RESEARCH

RESEARCH ARTICLE

SUPERCONDUCTIVITY

Revealing hidden spin-momentum
locking in a high-temperature
cuprate superconductor

Kenneth Gotlieb”?*, Chiu-Yun Lin>?*, Maksym Serbyn*, Wentao Zhang>”’,
Christopher L. Smallwood>>t, Christopher Jozwiak®, Hiroshi Eisaki’, Zahid Hussain®,

Ashvin Vishwanath®, Alessandra Lanzara®>t

Cuprate superconductors have long been thought of as having strong electronic
correlations but negligible spin-orbit coupling. Using spin- and angle-resolved
photoemission spectroscopy, we discovered that one of the most studied cuprate
superconductors, Bi2212, has a nontrivial spin texture with a spin-momentum locking
that circles the Brillouin zone center and a spin-layer locking that allows states of
opposite spin to be localized in different parts of the unit cell. Our findings pose
challenges for the vast majority of models of cuprates, such as the Hubbard model
and its variants, where spin-orbit interaction has been mostly neglected, and open
the intriguing question of how the high-temperature superconducting state emerges

in the presence of this nontrivial spin texture.

any of the exotic properties of quantum

materials stem from the strength of spin-

orbit coupling or electron-electron cor-

relations. At one end of the spectrum are

topological insulators, which have weak
electron correlations but strong spin-orbit cou-
pling (7, 2); at the other end are cuprate super-
conductors, where electron correlations are the
dominant interaction. Although unusual forms
of spin response in the cuprates have been re-
ported previously (3, 4), the spin-orbit interac-
tion has been mostly neglected or treated as a
small perturbation to the Hubbard Hamiltonian
and mean field theory in the context of the
Dzyaloshinskii-Moriya interaction, leading to
negligible changes to the electronic ground state
of cuprates (5-9).

Recently, there has been an upsurge of interest
in materials in which both spin-orbit coupling
and strong correlations are important because of
their potential to induce exotic quantum states
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(10-13). In the presence of superconductivity, for
example, spin-orbit interaction can have funda-
mental consequences for the symmetry of the
order parameter (74), driving unusual pairing
mechanisms (11, 15), creating Ising pairs (16),
and even realizing the conditions for the exis-
tence of previously unobserved particles (17-19).

Spin- and angle-resolved photoemission spec-
troscopy (SARPES) has been instrumental in
studying the consequences of such interplay
for the electronic structure of a variety of mate-
rials, from heavy fermions to iridates (20, 21),
thanks to its ability to simultaneously probe the
energy, momentum, and spin structure of quasi-
particles. However, because of earlier predictions
of negligible spin-orbit interaction in cuprates
(6), the full spin character of quasiparticles has
not been probed experimentally. Here, we report
such a study, revealing unexpected consequences
of the spin-orbit interaction for the electronic
structure of cuprates.

SARPES measurements of
overdoped Bi2212

We studied the spin-dependent character of
overdoped Bi,Sr,CaCu,0g,5 (Bi2212) samples
(with the superconducting transition temper-
ature T, = 58 K) with SARPES over a wide
range of energies, momenta, temperatures, and
photon energies. We performed 10 distinct mea-
surements by coupling our efficient spectrom-
eter (22) to a 6-eV pulsed laser source and
synchrotron light of different photon energies.
The in-plane components of the quasiparticle’s
spin polarization (P, Py) were mapped as a
function of energy and momentum over the
entire Brillouin zone, in both the normal and
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superconducting states [for comparison, see
(23)]. The spin spectrometer used in this study
(24) more readily measures in-plane compo-
nents of spin than the out-of-plane component
(P,). However, as we discuss later, we expect
the latter to be negligible and found it to be
zero within experimental uncertainty. Figure
1 shows the low-temperature spin-integrated
(Fig. 1, B and E) and spin-resolved (Fig. 1, C
and F) maps of energy (F — Ey) versus mo-
mentum (k) of the quasiparticle spectrum, where
Epis the Fermi energy. Data are shown for two
different momentum cuts: along the nodal di-
rection (I'-Y) (Fig. 1, B and C), where the super-
conducting gap is zero, and along an off-nodal
direction (Fig. 1, E and F), where the super-
conducting gap is ~10 meV. The location of the
cuts (thick black line) and the photoelectron
spin components (blue and red arrows) are
shown in the insets of Fig. 1, B to F. In Fig. 1 and
the rest of the figures, we use blue and red to
indicate the two opposite spin components along
a given direction, and we hereafter refer to these
components as spin-up and spin-down, respec-
tively. The spin polarimeter we used is not sub-
ject to the instrumental asymmetries typical of
Mott-type detectors that require calibration or
renormalization (24). The spin polarization mea-
sured in this study is therefore intrinsic to the
photoelectrons.

Figure 1 summarizes the most surprising find-
ings of this work: the presence of a nonzero spin
polarization in Bi2212 and its strong dependence
on momentum. Along the nodal direction, we
find that the photoelectron spin component per-
pendicular to I'-Y is strongly polarized up, as
shown by the spin-resolved intensity map in
Fig. 1C, which is primarily blue. The correspond-
ing spin polarization P, defined as the relative
difference between the numbers of spin-up and
spin-down photoelectrons according to P = (/; -
1))/, + 1)), is positive along this entire cut (Fig.
1D). The polarization shows an overall increase
as a function of momentum (or energy) from
roughly +20% at the Fermi momentum, 4y (Fermi
energy, Ep), to as much as +40% for smaller
momenta (or higher binding energies), i.e., closer
to the Brillouin zone center, T".

Notably, when we move away from the nodal
direction, the perpendicular photoelectron spin
component reverses and is strongly polarized
downward, as seen in the spin-resolved inten-
sity map in Fig. 1F, which is primarily red. The
reversal of the intensity peak from primarily
spin-up to primarily spin-down can be clearly
seen in Fig. 1H, where the SARPES spectra at
kr as a function of energy [energy distribution
curves (EDCs)] are directly compared for both
the nodal and off-nodal cuts.

A closer look reveals a similar increase of the
value of spin polarization for the off-nodal cut
(Fig. 1G) toward smaller |k|or higher binding
energy. In this case, the polarization is negative
(P = -15%) at kp but eventually turns slightly
positive (P = +5%) at higher binding energy. In
summary, along both of these cuts, we observed
an unexpected nonzero spin polarization that
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becomes more positive as one goes toward higher
binding energies (i.e., deeper inside the Fermi
surface). The observed nonzero spin polariza-
tion has been reproduced under different ex-
perimental conditions, with different samples
and sample surfaces [(Figs. 1 to 4) and (23)],
different geometry (25), and several photon
energies. The effect also persists after sample
surface exposure to a vacuum of =5 x 10~ torr
over several days, the time scale over which
some of the experiments described herein were
conducted.

Figure 2 shows the evolution of the photo-
electron spin polarization along the Fermi sur-
face and at a binding energy of 160 meV (see, e.g.,
vertical lines in Fig. 1, C and F). The spin-resolved
EDCs at ky and at smaller momenta kg (Where
HBE indicates high binding energy) are shown
in Fig. 2, A and B, respectively; the location of
each spectrum is shown in Fig. 2C. In both
cases, we observe a net spin polarization that
decreases away from the node (¢ = 0°), even-
tually reaches zero at an intermediate angle,
and for the spectra at k& = kg, even switches
sign far away from the node. These results are
summarized quantitatively Fig. 2D for both
k = kr and k = kypg [for the full energy de-
pendence of the spin polarization, see (23)].
The spin polarization is approximately even
about the nodal line, where it reaches its max-
imum with values as high as +40%. Notably,
it is higher at kypgr than at £y over the entire
angular range. On the Fermi surface, the two
spin channels I; and /| are each stronger in
different parts of momentum space. By con-
trast, at higher binding energy (Fig. 2F), the
dominant spin channel is spin-up, yielding
an overall positive spin polarization.

The presence of any spin polarization in pho-
toemission from Bi2212, let alone a momentum-
dependent spin texture, is unexpected. It is
therefore imperative, before proceeding to dis-
cuss the total spin texture, to assess whether
the observed spin polarization is the result of
a final state effect or represents physics in-
trinsic to the spin state of itinerant carriers
in the material.

Figure 3 shows the evolution of the spin po-
larization across the Brillouin zone boundary
(M point) (Fig. 3B) and Brillouin zone center
(T" point) (Fig. 3D). Spin-resolved EDCs are shown
in Fig. 3B adjacent to the two opposite M points
within the first Brillouin zone (points f and )
and for a point just across the Brillouin zone
boundary (o) that is separated by a reciprocal
lattice vector from y. The locations of these mea-
surements are represented by vertical arrows in
Fig. 3A. To access this momentum window, we
used higher-energy photons: 33 eV. The exper-
imental geometry is shown in fig. S3A, and the
measured spin component is perpendicular to
the I'-M direction.

The data show a clear reversal of this com-
ponent of spin polarization at the two opposite
zone boundaries (curves § and y) and across
the zone boundary (curves o and f). The ob-
servation of a reversal of the spin polarization
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at two points very near in emission angle (curves
o and B) but on opposite sides of the zone
boundary, as well as similar polarizations for
points separated by a reciprocal lattice vector
and hence having similar momenta (curves o
and y) but nearly opposite emission angles,
confirms the intrinsic nature of the effect and
its dependence on quasiparticle momentum
rather than photoemission angle. Moreover, the
presence of a nonzero spin polarization at dif-
ferent photon energies (fig. S3) contributes to the
evidence that the observed effect is a property of
the quasiparticle initial state rather than being
a final state effect.

Final state versus intrinsic effect

We can learn more about the pattern of spin po-
larization across momentum space by using a
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well-known property of Bi2212: the presence of
an incommensurate superstructure along the b
axis caused by the modulation of Bi-O layers.
This structural distortion creates umklapp bands
that are replicas of the main band on the Fermi
surface (dotted lines in Fig. 3A), shifted by the
superstructure vector along the I'-Y direction
(26, 27). Therefore, the second-order superstruc-
tures of the main band, labeled SS1 and SS2, lie
near I'.

These replica bands are clearly visible in
the hv = 6 eV angle-resolved photoemission
spectroscopy (ARPES) intensity maps (where
h is Planck’s constant and v is frequency) (Fig.
3C) at the two opposite sides of the I" point
and disperse up toward I'. The spin-resolved
EDCs at ky, measured along the dashed lines
in Fig. 3C, are shown in Fig. 3D and measure

Spin-Resolved

-0.05

kke (A Pol.

Fig. 1. Spin-resolved measurements along nodal (I'-Y) and off-nodal cuts. (A) Experimental
geometry. Pol., polarization; s-pol, s-polarized photons; e™, electron. (B) Spin-integrated

map of the band near Er along the nodal direction. (C) Spin-resolved map taken along

the same cut as in (B), with darkness representing photoemission intensity /; + I, and color
representing spin polarization P [see the color scale in (A)]. Momenta kg and kg are the
positions of measurements in Fig. 2 where the band is at the Fermi level and high binding
energy, respectively. (D) Plot of the spin polarization along the band dispersion [dotted

gray line in (C)]. (E to G) Same as (B) to (D) but measured along a cut parallel to the nodal
direction that intersects the Fermi surface 14° away from the node, as measured from

the zone corner. The same spin component was measured in (B) to (D) and (E) to (G).

Insets in (B) to (F) show the location of the cuts (thick black line) and the photoelectron spin
components (arrows). In this and subsequent figures, blue and red represent spin-up

and spin-down, respectively. (H) Spin-resolved EDCs taken at the node, as well as at the Fermi

momentum away from the node. arb., arbitrary.
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the component of the photoelectron spin per-
pendicular to the I'-Y direction. Two clear
observations can be made from the data. The
first one is that the superstructure bands on
the two sides of the I" point have opposite spin
polarization, as seen in the EDCs for SS1 and

SS2 in Fig. 3D. This reversal of the spin com-
ponent through a small angle across the Brillouin
zone center (SS1 versus SS2) corroborates the
reversal seen at opposite momenta in EDCs
and v, pointing to a spin polarization that not
only is a function of & but also respects time
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Fig. 2. Spin-resolved measurements along the Fermi surface and at higher binding energy.
(A) Spin-resolved EDCs taken at momenta along the Fermi surface, as well as (B) inside the

Fermi surface where the dispersion is at Eg = 160 meV (where Eg is binding energy). EDCs are
marked by ¢, the angle from the zone corner (Y point) to kg, and are taken at momenta indicated in
(C) one quadrant of the Brillouin zone. The spin component measured was perpendicular to the
I'-Y direction and within the plane of the sample surface. (D) Spin polarization as a function of

the Fermi surface angle, ¢, at kg (solid circles) and at higher binding energy (hollow circles).

(E and F) Schematics of the texture of this spin component.

Fig. 3. Measured spin A
polarization near

M points and spin
polarization of the
superstructures on
either side of I. (A) Spin
textures from the two
distinct experiments in

(B) and (D) plotted in

the Bi2212 Brillouin zone.
The main band is shown
with thick lines, and its
superstructure replicas

are shown as thin dotted
lines. (B) Spin-resolved
EDCs taken with hv =

33 eV at momenta shown
in (A) near the M points.
(C) Spin-integrated map of
the superstructure taken
with hv = 6 eV, showing
bands that replicate the
main band dispersing

up as they approach T.
The dashed lines indicate
approximate positions

of spin-resolved measurements. (D) Spin-resolved EDCs on either side of T.
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reversal symmetry by switching sign across
the T" point.

The second observation is that at the node,
the superstructure bands show opposite spin
polarization with respect to the main bands of
which they represent a second-order replica.
That is, they match the spin of the main band in
the same quadrant of momentum space. Though
the superstructure band SS2 at +k is the second-
order replica of the main band MB2 at -k, the
spin direction is opposite to that of MB2 (see
MB?2 in Figs. 3A and 1C for the relative spin
polarization). It is the superstructure band SS1
at —k that matches the positive spin polariza-
tion of the main band MB2 at —k. A more de-
tailed explanation for the opposite value of spin
polarization in the replica band relative to that of
its “parent band” is found in (23); these results
provide additional evidence that the observed
spin polarization reflects the spin structure of
the material bands.

In summary, the dependence of the spin
polarization on quasiparticle momentum; the
changes in the sign of polarization across the
Brillouin zone center and boundaries; the ob-
servation of nonzero spin polarizations for
different photon energies and geometries with
spin alternately parallel and perpendicular to
the electric field of light (see Fig. 1 and fig. S3A
for more details); and the large values of spin
polarization, up to 40%, strongly suggest that
the observed effect is intrinsic and cannot be
explained solely by an interference between
photoemission pathways, as recently proposed
(25). These findings point to an initial state
with a well-defined spin texture in momentum
space.

Full spin texture

Figure 4, A and B, shows the measured momentum-
dependent spin polarization parallel to the I'-Y
direction, orthogonal to the spin component
presented in Figs. 1 and 2 for several momenta.
Spin-resolved EDCs for several momentum cuts
are shown in Fig. 4A. For the nodal cut (¢), the
intensity peaks are quite similar for the two spin
components (Fig. 4A), resulting in nearly zero
orthogonal spin polarization (Fig. 4B). At the
same time, we see opposite spin polarization at
cuts that are displaced by the same angle but in
opposite directions from the node (8 and ), im-
plying a reversal of the spin polarization compo-
nent parallel to I'-Y across the nodal point. Such
a reversal is in contrast with the perpendicular
spin component (see Fig. 2), which remains the
same across the nodal direction.

The full spin texture across the Brillouin
zone, obtained from the trends about the nodal
line of the parallel and perpendicular spin com-
ponents, is shown in Fig. 4C. The reversal of
the spin polarization across the I'-Y symmetry
line (Fig. 4, A and B) and across the Brillouin
zone quadrants (Figs. 2, A and B, and 3D),
together with the spin polarization of replica
bands, is consistent with a spin texture cir-
cling the Brillouin zone center (I") clockwise.
Meanwhile, at larger k, the larger angle (¢)
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measurements in Fig. 2B with spin pointing in
the direction opposite that at small ¢ indicate
that the texture has a more complex momentum
dependence. One possibility is a change in the
rotation direction of the spin pattern upon ap-
proaching boundaries of the Brillouin zone,
sketched in gray in Fig. 4C.

The spin-momentum locking inferred in Fig. 4C
is reminiscent of a Rashba-type effect. In typ-
ical observations of the Rashba effect, however,
two bands of opposite spin polarization are split
in energy. In this study, we observed only a single
spin polarization at any particular momen-
tum, regardless of the band’s binding energy
at that point. This leads to a single spin text-
ure in k space.

Local inversion symmetry breaking

We now present a possible explanation for
the observed spin polarization and its mom-
entum dependence and discuss possible im-
plications for superconductivity. Perhaps the
most studied spin texture is the Dresselhaus-
Rashba effect (28, 29), which is manifested in
noncentrosymmetric materials (i.e., materials
lacking inversion symmetry) and gives rise to
spin-dependent effects, inducing a momentum
spin-splitting of the energy bands. Recently, it
has been pointed out that even in centrosym-
metric materials, a local electric field within
the unit cell can lead to spin-split bands (30)
whereas the net spin polarization remains zero
as the electric field averages to zero within the
unit cell. This local field can originate from
specific structural characteristics that break local
inversion symmetry centered on Cu atoms,
such as layered structures or some types of
lattice distortions that are present in the cup-
rates (31-36). In the case of a layered struc-
ture, the local field is perpendicular to the
planes and the spin-split bands are spatially
segregated in real space on top and bottom
layers (30). In the case of a structural distor-
tion, the spin-split bands are segregated within
different parts of the unit cell. The model in
(30) has been successfully applied to account
for the nontrivial spin polarization observed
in layered dichalcogenides (37, 38) and a BiS,-
based superconductor (39), as well as to ex-
plain the nonzero nodal energy splitting be-
tween bonding and antibonding bands in a
YBa,Cu;0¢. 5 cuprate superconductor (9).

We extend this model to the case of bi-
layer Bi2212 by using a tight-binding model
in the presence of a local electric field, treated
via Rashba-type spin-orbit coupling, as in (30);
the details of the calculations are shown in
(23). The field is induced by the local break-
ing of inversion symmetry in Bi2212. Although
the crystallographic space group of Bi2212 is
often regarded as centrosymmetric (40), the
local environment of Cu is noncentrosymmetric:
The Ca layer separating two Cu-O planes re-
moves the inversion center from Cu. Each Cu-O
layer is now subject to a different environment:
One Cu-O layer has Bi-O ions above and Ca ions
below, whereas this is reversed for the other

Gotlieb et al., Science 362, 1271-1275 (2018)
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Fig. 4. Total in-plane spin

texture. (A) Spin-resolved EDCs,
acquired with sensitivity to the
component of spin parallel to
I'-Y. (B) Spin polarization as a

function of the Fermi surface angle,
¢. The inset shows the positions

S in one quadrant of the Brillouin

| zone where EDCs were taken.
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(C) Schematic of the addition of
the spin textures parallel [from
(B)] and perpendicular (from
Fig. 2D) to the I'-Y direction. The

counterclockwise circle of gray
arrows is consistent with the one
component of spin we were able
to measure at high k [see (23)
for further discussion of possible
complex spin textures].

layer in the unit cell, allowing for a nonzero
electric field within the unit cell (see the schematic
in Fig. 5A).

Although one would expect both Rashba and
Dresselhaus contributions to spin-orbit coupling
[R2 and D2 according to the notations in (30)],
it appears that the dominant components in
our experiments come from the Rashba order.
This is likely a consequence of the strong an-
isotropy between ab and ¢ axes in Bi2212, making
the Dresselhaus component subleading. Upon
the addition of such spin-orbit coupling, the
former bonding (antibonding) band loses its
purely antisymmetric (symmetric) character
under mirror symmetry. However, we retain
this naming convention herein. Both bonding
and antibonding bands remain doubly degene-
rate at any momentum in the Brillouin zone
as the crystal retains unbroken inversion and
time reversal symmetries. However, these bands
acquire spin-momentum locking with opposite
spin polarization on each individual Cu-O layer.
The spin textures for the antibonding orbital
in the two Cu-O layers that result from this
model are shown in Fig. 5B. Photoemission
measures the interference pattern of contri-
butions from several near-surface layers (41)
and in this case has different intensity from
bonding and antibonding bands (42, 43). There-
fore, a nonzero spin signal is expected, despite
inversion symmetry and the lack of resolved
band splitting. This spin texture stems from
differences in photoemission matrix elements
for different components of the wave function,
as well as the surface sensitivity of the measure-
ment and interference effects. We find that

14 December 2018

the spin polarization alternates as a function
of photon energy, as discussed in (23), sim-
ilarly to the change in the relative strength of
photoemission intensity from bonding and
antibonding bands (44). However, this could
also be the result of a more complex dependence
of the spin-orbit entanglement on photon energy,
as shown extensively in other spin-orbit-coupled
materials, such as topological insulators (41, 45),
where the sign of spin polarization can change
with photon energy and even be zero; more
detailed studies and calculations are needed.

By extending our tight-binding model to in-
corporate interference effects, we remove the
perfect cancellation of spin polarizations be-
tween bonding and antibonding bands and get
a spin texture that reverses sign across the Fermi
surface (fig. S6). In addition, the interference ef-
fects can also explain the opposite direction of
spin polarization between the original bands and
their superstructure replicas shown in Fig. 3, as
discussed in detail in (23).

Although our model can reproduce quali-
tative aspects of the spin polarization observed
in our experiment, it does not capture the mag-
nitude and precise momentum dependence
of the spin, which require more involved cal-
culations. Reports in favor of a noncentrosym-
metric space group for Bi2212 (31, 32, 46) might
simply argue that it is the absence of any in-
version center that allows for the reported non-
zero spin texture, as in a standard Rashba
system, rather than the creation of a local field.
Such a scenario, however, would imply the pres-
ence of spin-split bands that have not yet
been observed. Moreover, some of the structural
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Fig. 5. Spin structure within the unit cell. (A) Schematic view of the two-CuO, bilayer structure in
Bi>Sr,CaCu,0g.,5 wWhere we omit layers of Bi-O and Sr-O which separate bilayers. Green atoms
correspond to oxygen, yellow to copper, and red atoms in between are Ca. Arrows schematically
depict the possible direction of the electric field, which leads to the spin-orbit coupling of the
opposite sign on different layers. (B) Expected spin pattern of the antibonding band for two adjacent

CuO, layers within the unit cell.

distortions typical of cuprates, such as local
Jahn-Teller distortions (32-34), modulations
of the oxygens in the BiO slabs, and buckling
of the CuO, planes (47), could break the local
inversion symmetry and give rise to a nonzero
electric field. The latter effects along with the
presence of other atoms in a polar environment
within the unit cell could also potentially con-
tribute to the spin texture reported here and
could be responsible for the nonzero spin polari-
zation observed in single-layer Bi2201 (23, 25).
Regardless of the origin of the observed spin-
orbit interaction, it is clear that its effect on the
symmetry of the Hamiltonian and on the ground
state properties cannot be neglected. In the case
of weak correlations, the interplay between spin-
orbit coupling and superconductivity can affect
spin susceptibility (48), alter the structure of the
gap nodes, and allow for additional Amperean-
like attraction channels coming from spin fluc-
tuations (15, 49). In the case of strong correlations,
spin-orbit coupling could enhance a charge den-
sity wave-type of order (50, 51), as observed in
cuprates, and ultimately could affect the super-
conducting gap and the phase diagram (52). Our
observation of spin-orbit coupling with a magni-
tude comparable to that of the interlayer tunnel-
ing and superconducting gap [see discussion
in (23)] and the persistence of a nonzero spin
polarization above 7. (fig. S2) suggest that a
complex correlation between superconductivity,
spin-orbit coupling, and layer degrees of freedom
might be at play in cuprates (52). As the effects
of the coexistence of spin-orbit coupling, strong
correlations, and superconductivity are still
poorly understood, we hope that our results
will stimulate further experimental and the-

Gotlieb et al., Science 362, 1271-1275 (2018)

oretical research exploring the physics in this
emergent field.
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Revealing spin-orbit coupling in a cuprate
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