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ABSTRACT: The interplay of spin−orbit coupling and crystal
symmetry can generate spin-polarized bands in materials only a
few atomic layers thick, potentially leading to unprecedented
physical properties. In the case of bilayer materials with global
inversion symmetry, locally broken inversion symmetry can
generate degenerate spin-polarized bands, in which the spins in
each layer are oppositely polarized. Here, we demonstrate that the
hidden spins in a Tl bilayer crystal are revealed by growing it on
Ag(111) of sizable lattice mismatch, together with the appearance
of a remarkable phenomenon unique to centrosymmetric hidden-
spin bilayer crystals: a novel band splitting in both spin and space.
The key to success in observing this novel splitting is that the
interaction at the interface has just the right strength: it does not
destroy the original wave functions of the Tl bilayer but is strong enough to induce an energy separation.
KEYWORDS: bilayer material, hidden spin, superconductor, photoelectron spectroscopy, spintronics

The decrease in dimension of a crystal from 3D bulk to 2D
atomic layer materials (ALMs) with a thickness of one to

a few atoms is often accompanied by the appearance of novel
exotic physical properties. For example, ALMs with a thickness
of one atom, such as graphene,1−3 silicene, and germanene,4

borophene5 host Dirac Fermions, and an ALM two atoms
thick, bilayer graphene, show superconductivity with a critical
temperature (Tc) of up to 1.7 K.6 The combination of
superconductivity with spin-polarized bands − which arise
from the so-called Rashba−Bychkov (or simply “Rashba”)
effect7 and/or by the orbital angular momentum (OAM)8−13

− may lead to further interesting physical properties and novel
superconducting states;14−16 a bilayer ALM superconductor
formed from a heavy element with strong spin−orbit coupling
(SOC) is a candidate of such an exotic superconductor. In the
case of a centrosymmetric (globally symmetric) bilayer crystal,
the individual layers have a locally broken inversion symmetry
(Figure 1(a)). The global inversion guarantees the twofold
spin degeneracy of the bands. The local inversion asymmetry
can give rise to a staggered Rashba SOC in each layer.17

However, in contrast to the normal Rashba effect, the overall
twofold spin degeneracy of the bands is not lifted in this case,
as shown in Figure 1(b). Similarly, Zeeman-type spins on each
layer can also arise from the local inversion asymmetry, again
with the spin hidden, as shown in Figure 1(c). Hidden spins

were also predicted theoretically in centrosymmetric layered
crystals,17,18 and evidence of the hidden spin was reported
experimentally19−24 by considering, e.g., the limited detection
depth of the measurement (mean free path of the photo-
electron), which is longer than the thickness of a bilayer
material.
The heavy element Tl is known to undergo a super-

conducting transition at approximately 2.4 K in its bulk
phase.25−32 Its predicted band structure33−36 was expected to
show a large spin−orbit splitting at the H point of the 3D
Brillouin zone.36 The band structure of a Tl single layer formed
on Si or Ge has been reported to show semiconducting spin-
polarized bands,8−12,37−41 which means that they have no
chance to become an atomic layer superconductor. A two-layer
Tl film formed on Si(111) has been reported to become
superconducting below 0.96 K,42 but no spin-polarized states,
or even no clear band structure, were observed. Furthermore,
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the same band as that of the Tl single layer formed on Si(111)
was observed in this system, indicating that this system could
be described as the addition of two Tl overlayers rather than an
adsorbed bilayer crystal. The ideal freestanding Tl bilayer can
host hidden spin polarization.17 Although the bilayer is globally
centrosymmetric (space group P3̅m1), the Tl atoms in each
layer have polar site symmetry C3v, which allows local spin
polarization to emerge. In particular, the Zeeman-type spin
polarization (Figure 1(c)) is expected to appear in a Kramers
doublet at the K̅ point of the 2D Brillouin zone.
Here, we report our successful synthesis of the Tl bilayer

crystal grown on Ag(111) and measurements of its band
structure, spin polarization, and electrical transport properties.
Around the K̅ point, Tl states are found in the Ag band gaps.
There, the interactions with the substrate are limited, serving
only to slightly lift the energy degeneracy of the bilayer-
inherent hidden spin states and enabling us to observe a
remarkable splitting phenomenon involving both spin and
space. This splitting differs from the standard Rashba or
Zeeman-type splitting in non-centrosymmetric crystals, where
essentially only the spin degrees of freedom are involved in
lifting the degenerate bands. This splitting may have a
significant impact on transport properties such as super-
conductivity, which the Tl bilayer crystal was found to exhibit
at 0.9 K in this study.
High-quality bilayer Tl crystals were formed on Ag(111).

The sample quality was confirmed by the observations of sharp
spots with low background intensity by low-energy electron
diffraction (LEED). The spin-integrated and spin-polarized
band structures were obtained experimentally by high-

resolution angle-resolved photoelectron spectroscopy
(ARPES) and spin-resolved ARPES (SARPES) and theoret-
ically by density functional theory (DFT) calculations. Both
ARPES and SARPES measurements were conducted between
30 and 100 K. Scanning tunneling microscopy (STM)
measurements were performed at 4.2 K. The electrical
transport measurements were performed using a sub-Kelvin
micro four-point probe.43 All experiments were conducted in
ultrahigh vacuum (UHV) chambers under a base pressure of
<1 × 10−8 Pa. Details of the sample preparation and details of
the experimental setup and theoretical calculations are
described in the Supporting Information.
A Tl bilayer formed on Ag(111) has been reported to have a

lattice constant close to that of bulk Tl, with the interaction
between the Tl and Ag atoms at the interface being weak.44,45

The LEED pattern of a Tl bilayer crystal formed on Ag(111) in
this work is shown in Figure 2(a). Six pairs of three spots with
high intensity are clearly observed together with weaker
intensity spots. By comparing the LEED patterns of before and
after Tl deposition, we attribute the outer one of the three
spots to originate from Ag(111) and the inner two to originate
from the Tl bilayer crystal. The directions of the two spots
from Tl are rotated ±4.3° from the unit vector of Ag(111),
indicating the presence of two Tl bilayer domains.
The ratio of the distance between the LEED spots

originating from a single Tl bilayer domain and from the Ag
substrate is approximately 1:1.2. This ratio indicates the in-
plane nearest-neighbor spacing of Tl atoms to be approx-
imately 3.45 Å, a value close to that in bulk Tl. Both the in-
plane nearest-neighbor distance and the rotation angle are in

Figure 1. (a) Schematic illustration of the local inversion asymmetry of a centrosymmetric bilayer crystal, as indicated by triangles with different
colors. (b and c) Illustration of bands with hidden (b) Rashba-type spin and (c) Zeeman-type spin. In (b), the direction of the spins is indicated by
arrows. In (c), the arrows through the spheres indicate the direction of the spins, and the arrows of the arcs around them show the orbital motion of
the electrons.

Figure 2. (a) LEED pattern of a Tl bilayer crystal grown on Ag(111) taken with a primary electron energy of 52 eV. (b) STM image of a Tl bilayer
measured at a bias voltage of 1 V and a tunneling current of 1.2 nA. (c) Schematic illustration of the atomic structure of a Tl bilayer crystal formed
on Ag(111). The first Tl layer means the outermost layer, and the second one is the layer adjacent to Ag. The yellow circles indicate the area
centered where the second layer Tl atoms are located above the Ag atoms on the surface.
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agreement with those reported in ref 45. (The slightly longer
Tl−Tl distance obtained in the present study compared to that
in ref 45 might result from the difference in Tl bilayer
formation; i.e., the sample was prepared in ultrahigh vacuum
conditions in the present study, while it was formed in an
electrolyte in ref 45.) The lattice parameters of the Tl bilayer
crystal on Ag(111) were also confirmed by STM. Figure 2(b)
shows the STM image of the Moire ́ pattern induced by the
difference in Tl−Tl and Ag−Ag distances and by the rotation
angle of the Tl bilayer. The distance between two protrusions
in STM is approximately 15 Å (Figure 2(b)), a value
consistent with the distance between two Tl atoms with the
same environment, e.g., the two second layer Tl atoms situated
on top of Ag that are highlighted by yellow circles in the
schematic illustration of Figure 2(c). This agreement between
Figure 2(b) and (c) also confirms the lattice parameters of the
Tl bilayer crystal on Ag(111). Moreover, the threefold
symmetry observed in LEED and STM indicates that the
atomic structure of the epitaxially grown Tl bilayer crystal on
Ag(111) is basically identical to that of an ideal freestanding Tl
bilayer whose atomic structure belongs to the space group
P3̅m1.

The band dispersions of a freestanding Tl bilayer crystal
calculated without and with SOC are shown in Figure 3(a) and
(b), respectively. Of the six bands labeled 1−6, the two labeled
2 and 3 and those labeled 5 and 6 are degenerated at the K̅
point in (a). SOC lifts these degeneracies but otherwise does
not change the dispersions of bands much. As shown in Table
1, the components of the wave functions of the three bands
located close to the Fermi level at K̅ (the bands labeled 1, 2,
and 3) indicate that the p electrons of both the upper and
lower Tl layers have a large contribution to each of these three
bands and that when the px and py components of the upper
layer Tl induce the OAM pointing the +z (−z) direction, those
of the lower layer induce the OAM pointing in the −z (+z)
direction simultaneously. Here, x and y are the two orthogonal
axes parallel to the atomic layer, and z is the axis along the
direction perpendicular to the atomic layer. This OAM
direction at K̅ agrees well with that predicted for ALMs with
atomic structure belonging to the space group P3̅m1.8−12 Since
the spin tends to become parallel to the OAM,9,13 the presence
of OAMs pointing in opposite directions in a single band at
different atomic sites indicates that the spins pointing along the
z direction at K̅ are hidden in a freestanding Tl bilayer crystal,
as in the illustration in Figure 1(c). A way to reveal these

Figure 3. (a and b) Theoretically obtained band structures of a freestanding Tl bilayer crystal (a) without SOC and (b) with SOC. The green
shaded areas indicate where Ag bulk states are expected to appear. (c) Fermi surface of Tl bilayer crystals grown on Ag(111) measured at hν = 40
eV. The black solid line represents the Brillouin zone of the Ag(111) surface, and the red and yellow solid lines represent the Brillouin zones of the
two domains of Tl. K̅Ag and K̅Tl are the K̅ points of the Brillouin zones of Ag(111) and Tl bilayer crystals. (d) Band dispersion obtained with hν =
40 eV along kx at ky = 0 Å−1. (e and f) Band along kx at ky = −0.09 Å−1 measured at hν = (e) 40 and (f) 21.2 eV. The red (yellow) dotted lines are
guides for the bands derived from the Tl bilayer of the red (yellow) Brillouin zone, and the black dotted line guides the band originating from Ag.
(g) Spin-resolved EDC curves at the K̅Tl point. Red (blue) data in (g) indicate spins in the positive (negative) direction of each axis. The black
circles in (h) show the theoretically obtained band structures of a Tl bilayer crystal grown on Ag(111), and their size shows the weight of orbitals
from Tl atoms of the first layer and those from Tl of the second layer in each panel. (i) Theoretically obtained spin polarization along the z
direction. (j) Schematic illustration of layer-dependent spin polarization. (k and l) Band splitting of a standard Rashba effect and that of a staggered
Rashba SOC system. In (c−f, h, and i), the shading from light to dark indicates the relative measured intensities.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02387
Nano Lett. 2023, 23, 7675−7682

7677

https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02387?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02387?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02387?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02387?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hidden spins is to break the space inversion symmetry along
the z direction slightly, which can be done by growing the Tl
bilayer on a solid surface. Owing to the large lattice mismatch
with Ag(111) and the large energy gap of the projected Ag
bulk states (the shaded areas in Figure 3(a) and (b)), the Tl
states can maintain their original Tl bilayer wave functions
around K̅ and, as presented below, show a novel splitting with
respect to both spin and spatial distribution.
The Fermi surface of the Tl bilayer crystal grown on Ag

obtained by ARPES with a photon energy (hν) of 40 eV is
shown in Figure 3(c). The red and yellow hexagons are the
boundaries of the first Brillouin zones of the two Tl bilayer
domains, and the black hexagon shows that of Ag(111). The
subscripts Tl and Ag of K̅ indicate to which Brillouin zone the
symmetry point corresponds. Four Fermi surfaces, indicated by
dashed lines, are observed inside the first Brillouin zones of the
Tl bilayer crystals in Figure 3(c). These four Fermi surfaces are
observed at the same (kx,ky) in measurements performed at
different hν (Supporting Information, Figure S4), meaning that
these states do not have a kz dependence and thus originate
from the Tl bilayer crystal. Figure 3(d) shows the band
dispersion measured with hν = 40 eV along KAg (ky = 0
Å−1), i.e., the k line along which the two Tl Brillouin zones are
mirror images and thus the bands from the two Tl bilayer
domains show identical dispersion. As shown in the figure,
there are two bands crossing the Fermi level (EF) at
approximately kx = 0.875 and 1.05 Å−1, indicating the number

of metallic bands delivered from a single Tl bilayer domain to
be two. Thus, the observation of four metallic Fermi surfaces in
Figure 3(c) arises from the presence of two domains.
Figure 3(e) shows the band dispersion measured with hν =

40 eV along the kx direction at ky = −0.09 Å−1. Note that K̅Tl,
the K̅ point of the Brillouin zone of the Tl bilayer crystal, is
located at (kx = 1.20 Å−1, ky = ±0.09 Å−1) given the fact that
the domains are rotated ±4.3° from that of Ag(111). The
dispersion of the band, guided by the red dotted lines in Figure
3(e), shows good correspondence with that of the band labeled
2 in Figure 3(b) along K: both the experimentally
obtained band of a Tl bilayer on Ag(111) and the theoretically
obtained one of a freestanding Tl bilayer show downward
dispersions from Γ̅, cross the Fermi level, turn upward, and
show convex upward structures around K̅ (K̅Tl). However, the
critical difference from the theoretical band is that the band of
the Tl bilayer on Ag(111) splits into two around the K̅Tl point.
In order to obtain more detailed information about the origin
of the observed split band, we have measured the band
dispersion along the kx direction at ky = −0.09 Å−1 with hν =
21.2 eV (Figure 3(f)). There are four bands derived from the
two Tl bilayer domains (red and yellow dotted lines) and a
band originating from Ag (black dotted line). The red (yellow)
dotted lines indicate bands from the red (yellow) Brillouin
zone in Figure 3(c), meaning that the red dotted bands cross
the K̅Tl point while yellow ones are off from this symmetry

Table 1. Components of the Wave Functions of the Bands Labeled 1, 2, and 3 Obtained (a) without SOC in Figure 3(a) and
(b) with SOC in Figure 3(b)a

aThe largest contribution is indicated in bold (w = exp(i2π/3)).
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point. Therefore, we conclude that both of the metallic bands
of a Tl bilayer crystal are split at K̅Tl.
The spin-resolved energy distribution curves (EDCs) at K̅Tl,

obtained by SARPES, are displayed in Figure 3(g). These
results show that the splittings of the two bands observed in
Figure 3(f) at K̅Tl are spin splittings and that the spins point
along the z direction, as expected from the OAM that arises
from the C3 symmetry of K̅Tl and confirmed by theoretical
calculations as shown in Figure 3(i). Given that the two spin-
split bands correspond to the bands labeled 1 and 2 in Figure
3(a) and (b), and by considering the p orbital components of
the eigenvectors of these two bands, the spin splitting observed
at K̅Tl in Figure 3(f) is induced by the small perturbation from
the Ag substrate that makes the two Tl layers slightly
inequivalent, thereby revealing the hidden spins. For a
freestanding Tl bilayer, symmetry dictates that the bands
labeled 1 and 2 are degenerate at K̅Tl with the spins in the two
layers pointing oppositely along ±z. In contrast, for the broken
symmetry case of Tl on a Ag(111) substrate, there should be a
small difference in the relative weight of the Tl orbitals of the
first and second layers in each split band. (The first layer is the
outermost layer, and the second one is the interface layer, as
denoted in Figure 2(c) and 3(j).)
The calculated contributions of the Tl orbitals of the first

and second layers are shown in Figure 3(h), where the size of
the circles corresponds to the weight of orbitals. There is a
clear layer-dependent orbital contribution to the spin split
band; i.e., the orbitals of Tl from the first layer mainly
contribute to the spin split band located at binding energies
(EB) ∼ 0.24 and 0.75 eV at K̅Tl, and those from the second
layer, to the spin split bands at EB ∼ 0.38 and 0.82 eV. By
combining this layer-dependent contribution and the orienta-
tion of the spins of the split band, we conclude that the
inducement of a small perturbation by the Ag substrate has
revealed the hidden spins of a Tl bilayer crystal by splitting the
bands in both spin and space as shown in Figure 3(j). This
band splitting in both spin and space is fundamentally different
from a standard Rashba splitting, where the band splits only in
spin, and is peculiar to a bilayer crystal with staggered Rashba
SOC as shown in Figure 3(k) and (l). Furthermore, this way of
exposing hidden spins provides a deeper understanding and
new insights into the spin physics of bilayer ALMs formed on
solid surfaces and will also open a pathway for the application
uses of such materials.

It is further interesting to examine the transport property of
a Tl bilayer crystal on Ag(111). Figure 4(a) shows the
temperature-dependent sheet resistivity of a 10 ML thick
Ag(111) film grown on Si(111) and that of the Tl bilayer
crystal grown on it. The resistivity of the Tl bilayer is 77 Ω/□
at 1.1 K, a value lower than that of the Ag(111) film (∼128 Ω/
□). This lower resistivity indicates the Tl bilayer to be metallic
and agrees well with the observation of metallic bands in
ARPES. At lower temperature, the Tl bilayer shows a drop in
sheet resistance to 0 Ω/□ at approximately 0.9 K. The
midpoint of the drop, ∼38.5 Ω/□, gives the Tc to be ∼0.92 K.
This Tc is lower than that of bulk Tl, 2.4 K, probably due to the
proximity effect of the metallic Ag substrate and/or from the
2D dimensionality of the Tl bilayer crystal that lowers the
Debye temperature and thus the Tc. The gradual drop in
resistance is a phenomenon typically observed in 2D
superconductors, as shown in, e.g., refs 46 and 47.
When applying a magnetic field perpendicular to the Tl

layer, the temperature where the sheet resistance drops
becomes lower, and the superconductivity is destroyed at
0.08 T (Figure 4(b)). The magnetoresistance at different
temperatures is also displayed in Figure 4(c). In Figure 4(d),
we show the temperature dependence of the upper critical
field, μ0Hc2(T). (μ0Hc2(T) is defined as the point at which the
sheet resistance is half of the normal state one, ∼38Ω/□, and
is obtained from Figure 4(b) and (c).) The linear relation of
μ0Hc2(T) with temperature is what is expected within the
framework of Ginzburg−Landau (GL) theory, μ0Hc2(T) = ϕ0/
2πξGL(T)1/2 = ϕ0 × (1 − T/Tc)/2πξGL(0)1/2; the broken line
in Figure 4(d) is a fitting of the experimental data and gives the
coherence length at 0 K, ξGL(0), of 220 Å. This value is much
longer than the thickness of the Tl bilayer crystal, indicating
that the Tl bilayer crystal is a 2D superconductor. Since a Tl
bilayer crystal is a 2D superconductor with spin-polarized
bands, this system may show further interesting spin-related
physical properties.
In conclusion, we succeeded in revealing the hidden spin-

polarized bands of a Tl bilayer crystal by applying a small
perturbation via a substrate to the wave function of Tl atoms of
one of the two layers. This small perturbation is weak and does
not modify the band structure significantly from that of a
freestanding Tl bilayer crystal but is strong enough to split the
band in both spin and space. In this respect, the present results
not only show a novel band splitting peculiar to bilayer crystal

Figure 4. (a) Temperature dependence of sheet resistance at zero magnetic field. The red and blue dots show the sheet resistance of a Ag film
grown on Si(111) and the Tl bilayer crystal grown on it. (b) Temperature-dependent sheet resistance under different magnetic fields perpendicular
to the plane. (c) Magnetic field-dependent sheet resistance at different temperatures. (d) Temperature dependence of the upper critical field. The
broken line in (d) is the fitting result by the GL theory.
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with staggered Rashba SOC but also exceed the previous
studies observing the hidden spins in the sense of practical use:
Previously, the oppositely oriented spins were still degenerate
so that the bands with these hidden spins behave like
nonpolarized bands; i.e., the spins with opposite polarization
move together like a normal electric current in response to a
potential difference across the sample. On the other hand, in
the present work, the lifting of the degeneracy leads to the
bands becoming spin polarized and the possibility of spin-
polarized currents, a necessary condition to realize spintronics
devices. Furthermore, the Tl bilayer crystal becomes super-
conducting below 0.9 K and therefore has the possibility of
showing spin-related novel superconducting states. Extensions
of the present approach of exposing hidden spin-polarized
bands to other 2D superconductors and producing super-
conducting quantum spintronics devices are exciting directions
for future work.
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Tc critical temperature
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