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Spin Polarization of Quantum Well States in Ag Films Induced by the Rashba Effect at the Surface
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The electronic structure of Ag(111) quantum well films covered with a (\/5 X \/g) R30° Bi/Ag surface
ordered alloy, which shows a Rashba spin-split surface state, is investigated with angle-resolved
photoemission spectroscopy. The band dispersion of the spin-split surface state is significantly modified
by the interaction with the quantum well states of Ag films. The interaction is well described by the band
hybridization model, which concludes the spin polarization of the quantum well states.
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One of the most important issues in spintronics is how to
generate and control spin-polarized electrons with electri-
cal methods [1]. The Rashba effect [2], which originates
from spin-orbit interaction, can produce a spin-split energy
band in a nonmagnetic material and be modified by an
electrical voltage and therefore plays a crucial role in
various fields of spintronics such as spin relaxation [3],
the spin field-effect transistor [4], and the spin Hall effect
[5-7]. In recent years, the surface states (SSs) of some
heavy metal crystals, for example, Au [8], Bi [9], and Sb
[10], were reported to show rather large Rashba splittings
compared with bands in conventional semiconductor-
based devices [11]. However, since in metals the electrons
from SSs account only for a small portion of the whole
conduction electrons, except for rare cases [12], the large
Rashba spin splitting cannot be expected to significantly
influence the overall electronic transport properties of the
host metals. In this Letter, we demonstrate that in a metal
quantum well film with a Rashba spin-split SS, through the
hybridization between quantum well states (QWSs) and
the SS, the influence of the Rashba effect can be introduced
from the electrons localized at the surface to electrons
throughout the whole film. Hybridizations between SSs,
QWSs, and substrate bands have been reported in many
elemental metal quantum well films [13—17], among which
Ag(111) film is one of the best studied [13,14,18]. The SS
of the (+/3 X +/3) R30° Bi/Ag ordered surface alloy on Ag
(111) has the largest Rashba spin splitting reported so far
[19]. In this work, we prepared (\/§ X \/5) R30° Bi/Ag on
surfaces of Ag(111) quantum well films. Our angle-
resolved photoemission spectroscopy (ARPES) results
show clear hybridization behavior between the SS of
(\/§ X \/§) R30° Bi/Ag and the QWSs of Ag films. The
simulation based on the band hybridization model exhibits
the spin polarization of the QWSs as the result of the
interaction. The present Letter provides a new method of
using the Rashba effect to fabricate spin-polarized band
structure in regions other than the surface and interface.

Experiments were performed in an UHV chamber
equipped with systems of reflection high-energy electron
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diffraction and ARPES. ARPES measurements were car-
ried out with an unpolarized He I light source and a
Gammadata Scienta SES-100 analyzer at the energy reso-
lution of 35 meV. Ultrathin Ag(111) films [11-22 mono-
layers (ML) thick; 1 ML: 2.36 A] are fabricated by
depositing Ag at 150 K on Si(111)7 X 7 and postannealing
to room temperature [13]. The (\/§ X \/§) R30° Bi/Ag
ordered surface alloy is obtained by depositing 1/3 ML Bi
onto a Ag(111) film at 400 K.

Figure 1(a) shows the normal-emission photoelectron
spectra of a 15 ML Ag(111) film before (bottom) and after
(top) Bi deposition. For the spectrum of the clean Ag film,
a sharp peak at Fermi level (Er) is assigned to the SS of Ag
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FIG. 1 (color online). (a) Normal-emission photoemission
spectra of a 15 ML Ag(111) film with clean (bottom) and (\/§ X
\/§) R30° Bi/Ag (top) surfaces. (b) ARPES spectra of the (\/§ X
\/5) R30° Bi/Ag covered 15 ML Ag(111) film. (c) Gray-scale
Ep — k) map obtained from (b). The dashed blue lines indicate
the band dispersion of the SS bands of (/3 X /3) R30° Bi/Ag
on Ag(111) bulk crystal.
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(111), while peaks at binding energies (Ep) of 0.5-1.5 eV
are QWSs [13]. Through the formation of the (+/3 X +/3)
R30° Bi/Ag surface, the Ag(111) SS peak is suppressed
and a new peak emerges at Ez ~ 0.36 eV, which is equal
to the SS peak of (/3 X /3) R30° Bi/Ag at the I" point
[19]. The three peaks with higher binding energies indi-
cated by hollow triangles are QWSs, since they will shift
towards the Fermi edge with increasing film thickness as
will be shown below. The energy positions of the QWSs in
the Ag (111) film with (+/3 X +/3) R30° Bi/Ag surface are
different from those in the clean Ag(111) film. The energy
shifts of the QWSs are likely due to a change of the
reflection phase shift of an electron at the film-vacuum
interface in the quantization condition [18] induced by
(+/3 X /3) R30° Bi/Ag structure.

Figure 1(b) shows a set of ARPES spectra measured
along the I M direction of the surface Brillouin zone of a
15 ML Ag(111) film covered with (/3 X /3) R30° Bi/Ag.
The experimental £ — k) diagram of in-plane dispersion,
fabricated by the second derivatives of the spectra in
Fig. 1(b), is shown in Fig. 1(c). One can observe many
bands sharply dispersing through the measured energy
range. The parabolic bands, which disperse towards the
Fermi level with wave vectors [indicated with hollow
triangles in Fig. 1(b)] correspond to QWS subbands. As
for the bands dispersing to higher binding energies with
wave vectors [indicated with solid triangles in Fig. 1(b)],
the energy positions are roughly consistent with the spin-
split SS of (v/3 X +/3) R30° Bi/Ag on Ag(111) bulk, as
depicted in Fig. 1(c) with dashed blue lines, except around
crossings with the QWS bands where the dispersions be-
come flat and energy splittings can be observed. The
energy splittings in the bands near the I' point are less
obvious than those with larger wave vectors. The band
dispersions along the I" K direction are essentially similar
to that of the I M direction (not shown here).

Figure 2 shows a series of Ey — k) diagrams of (\/3 X
V3) R30° Bi/Ag covered Ag(111) films at different thick-
nesses. The QWS subbands move towards the Fermi level
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FIG. 2 (color online). Ej — k| diagrams of (\/5 X \/3) R30°
Bi/Ag on Ag(111) films of (a) 11, (b) 15, and (c) 22 ML.

with increasing film thickness as found in other QWS
systems [18]. The positions of the energy splittings move
correspondingly with the QWSs. The sizes of the splittings
decrease with increasing film thickness for the same QWS
band. At the very thick film that has no QWS, we can
observe only the SS band of (\/3 X +/3) R30° Bi/Agjustas
in the bulk case [19]. The above observations demonstrate
that the energy splittings are results of the interaction
between QWSs and spin-split SSs.

Modifications of band dispersions due to the interactions
between SSs, QWSs, and substrate bands have been ob-
served in several metal quantum well films. Unlike these
interactions between spin-degenerate bands, in the present
case the interaction is between a spin-polarized band and a
spin-degenerate band, which is physically very intriguing.
We have used a simple model to simulate the result of this
kind of interaction. The Hamiltonian is written as H =
Hg + Hyys +V, where Hyg and H, are unperturbed en-
ergies of the spin-split SS and a QWS, respectively, and V
is the interaction between them. It is actually an Anderson
model [20] except that the correlation term is dropped.
Since in this system both the SS and QWS are sp-like
extended states, the effective Coulomb repulsion is negli-
gible. The Hamiltonian can be written in a 4 X 4 matrix
with four basis states [SS 1), [SS 1), QWS 1), and |QWS ),
which are spin-up and spin-down states of SSs and QWSs.
Diagonal components of the 4 X 4 matrix correspond to in-
plane band energies of original SSs and QWSs. For the SS
band, it is EL(k) = Ey + h2(k * ko)?/2m%, and, for the
QWS subbands, it is Ehws(k) = Ehws(k) = Equeo +
h2k? /2mys. The effective masses of the SS (m(;) and the
QWS (mgy) are determined from energy dispersion curves
of the (/3 X +/3) R30° Bi/Ag surface formed on the bulk
Ag(111) crystal and clean Ag(111) quantum film on
Si(111)7 X 7, respectively. In the present simulation, we
adopted mg = 0.25 m, and mgy, = 0.5 m,, where m, is
the electron rest mass. In the energy of the original SS
band, k, represents the size of the Rashba spin splitting,
which is k, = 0.13 A~! [19]. Eqwso (Egp) is the binding
energy of the QWS (SS) at k = 0 (k = *kg).

The interaction between the SS and the QWS is ex-
pressed in off-diagonal terms: (QWS 1 (})|VISS 1 (1)) and
QWS T ()IVISS | (1)). The former and latter terms repre-
sent the interactions between states with the same spin and
different spin, respectively. As discussed above, in this
system, there are no d electrons involved, so the exchange
and correlation energy are too small to induce a spin-flip
process. Spin-orbit coupling is a single-body effect and
therefore does not contribute to the interaction between the
SS and the QWS. So the interaction between the SS and the
QWS can be attributed only to hybridization.
Hybridization takes place only between bands with the
same spin [20,21]. So the (QWS T (})|VISS | (1)) terms
should be near zero. Because of Kramer’s degeneracy,
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(QWS 1 |VISS 1) equals {QWS | |V|SS |) and is set as V,.
The band dispersion is obtained by diagonalizing the ma-
trix with V), as a fitting parameter.

The simulation results are presented in Figs. 3(a)-3(d).
The solid lines depict the calculated band dispersions. The
colors of the lines in Figs. 3(a)-3(d) indicate the weights of
square amplitude of four basis components, respectively.
Just as the experimental spectra, beyond the crossings
between the SS and QWS bands, the band dispersions are
nearly the same with the noninteracted SS and QWS.
Around every crossing point, the SS is broken with a gap
of 2 | V,, | [see Figs. 3(e) and 3(f)]. However, the QWS still
remains in these gaps. Interestingly, in Figs. 3(c) and 3(d),
one can see that in the gaps [QWS 1) and |QWS |) show
different weights. Namely, the QWS loses its spin degen-
eracy and processes a net spin in the gaps. We can find that
the spin direction of the QWS in the gaps is just opposite to
the spin of the SS band that it crosses. So the QWS is
antiferromagnetically polarized by the spin-split SS due to
the interaction. This result can be obtained only in the
hybridization between a spin-degenerate band and a spin-
polarized band. The simulation of the hybridization be-
tween two spin-degenerate bands shows that a real gap
appears and there is no change in the spin polarization of
the bands, which is similar with the usual anticrossing
behavior [22,23]. The differences of the two cases are
shown in Figs. 3(f) and 3(g). The spin polarization of the
QWS originates from the fact that hybridization can take
place only between states with the same spin. The spin-
split SS interacts only with the QWS band with the same
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FIG. 3 (color online). (a)-(d) The simulated band maps with
the weights (the color of the solid lines) of the four basis vectors:
[SS 1), ISS 1), IQWS 1), and |QWS |), respectively. (e) A close
view of the measured band map in the region as indicated by the
white box in Fig. 2(b). The white dashed lines are to guide the
eyes. (f) The simulated band map at the same region with (e).
(g) Same as (f) except assuming SS is spin-degenerated. The
blue and red colors in (f) and (g) represent the weights of SS and
QWS, respectively.

spin and forms gaps. At the same time, the QWS band with
opposite spin remains unchanged in the hybridization gaps,
resulting in the spin splitting. In some sense, this spin-
polarization mechanism resembles the situation in 3d met-
als such as Ni, where the sp-d hybridization plays an
important role in the induced exchange splitting of the
sp bands [24,25].

The splitting of QWSs is verified in the results of the
first-principles calculations on (+/3 X v/3) R30° Bi/Ag
covered Ag(111) films [26,27]. From our ARPES data,
the dispersions of QWS subbands seem not so obviously
changed as that of the SS band, which is consistent with our
simulation results. However, the fine structures around
hybridization gaps can hardly be resolved due to the limi-
tation of the measurement resolution. ARPES with higher
resolution or/and spin resolution is expected to confirm the
spin splittings of the QWSs.

In reality, neither the SS nor the QWSs are simply
parabolic bands. The dispersions of QWS subbands are
influenced by the bulk band edge of Si, leading to small
kinks in QWS bands [14] as can be observed in Fig. 3(e).
As for the spin-split SS bands, near the I point they are
mainly sp, states, while at large k| they are mixture of sp,
states and p, p, states [19,26]. The difference in the size of
hybridization gaps between the outer and inner branches of
the SS may come from the difference in the components of
the two branches. These considerations will not essentially
change the results of our simulation.

Figure 4(a) exhibits the dependence of |V, |, i.e., half of
the gap width, on the film thickness and quantum number
of QWSs. The solid dots represent the experimental data
determined from peak positions in ARPES spectra, as
indicated by the pairs of dashed blue lines in Fig. 1(b). In
Fig. 4(a), we show only the data of the interaction between
the outer branches of the SS band and QWS bands. We can
see that the gap width increases with increasing quantum
number and decreasing film thickness. According to the
present hybridization model, the gap width is 2|V,| =
2KQWS T (HIVISS T (I))]. If V is simply set as a constant,
the gap width will be proportional to the overlapping
integral between SS and QWS wave functions: 2|V,| =
2|VIKQWS 1 (1)ISS 1 (I))]. For the integration, we insert a
one-dimensional exponential function for the |SS) wave
function and a one-dimensional sinusoidal function for the
|[QWS) wave function. The Bloch functions and the in-
plane wave functions of SSs and QWSs are not considered
since they change little with the parameters such as film
thickness and quantum well number. The exact form of the
sinusoidal function for a QWS is defined by film thickness,
quantum number, and the phase shifts at the film-substrate
and the film-vacuum interfaces. The film-substrate phase
shift is set as —0.57 according to Ref. [28]. An example of
the real-space features of the SS and QWS wave functions
is depicted in Fig. 4(b). Figure 4(c) displays the calculated
integrals for a 15 ML film with different quantum well
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FIG. 4 (color online). (a) Evolution of the |V,| of (/3 X /3)
R30° Bi/Ag covered Ag(111) films with film thickness and
quantum well number. (b) The real-space wave functions of
the SS (solid red line) and QWS (solid blue line). The film
thickness is 15 ML. The quantum well number is 4. The phase
shifts at film-vacuum and film-substrate interfaces are 7 and
—0.57r, respectively. (c) Calculated overlapping integrals of a
(+/3 X +/3) R30° Bi/Ag covered 15 ML Ag(111) film on differ-
ent quantum well numbers and film-vacuum phase shifts.

numbers and film-vacuum phase shifts. The calculation
results demonstrate that, for a film-vacuum phase shift
around 77, the overlapping integral has similar dependence
on film thickness and quantum number as the experimental
gap width data. The solid lines in Fig. 4(a) exhibit the |V,,|
obtained by multiplying the calculated overlapping inte-
grals of different film thicknesses and quantum well num-
bers with the fitting parameter V = 0.92 eV. The results
show fairly good agreement with the experimental data. So
the gap width evolution can be understood as the result of
the overlapping between QWS and SS wave functions and
is consistent with the band hybridization model.

In summary, we studied the band structure of a (\/§ X
V3) R30° Bi/ Ag surface ordered alloy grown on Ag(111)
quantum well films with ARPES. Gaps open in the spin-
split SS where they cross the QWSs. The result is well
reproduced with the band hybridization model, which im-
plies that the QWSs be antiferromagnetically spin polar-
ized by the spin-split SS in the hybridization gaps. The

present research proposes a new mechanism to produce
spin polarization in an nonmagnetic metal film on a semi-
conductor substrate.
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