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Orbital Angular Momentum Induced Spin Polarization of 2D Metallic Bands
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The electrons in 2D systems with broken inversion symmetry are spin-polarized due to spin-orbit
coupling and provide perfect targets for observing exotic spin-related fundamental phenomena. We observe
a Fermi surface with a novel spin texture in the 2D metallic system formed by indium double layers on Si
(111) and find that the primary origin of the spin-polarized electronic states of this system is the orbital
angular momentum and not the so-called Rashba effect. The present results deepen the understanding of the
physics arising from spin-orbit coupling in atomic-layered materials with consequences for spintronic

devices and the physics of the superconducting state.
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The combination of spin-orbit coupling (SOC) with
broken spatial inversion symmetry leads to a variety of
exotic spin-related fundamental phenomena [1] that are of
interest both for fundamental science—e.g., creation of novel
superconducting states [2]—and for applications, since they
contain key concepts needed to realize future semiconductor
spintronics devices [3-5]. The spin-polarized electronic
bands in two-dimensional (2D) atomic layers formed on
solid surfaces is one such phenomenon. The so-called
Rashba-Bychkov (or simply Rashba) effect [6] provides
the basic model for this phenomenon: the spin-polarized 2D
electronic states arise from the gradient of the potential or,
more precisely, from the asymmetric charge distribution
along the direction normal to the 2D layer [7,8].

In the case of an ideal 2D electron gas, the Rashba effect
produces a pair of spin-polarized bands in k space with the
spin oriented perpendicular to both the surface normal and
momentum directions (Fig. S1 of the Supplemental
Material [9]). This ideal Rashba-type spin splitting was
observed in the L gap of Au(111) over 20 years ago [13—
15] and in the L gap of Ag(111) and Cu(111) more recently
[16]. In contrast to these results on noble metals, sizable
Rashba-type spin splittings [17,18] and spin textures that
differ from the ideal Rashba effect [19-26] have been
reported for 2D atomic layers formed on solid surfaces.
Peculiar spin textures have also been observed in non-
centrosymmetric bulk materials [27-29]. Chiral orbital
angular momentum (OAM) has been reported to play a
role in the size of the spin splitting [18,30,31], and
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deviations in spin texture from the ideal case have been
attributed to the perturbation induced by the symmetry of
the atomic structure and/or from the entanglement of spin
and orbital momenta; i.e., the spin-polarized bands are still
explained in the framework of the Rashba effect in these
studies. (In this Letter, we use “chiral OAM” as an effect
that produces spin texture similar to that of the Rashba
effect.) A fundamental understanding of the spin physics
arising from the SOC in atomic layer materials is necessary
for the realization of novel spintronics devices and possible
topological or novel superconductors formed by 2D mate-
rials with spin-polarized states [2,32,33].

In this Letter, we report that the spin texture of the Fermi
surface (FS) of a Si(111) surface covered with two layers of
indium (In) can be explained by the OAM alone, i.e., without
invoking the Rashba effect. The atomic structure of the In
double layer on Si(111) is shown in Figs. 1(a) and 1(b). As
shown in the figure, an adsorbed bilayer of In, which forms a
square lattice on the triangular Si lattice, gives rise to a
(v/7 x \/3) reconstructed structure [which we denote simply
as (\/7 X \/g)—In]. This (\/7 X \/§)—In, which has a mirror
plane along the [112] direction and thus has a C;, symmetry,
is known to have metallic surface states [10,34] and to
become superconducting below 3 K [35,36]. So far, however,
spin-polarized FSs have not been observed experimentally,
nor discussed theoretically for this system, although a spin
splitting of the FS affects the interpretation of the super-
conductivity. By using an experimental setup with both high
energy and momentum resolution, we succeed in observing
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FIG. 1. (a) Top view and (b) side view of (\/7 x v/3)-In. The

red solid line in (a) represents the unit cell. Green circles in (a)
and (b) represent Si atoms, light gray circles represent first layer
In atoms, and dark gray circles represent In of the second layer.
(¢) The ES of (v/7 x v/3)-In. The theoretical calculation (green,
red, and purple solid lines) is overlaid by the experimental data
(blue). The Brillouin zone is indicated by black broken lines.
[ — ¥ corresponds to the [1 12] direction and X — I to the [110]
direction.

the spin-polarized FS of (v/7 x v/3)-In. The origin of this
spin-polarized FS is established both experimentally, by
high-resolution angle-resolved photoelectron spectroscopy
(ARPES) and spin and angle-resolved photoelectron spec-
troscopy (SARPES), and theoretically by density-functional
theory (DFT). Our results demonstrate that this system is a
candidate as a few atomic layer superconductor that develops
a spatially modulated, or pair density wave order, under in-
plane magnetic fields.

The details of high-resolution ARPES and SARPES
measurements as well as the DFT calculations performed
in the present study are described in the Supplemental
Material [9]. (v/7 x v/3)-In was prepared by depositing
approximately three monolayers of In onto a clean Si(111)
surface at 300 K, followed by annealing at 600 K for a couple
minutes. The sample quality was confirmed by the obser-
vations of sharp spots with low background intensity in low-
energy electron diffraction (see Fig. S2 in Supplemental
Material [9]) and sharp surface states in ARPES spectra.

The experimentally obtained FS of (\/7 X \/g)—In is
shown in Fig. 1(c) together with the FS obtained theoreti-
cally including the SOC. The experimental FS, which is
obtained from the summation of the photoelectron intensity
within a 5 meV energy window from the Fermi level, shows
good agreement with that reported in a previous study [34],
but with clear splittings. Since the theoretical FS obtained
without including the SOC does not have these splittings,
as shown in [10] and also in Fig. 3(b), those observed in the
present study result from SOC. In Ref. [34], this complex
looking FS is attributed to the backfolding of two metallic
bands in the reduced Brillouin zone; i.e., a two-dimensional

nearly-free-electron metallic band forms a circular FS and a
metallic band forming a small FS around the X, with most
of the FS formed by the former band. To simplify the
discussion, we hereafter call the FS indicated by the green
lines in Fig. 1(c) the “circular FS” and that indicated by the
red and purple lines as the “side-part butterfly FS” and
“cross-part butterfly FS,” respectively. The largest splitting
of the butterfly FS was 0.035 A~" and that of the circular
one was 0.007 A™'. Since ARPES measurements with
lower energy and momentum resolution will merge the split
FSs into one, the difference in the splitting could be one of
the reasons for the difference in the linewidths of the
butterfly and circular FSs in the previous study [34], where
the butterfly FS is much broader than the circular one.

The SARPES measurements reveal the spin vectors of
both the circular and the butterfly FSs. As shown in the
spin-resolved energy distribution curves of Fig. 2(a), the y
component mainly contributes to the spin vectors at the
point A of the circular FS with a small contribution from the
x component, implying that the spin vectors are tangential
to the FS as expected for ideal Rashba spins. On the other
hand, the spin-resolved momentum distribution curves in
Figs. 2(b),2(d), and 2(e) show that the main component of
the spin vectors for cuts B, D, and E of the butterfly FS is
the x component, which cannot be explained by either the
Rashba effect or the chiral OAM. At the cut C, which is
slightly off of k, = 0 and where the two split FSs almost
touch each other, the small splitting in k, can be seen in the
x and y components but barely in the z component.
Furthermore, the sign of the x component flips when k,
changes sign: the spins of the inner and outer butterfly are
oppositely directed, along —k, and +k,, respectively, for
ky, < 0 as clearly seen in Figs. 2(e) and S3(c) [9] and flip for
ky, >0, cf. Figs. 2(e) and 2(b). Extracting the spin direc-
tions from other spectra is complicated by final state effects
[9], which can affect the intensities for the low photon
energies used here. However, assuming the original inten-
sities of the two spin directions to be similar, the peak
positions provide a rough estimate of the spin directions, as
shown in Fig. 2(f). This simple procedure is supported by
the agreement with the theoretically obtained spin polari-
zation shown in Fig. 3(a). The spin flip at k, = 0 results
from the C;, symmetry with a mirror plane onthe I" — ¥ line
of the system In partlcular the spin-orbit coupling takes the
form g(k) S(k (k), where S (k) is the spin at momentum  and
f}’(E) characterizes the spin-orbit coupling that satisfies
(k) = —g(—k) due to time-reversal symmetry. The mirror
symmetry implies that g, (k,, k,) = —g,(k,. —k,), yielding
the aforementioned spin flip [9]. This mirror symmetry
also implies g, (k.. k,) = g,(k,,—k,) and g, (k. k,) =
9 (kx’ _ky)'

The observed spin texture of the butterfly FS immedi-
ately rules out both the Dresselhaus effect [37] and a
Zeeman field as the origin for the spin parallel to the wave
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FIG. 2.

(a) Spin-resolved energy distribution curves measured at point A in the FS shown in (f). (b)—(e) Spin-resolved momentum

distribution curves measured at the cuts B, C, D, and E points. The x, y, and z axes correspond to the [110], [112], and [111] directions of
the substrate, respectively. Red data indicate spins in the positive direction of each axis, and blue data are spins in the negative direction
of each axis. The red and blue bars indicate the peak position in each spectrum and the gray dashed lines in (b)—(e) are the &, value of the
FS obtained by SARPES. Error bars are smaller than the symbol sizes and not shown. The directions of the spin estimated from the
results in (a)—(e) are schematically represented in the experimental FS in (f).

vector (see Fig. S1 of the Supplemental Material [9]). To
understand where this spin texture originates from, we have
examined the OAM induced in the In 5p shell when no
SOC is included [38]. The directions of the OAM on the FS
[Fig. 3(b)] and the spin vectors of the inner circular and
inner butterfly FSs [Fig. 3(a)] show good correspondence,
and the OAM coincides with the spin vector as shown in
Fig. S4 of the Supplemental Material [9], where the inner
product of the OAM and spin vectors shows values between
0.98 and 1.0. Figures 3(c)-3(e) display the electron
probability isosurface at the k point on the circular FS
indicated by the open circle in Fig. 3(b) in the xy, xz, and yz
planes, and Figs. 3(f)-3(h) for the k point on the side-part
butterfly FS indicated by the open square in Fig. 3(b). For
the circular FS, as shown in Figs. 3(d) and 3(e), those located
in the first In layer move circularly in the xz plane around the
nuclei and produce sizable OAM along the y axis. For the
side-part butterfly FS, on the other hand, the electrons located
in the second In layer tend to have rotating state in the yz
plane as shown in Fig. 3(h). (More interaction with Si
substrate is noticed here than in the case of circular FS.)
A detailed wave function analysis in terms of atomic orbital is
given in the Supplemental Material [9] for the three particular
k points marked in Fig. 3(b). When the SOC is turned on, the
effective magnetic field that is perpendicular to the plane of
electron’s circular motion lifts the spin degeneracy and
consequently orients the spin vectors in the +-y(=4x) direction
for the k point indicated by the open circle (square).

The spin vectors at the cross-part butterfly FS are not
Rashba-like spins, although that is the origin previously
ascribed [34]. In fact, as shown in Figs. 3(i)-3(k), the
electrons at the k point indicated by the open triangle in
Fig. 3(b) bear more resemblances to those in the side-part
butterfly FS than to the circular FS; there exists a consid-
erable amount of interaction with the interface Si state, and
the individual In atoms show highly inhomogeneous
contributions to the electron map both in the first and
second In layers. This means that the cross-part butterfly FS
should have the same origin as that of the side-part butterfly
FS. Regarding the splitting in k, it hardly changes on the
circular FS. On the other hand, the splitting at the cross-part
butterfly FS is much smaller than that at the side part, and
the size of the spin splitting is almost proportional to the
OAM size, which is demonstrated by the length of the
arrows in Fig. 3(b). The OAM size and the spin splitting are
0.015 and 17 meV, and 0.058 and 87 meV, at the k points
marked by a triangle and a square on the butterfly FS. This
behavior indicates that the effect of SOC is dominantly the
band diagonal first-order effect.

The OAM size at the k point marked by a circle is 0.06, a
value that is very close to that of the point marked by a
square on the butterfly FS, though the split in & differs
significantly at these two points. This difference is due to
fact that SOC induces spin split along the energy direction,
and the split along k is a result of this energy split; i.e., the
splitting in k depends on the gradient of the band
dispersion, and in the present case the steep dispersion
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(a) Theoretically obtained spin polarization (arrows) of the FS (inner side only). (b) Theoretical OAM distribution (arrows) in

absence of SOC. (c)-(k) Real space electron probability isosurfaces (0.008 A7) corresponding to selected k points on the FS.
Isosurfaces (c)—(e), (f)—(h), and (i)—(k) correspond, respectively, to the k points marked by a circle, square, and triangle in (b). (d) [(g),
(j)] is the cross sectional view of A — A’ (C — C', E — E') seen from direction of the arrow marked with the same labeling in (c), and
(e) [(h), (k)] is that of B— B’ (D — D', F — F'). In (d), (e), (g), (h), (j), and (k), the blue areas are the cross sections at the plane and the

yellow ones are the isosurfaces behind the planes.

of the circular FS leads to a & splitting smaller than that at
the k point marked by a square as shown in Fig. 4. (The
gradients are ~2.8 eV Ain 4(a), 14.7 eV A in 4(b), and the
OAM size and spin splitting at other k points are shown in
Fig. S4 of the Supplemental Material [9].) These results
demonstrate that the primary origin of the spin-polarized

states of (\/7 X \/g)—In is OAM and not the Rashba effect.
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FIG. 4. Band dispersions O(ARPES intensity map) of (a) the
butterfly FS at k, = —0.15 A= close to the point marked by a
square in Fig. 3(b), and (b) the circular FS at k, = —0.1 Al

It is interesting to examine the role of the observed SOC
on the superconducting state. In particular, the strength of
this coupling (on the order of 0.1 eV) is much larger than
the superconducting gap (with a transition temperature of
3 K [35,36]), implying that it can significantly affect the
superconducting state. One possible consequence is a
topological superconducting state which can arise if odd-
parity pairing interactions are strong enough [39]. While
this is possible, it is more likely that the superconducting
state is a usual s-wave pairing state. Even in this case,
the SOC has nontrivial consequences, particularly in the
presence of an applied in-plane Zeeman field. First,
the critical field can surpass the Pauli limiting field, as
the following expression reveals:

o) (g o

where T'.(h) is the transition temperature in a Zeeman field
H (h = ugH) and the subscript k means to take an average
over the FS. In this expression,

f<x):Reil<2n—11+ix_2nl—1)’ @)
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which captures the suppression of 7. with applied field (in
the usual Pauli limiting case, the variable x = h/zT, that is
always larger than in the above equation). Since the FS
average of OAM field of Fig. 3(b) gives (32), = 0.51, 0.45,
and 0.03 for @ = x, y, z, respectively, this implies that the
Pauli critical field enhancement is expected to be large for
the ¢ axis (indicating that the critical field is only orbitally
limited) and to be moderate for in-plane fields. Second, the
combination of broken inversion symmetry and broken
time-reversal symmetry in the presence of an in-plane
Zeeman field must lead to a spatial varying, pair density
wave order [40], in which the gap takes the form
A(x,y) = Dge'@*+0Y) | where ¢, #0 and g, =0 for a
Zeeman field applied along the y axis (¢, = 0 and g, # 0
for a field applied along the x axis). Such a state can give
rise to fractional vortices if an additional field is applied
along the z axis [2,40] and is closely related to novel
magnetoelectric effects [41].

Based on the above results, we conclude that OAM
induces various spin textures, ranging from the Rashba-
type to a type that cannot be explained based on the Rashba
effect, but which depends on the distribution of the electron
density. In the present case, the electron probability density
located on the first layer atoms produces a circular FS with
Rashba-type spin texture, while that located on the second
layer In atoms forms butterfly FSs with the spin mostly
parallel to the wave vectors. Extension of the present model
of OAM induced spin-polarized bands to other 2D atomic
layers materials and the possibility of producing a pair
density wave superconductor using (v/7 x v/3)-In are
exciting directions for future work.
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