Tl-38, andY-39 based families, which is also
responsible for charge inhomogeneity. These distortions, caused by the
misfit strain between theCuO2plane and the rocksalt layers

32,40,41, lead to the
tilting of the CuO2 planes along the (110) and (010) direction, and the
formation of local domains with orthorombic and tetragonal structures17,18.
Such rotations are also known to lead to anharmonic incommensurate
modulations and inhomogeneous lattice and charge ordering31,35,42. In each
plane only half of all Cu-O-Cu bonds are buckled, so these tilting lead to a
local symmetry breaking within an individual plane, while the overall
fourfold symmetry and the average structure are preserved17. The proposed
source of electric field is in the direction perpendicular to the plane and
therefore can account for a Rashba term in the spin texture as previously
reported23. In addition it canprovide a universal source of the electricfield as
a similar effect is also present in the case of double layer Bi221217.

Adirectway to test this proposal is to eliminate the sourceof the electric
field, through the removal of the structural distortion. This can be achieved
through the replacementofPbwithBi atoms. Indeed, the effect of Pbdopant
has been widely studied in the literature, and it has been shown to remove
the misfit strain and hence suppress the superstructure along the (110)
direction in the BiO plane43, which is directly linked to the local structural
fluctuations of the CuO2 planes

17,35,36. Upon partial substitution of Pb2+ ions
in place of the smaller Bi3+ in Bi2212, the amplitude of the superstructure
decreases, eventually disappearing at high Pb concentrations44.

This case is studied in Fig. 6, where we report the comparison between
the spin polarization for OD Bi2212 and for Pb-doped Bi2212 (overdoped,
TC = 64 K, x = 0.6). The local lattice fluctuations are strongly reduced, as
shown in Fig. 6a, b. The respective EDC spectra at the node and off-node are
shown alongside the spin polarization in Fig. 6c–f. A striking reduction of
the spin polarization is observed in the coherent part of the spectra for the
Pb-doped sample with respect to Bi2212, with the imbalance of the spin-up
and spin-down intensities that clearly vanishes. This is overall consistent

with the proposed model where the spin asymmetry is driven by the local
latticemodulation.Another potential scenario to account for thepresenceof
a local symmetry breaking is based on the Internal Quantum Tunneling
Polarons scenario, which proposes that the charge imbalance in cuprates
can lead to local symmetry breaking, and thus a non-zero local electric field
by increasing the Hubbard repulsion term13. Furthermore, the suppression
of the spin asymmetry appears to occur only in proximity to the quasi-
particle peak whereas it is only weakly affected at higher energies, in cor-
respondence with the incoherent part. Whether this is due to some more
complexmechanism than the one presented here or is a remnant effect due,
for example, to the Pb-induced disorder, is unclear from these data and
further studies are needed to determinewhether this energy dependence has
an intrinsic or extrinsic origin.

Conclusions
In summary, the results presented here hint strongly at an influence of local
lattice fluctuations and consequent local symmetry breaking on driving a
universal spin texture in hole-doped Bi-based cuprates. Recent theoretical
works have proposed that SOC could play an important role in cuprate
physics, by stabilizing, for example, the onset of a metallic phase out of an
antiferromagnetic insulating background, as recently shown in the case of a
Hubbard plaquette45, or by enhancing the formation of a charge density
wave (CDW) and pseudogap phase46, ferromagnetic ordering47,48, and even
superconductivity49, in effect turning on different components to shape the
symmetry properties of the order parameter12. In the underdoped regime,
both d-density wave50 and loop-current order51 models used to describe the
pseudogap phase, rely on a non-zero SOC that couples the orbital current
with the spin channel. In addition, SOCmay play a role in the development
of a pair density wave state, which could be an alternative and competing
ground state to d-wave superconductivity in cuprates, via local inversion
asymmetry52. Moreover, it has been shown that this mutual interplay
between SOC and local lattice fluctuations might also have important
consequences in defining the shape of the energy landscape, eventually

Fig. 6 | Suppression of spin polarization in Pb-
doped Bi2212. a, b Cartoon depiction of the out-
of-plane incommensurate distortion in OD Bi2212
(a) and OD Pb-Bi2212 (x = 0.6) (b), respectively.
c, d Spin-resolved EDCs and polarization of the spin
component perpendicular to Γ–Y measured at kF
along the nodal direction (c) and off-nodal direc-
tion, ~5 degrees from nodal (d), for OD Bi2212
sample. The momentum positions where these
EDCs are taken are marked in the insets of (c) and
(d). e, f Same with (c, d) but the data are taken from
OD Pb-Bi2212 (x = 0.6) sample.
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favoring a “Mexican hat" energy surface over a parabolic one in the limit of
strong SOC53. Although many of these predictions require further experi-
mental investigations and thepurpose of thepresentwork is not to favor any
of them, the results presented here generally demonstrate the importance of
including SOC effects in the presence of symmetry-breaking lattice distor-
tions in any theories for superconductivity, to examine the role they might
play in stabilizing the ground state, and to understand how different phases
intertwine and ultimately define the symmetry of the order parameter. For
example, how the combination of SOC and lattice symmetry shapes the
order parameters would be fascinating to study in connection with the
recently discovered superconductivity in 2D heterostructures14,54, where
lattice-driven local symmetry breaking and its periodicity, strain, and SOC
can be tuned via stacking or twisting55–59. At the same time, this study can
inform on new ways to engineer novel spin-orbit coupled superconductors
where the imprint of SOC on the order parameter acts as a booster of the
superconducting transition12,60,61. Finally, since similar local symmetry
breaking due to either a local rotation or tilting of the octahedra structure
have been reported in other correlated materials such as pnictides, iridates,
and ruthenates, where SOC is known to be relevant62–66, the present work
suggests that the interplay between SOC and local lattice fluctuations might
play a more universal role in driving the unusual properties of correlated
materials and unconventional superconductivity beyond cuprate physics.

Methods
Single crystal hole-dopedBi2212 (Bi2Sr2CaCu2O8+x), Bi2201 (Bi2Sr2CuO6+x)
and lead-doped Bi2212 ((Bi2−xPbx)Sr2CaCu2O8+x, x= 0.6) samples were
grownby thefloating zonemethodand thecritical temperatureof each sample
is given in the main text. Previous measurements have shown that the spin
remains the same above and below TC

23. All samples were cleaved in situ and
kept in ultrahigh vacuumunder ~5 × 10−11 Torr. From Fig. 1 to Fig. 6 (except
for Fig. 3) and from Supplementary Fig. S5 to Fig. S7, the hole-doped Bi2212,
Bi2201 and Pb-doped Bi2212 samples weremeasured at ~30K, except for the
UD55 sample, which was measured at ~90K. The samples were probed with
6 eVphotonsproducedby two stages of secondharmonic generation fromthe
output of a Ti:sapphire oscillator. The datawere acquiredwith a time-of-flight
spectrometer utilizing an exchange-based spin polarimeter with energy and
momentum resolution ΔE≈ 15 meV and Δk≈± 0.02 Å−1, respectively67,
except forUD55, whichwas takenwith a larger aperture yieldingmomentum
resolution ± 0.08 Å−1. In Fig. 3 and Supplementary Fig. S1, the data of single
crystal UD81KBi2212 samplewasmeasured at ~10K at Beamline 10.0.1.2 of
the Advanced Light Source, Lawrence Berkeley National Laboratory (Berke-
ley, CA). The quantization axis for the spin measurements is fixed, corre-
sponding to the y-axis in Fig. 1e and Fig. 3a. The datameasured farthest from
thenodalpointandclosest to theantinodal onearemeasuredwitha sample tilt
of 25° (Fig. 1(e)) or6° (Fig. 3(a)).At these angles there are amaximumfactor of
cosð25°Þ ’ 0:91 or cosð6°Þ ’ 0:99 between the measured polarization and
the actual one in the frame of reference of the sample, i.e., an underestimation
of ~10% or ~1% assuming the polarization vector to be within the surface
plane, or smaller otherwise.All the trends shown inFigs. 2–5 are unaffected by
this factor.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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