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A one-atom-layer compound made of one monolayer of Tl and one-third monolayer of Pb on a Si(111)
surface having v/3 x /3 periodicity was found to exhibit a giant Rashba-type spin splitting of metallic
surface-state bands together with two-dimensional superconducting transport properties. Temperature-
dependent angle-resolved photoelectron spectroscopy revealed an enhanced electron-phonon coupling
for one of the spin-split bands. In situ micro-four-point-probe conductivity measurements with and
without magnetic field demonstrated that the (T, Pb)/Si(111) system transformed into the superconducting
state at 2.25 K, followed by the Berezinskii-Kosterlitz-Thouless mechanism. The 2D TI-Pb compound on
Si(111) is believed to be the prototypical object for prospective studies of intriguing properties of the
superconducting 2D system with lifted spin degeneracy, bearing in mind that its composition, atomic and
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electron band structures, and spin texture are already well established.

DOI: 10.1103/PhysRevLett.115.147003

Metal-induced surface reconstructions on silicon (i.e.,
metal films having a monolayer and submonolayer
thickness on silicon) have been intensively studied for more
than 50 years, starting from the very early ages of modern
surface science [1]. Because of an abundance of studies on
the reconstructions having various structures and properties,
it might be thought that most of the principal interesting
phenomena in this field have already been elucidated and the
main problems have been conclusively solved. However,
seminal discoveries in the past five years have brought
about two fascinating themes: giant Rashba effect and
superconductivity in one-atom-layer metal films on silicon
surfaces.

The Rashba effect [2,3], which resides in spin splitting
of two-dimensional electronic states due to the spin-orbit
interaction arising from space-inversion asymmetry, has
been found to be especially pronounced (“‘giant”) in Bi
[4-6] and TI [7-11] monolayers on a Si(111) surface. The
only drawback of these systems is that their spin-split bands
are nonmetallic, while for the spintronics applications one
needs metallic spin-split bands to ensure considerable
spin transport. However, it has recently been demonstrated
that this shortage can be overcome by adding appropriate
adsorbates to form 2D compound layers with metallic
spin-split bands [12,13].

Two-dimensional superconductivity was discovered in
In/Si(111) and Pb/Si(111) systems [14-22]. The most
expressive results were obtained with double atom layers
of In [23] and Pb [15] on Si(111), where superconducting
transition temperatures 7. are as high as ~2.8-3.2 K
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[14,16,17,24] and ~3.65 K [15] for In and Pb double
layers, respectively. However, one-atom-layer In and Pb on
Si(111) also display superconducting properties, albeit at
somewhat lower temperatures, 7. ~2.4 K for In [17] and
T. ~1.1-1.8 K for Pb [14,17].

In this Letter, we report on the discovery of a system that
unites together the two themes mentioned above. We have
found that alloying one monolayer of Tl with one-third
monolayer of Pb (both ingredients being heavy metals with
strong spin-orbit coupling and classical bulk superconduc-
tors) results in a one-atom-layer T1-Pb compound on Si(111)
that displays both Rashba-type spin splitting and 2D super-
conductivity. The occurrence of the spin-split metallic bands
in the TI-Pb layer on Si(111) has already been reported [12].
In the present study, we performed angle-resolved photo-
electron spectroscopy (ARPES) measurements on the TI-Pb
compound as a function of temperature in order to evaluate
the electron-phonon coupling (EPC) constant A from the
temperature dependence of surface-state energy widths.
A large value of 1 ~ 1.6 obtained for one of the spin-split
metallic surface-state bands indicates an enhanced electron-
phonon coupling, and hence provides a promise for observ-
ing superconductivity at a sizable temperature. Indeed,
in situ micro-four-point-probe (MFPP) conductivity mea-
surements showed the superconductivity transition at
2.25 K. The obtained transition temperature almost coin-
cides with that for bulk Tl (2.38 K) and is considerably
higher than that for one-atom-layer Pb on Si(111), ~1.1 K
[17]. The superconducting transition was accompanied
by Berezinskii-Kosterlitz-Thouless (BKT) transition as
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FIG. 1 (color online). Large-scale (150 x 150 nm?) STM
images showing formation of the TI-Pb 2D compound on the
Si(111)-(1 x 1)-TI surface after RT deposition of (a) 0.18 ML Pb
(intermediate stage) and (b) 0.33 ML Pb (final stage). Two atomic
terraces are seen in each image. (c) High-resolution (5 x 5 nm?)
STM image of the (TI, Pb)/Si(111) surface. (d) Atomic structure
of the TI-Pb compound. Tl atoms are shown by blue circles,
Pb atoms by orange circles, top Si atoms by yellow circles, and
deeper Si atoms by light gray circles. The v/3 x v/3 unit cell is
outlined by a red frame.

revealed by current-voltage characteristics, indicating the
2D nature of the superconductivity.

Measurements were performed in the two separate UHV
systems. STM and ARPES experiments were conducted in

FIG. 2 (color online).

an Omicron MULTIPROBE system. STM images were
acquired in a constant-current mode with a mechanically
cut Ptlr tip after annealing in vacuum. ARPES measure-
ments were conducted using a VG Scienta R3000 electron
analyzer and a high-flux He discharge lamp
(hv =21.2 eV) with a toroidal-grating monochromator
as a light source. The in situ electronic transport measure-
ments were performed with an UHV MFPP system in
which the sample and the MFPP were cooled down to 0.8 K
and a magnetic field up to 7 T was applied perpendicular
to the surface. The apparatus was also equipped with
RHEED for sample characterization with deposition [25].

Pristine T1/Si(111) — (1 x 1) reconstruction was pre-
pared by depositing 1 ML Tl from a Ta-tube effusion cell
onto a Si(111)—(7x7) surface held at ~300°C
[1 ML = 7.8 x 10" cm™]. Lead was deposited from a
heated Pb-stuffed Mo-tube effusion cell onto the T1/Si(111)
surface held at room temperature. Starting from the onset of
Pb deposition, the patches of the 2D TI-Pb compound
appear and grow in size with Pb dosing until they cover the
entire surface at 1/3 ML Pb coverage [Figs. 1(a) and 1(b)].
In the STM images, the TI-Pb compound differs from the
parent Tl monolayer by brighter contrast and honeycomb-
like appearance with /3 x /3 periodicity [Fig. 1(c)]. As
determined in Ref. [12], the TI-Pb compound layer is
composed of honeycomb-chained trimers of Tl atoms with
Pb atoms occupying the T, sites in the center of each
honeycomb unit [Fig. 1(d)].

The most essential features in the (TI, Pb)/Si(111)
electron band structure are two metallic spin-split
surface-state bands [denoted X, (X}) and X, (Z}) in
Fig. 2] [12]. In the Fermi-surface map, they appear as
two split contours. For the X; (Z}) band, the outer contour
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(a) Experimental (upper panel) and calculated [12] (lower panel) Fermi contours of the 2D TI-Pb compound

on Si(111) shown in the v/3 x /3 surface Brillouin zone. Small arrows in the lower panel indicate the in-plane spin components, while
the color code indicates the out-of-plane components. (b) Fragments of the ARPES spectra showing dispersion of X; (X}) and X, (X))
bands near the Fermi level along I' — M and T" — K directions [solid lines 1 and 2 in (a)]. (c) Momentum distribution curves measured
along the dashed lines shown in (b) and their Lorentzian-function fits with constant background for ¥; (X}) and %, (¥}) bands.
(d) Typical temperature dependencies of energy width AE for X, (£}) and X, (%)) surface-state bands.
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has almost round shape, while the inner contour is a  exceed the Debye temperature 6, which is known to
hexagon with corners pointing in the I — K directions in ~ amount to ~90-100 K for bulk Tl and Pb. For each band,
the v/3 x /3 surface Brillouin zone. The maximal momen-  the measurements were conducted in the directions where
spin splitting is maximal [i.e., along the I' — M direction for
the =; (X)) band and along the I — K for X, (X})] to obtain
A for each subband.

Figure 2(d) shows typical AE — T plots with the results

tum and energy splittings for the X; (Z}) band, Ak =

0.038 A~! and AEp =250 meV, respectively, are along
the T'— M direction. The ¥, (X)) bands show up as

hexagonal. contour§ Wlth corners along the I" — M direction. of EPC constant A evaluation for a particular experimental
The moax1mal splittings for the %, (X)) band, Ak = run. A set of experiments performed with different samples
0.050 A™' and AEp =140 meV, are along the I'—=K  both in heating and cooling regimes yield the following
direction. DFT calculations revealed that the planar spin mean values of A: 0.7 +0.1 for £;, 1.6 £ 0.1 for ¥/, and
components show in-plane helicity with the spin being 0.6 £ 0.05 for both X, and X} bands. One can see that the
fully aligned in plane and perpendicular to the momentum  EPC constant J varies from one band to another and might

vector for momentum vectors along the I' — K directions.  be different even for two neighboring subbands having
The out-of-plane spin component undulates between pos-  opposite spin orientations. However, the difference in the
itive and negative values along the contours according to  EPC of different bands of the same material is quite a
the C3, symmetry of the surface. common phenomenon due to the largely varying electron

Superconducting properties are associated with an  DOS and phonon spectrum for different momentum values
enhanced electron-phonon scattering whose strength is [27,30]. It is worth noting also that the relation between
usually described by the EPC constant A. In order to  the EPC constant and superconducting properties is not
determine 4, we used temperature-dependent ARPES  straightforward (e.g., 4 can be strongly enhanced due to
data, where A can be extracted from the slope of the  surface and/or interface effects [31]). Nevertheless, the
temperature 7' dependence of the spectral energy width  occurrence of the X} band displaying enhanced EPC
of a surface-state band AE according to the relation  provides a promise for observing superconductivity in this
A = (dAE/dT)/(2nky), where kp is the Boltzmann  (TI, Pb)/Si(111) system. For comparison, the known super-
constant. The value of 4 at the Fermi level Ep is the  conducting In and Pb monolayers on Si(111) demonstrate
most important in electrical conductance [26]. However, lower values of A, 0.8-1.0 for In [30] and 0.6-0.9 for
dispersion of the X; and X, bands is very steep in the Pb [32].
vicinity of Ep, which hampers reliable determination of The results of the transport measurements on this (TI,
AE. Therefore, we first extracted the momentum distribu-  Pb)/Si(111) system at low temperatures are summarized in
tion curves (MDC) and evaluated the width Ak, which is  Figs. 3 and 4. Figure 3(a) shows the temperature depend-
defined as the width of the Lorentzian function fit to the = ence of the 2D sheet resistance. One can see that it reaches
MDC [27] [Fig. 2(c) and also Fig. S1 in Supplemental  the zero resistance state around 2.2 K, an evidence of
Material [28]]. The AE value was obtained as the product superconductivity. The resistance decreases even above T,
of Ak with the gradient of the dispersion dE/dk near the  which is due to the superconducting fluctuation typically
Fermi level evaluated for each band. Finally, EPC constant observed in 2D superconductors [33]. Accurate fitting of
A was determined from a linear fit to the AE — T plots. The  the experimental data with the theory [17,33] yields T, =
temperature range chosen was beyond ~110 K in order to  2.25 K and also the “pair-breaking parameter” 6 = 0.12,
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FIG. 3 (color online). (a) Temperature dependence of the sheet resistance. Red line is a result of the least-squares fit to the Aslamazov-
Larkin-Maki-Thompson correction [17] with T, = 2.25 K and “pair-breaking parameter” § = 0.12. The change of the sheet resistance
(b) with temperature under different magnetic fields and (c) with magnetic field under different temperatures. (d) Temperature
dependence of the upper critical field extracted from temperature (blue squares) and magnetic field (red circles) dependencies of the
sheet resistance [from (b) and (c), respectively].
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FIG. 4 (color online). (a) I — V characteristics near the critical
current around 7., plotted on a double-logarithmic scale, under
zero magnetic field. Two dashed lines indicate V « I and
V o« I? curves. (b) Temperature dependence of (dInR/dT)™%/3.
The solid line depicts the expected BKT transition behavior, to
obtain TBKT =2.24 K.

which is the same order of magnitude as those observed for
Nb films [34] and other superconducting surface states on
Si [17].

Figure 3(b) shows the sheet resistance as a function of
temperature under different magnetic field B applied
perpendicular to the surface. The superconductivity tran-
sition becomes broader and shifts to lower temperature as B
increases. The results of the magnetoresistance measure-
ments at different temperatures are summarized Fig. 3(c).
By defining the upper critical field (H., = B.o/puy) at
which the sheet resistance is a half of the normal-state
resistance in Fig. 3(c), the data are summarized in Fig. 3(d).
Evaluation of the obtained data in the framework of the
Ginzburg-Landau (GL) theory yields the H, and GL
coherence length &g (0) at 0 K [17]: poH(0) = 0.67 £+
0.02 T and &G (0) =22.2+0.3 nm. These are on the
same order as in the cases of mono- or bilayer super-
conductors In and Pb on Si(111) [17]. To characterize the
type of superconductivity, conventional or unconventional
(exotic) [35], one has to compare the GL coherence length
with the average distance between Cooper pairs,
s ~ (goA)~1/2, where g, is the 2D density of states at Ej
and A is the superconducting gap, which is about 27T ,.
Evaluation for the (TI, Pb)/Si(111) yields that even in the
extreme case when all electrons at Ep participate in
superconductivity, s ~50 nm, i.e., &5 (0) < s. If only a
certain fraction of all electrons are superconducting, the
inequality becomes even more strict. This is in contrast to
the conventional superconductors for which &g (0) > s.
Thus, the (T1, Pb)/Si(111) system shows up plausibly as an
unconventional superconductor [35]. In addition, it is worth
noting that, in contrast to numerous known superconduc-
tors, the T1-Pb 2D compound as well as other single- and
double-atom-layer-thick superconductors do not fit the
recently proposed universal scaling relation [29], indicating
that they plausibly constitute a very specific type of low-
dimensional superconductors (for details, see Sec. S2 of
Supplemental Material [28]).

It has been recognized that superconducting transitions
in the 2D cases can exhibit signatures of the Berezinskii-
Kosterlitz-Thouless mechanism [21,36-38]. For the (TI,
Pb)/Si(111) system, strong support for the BKT transition
was found in the current-voltage (I — V) isotherms mea-
sured over a grid of different temperatures near T .
Figure 4(a) presents these data plotted in a double-
logarithmic scale. Evolution of the isotherms is consistent
with a change in exponent of power in / — V curves around
the critical current expected from the BKT mechanism
when the temperature is varied near 7. The I—-V
dependence follows the V « I law for the normal state
above T, while it becomes V « I’ around T, and shows
abrupt transition to the superconducting state well below
T.. At the BKT transition, the current-induced Lorentz
force causes thermally created vortex-antivortex pairs to
unbind, resulting in the V « I° behavior. The extracted
BKT transition temperature Tggt ~ 2.2 K. It is also known
that the resistance is described by R « exp{—b(T/Tgxt —
1)~1/2} near Tggy, with a material-dependent constant b
[39]. Figure 4(b) shows that our data are consistent with
this behavior and yield Tyt = 2.24 K, in agreement with
the result in Fig. 4(a).

In conclusion, the 2D compound of 1 ML TI with 1/3
ML Pb having v/3 x v/3 periodicity on Si(111) appears to
be a 2D material that combines together the giant Rashba-
type spin splitting (~250 meV) with the superconductivity
at a sizable transition temperature of 2.25 K. This combi-
nation provides an opportunity to observe a number of
fascinating phenomena. In conventional superconductors
the electron pairs are in a spin-singlet state with antiparallel
spins. If the space-inversion symmetry is broken and the
magnitude of the spin splitting is sufficiently larger than
the superconducting gap, the interband Cooper pairing
between electrons in the two spin-split bands is strongly
suppressed. As a result, the pairing state in one band is the
admixture of the spin-singlet and spin-triplet pairing [40],
which leads to the advanced properties, some of which have
already been considered theoretically [40—45] and exper-
imentally [46]. In particular, it has been predicted that in
such systems spin magnetic susceptibility becomes aniso-
tropic and Knight shift retains a finite and rather high value
at T =0 [40]. Furthermore, an in-plane magnetic field
applied to the 2D superconductor with sizable spin-orbit
coupling would induce an in-plane superconducting flow
[41]. Strong spin-orbit interaction is expected to broaden
the range of existence of the Larkin-Ovchinnikov-Fulde-
Ferrell phase, which would take the form of periodic stripes
running along the field direction on the surface, leading to
the anisotropy of its properties [42,43]. In addition, triplet
supercurents can carry a net spin component and so offer
the potential to the superconducting spintronics [22,45].
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