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Spin-orbit splitting of quantum well states in n-monolayer Ir/Au(111) heterostructures
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The effect of spin-orbit coupling on quantum well states (QWSs) in atomically thin Ir adlayers deposited on the
Au(111) substrate is studied in the framework of the density functional theory. Varying the Ir film thickness from
1 to 3 atomic layers, we find numerous Ir-derived QWSs, which are mainly of d character. The resulting band
dispersion of QWSs appearing around the surface Brillouin zone center in a wide Au(111) energy gap is analyzed
in the framework of the Rashba model. In all such QWSs, the fitted values of the Rashba parameter exceed
2 eV A. The maximal value of 6.4 ¢V A was obtained for the 1-monolayer-Ir/Au(111) system. We explain such
large spin splitting by hybridization between different QWSs. Strong enhancement is observed in the density of
electronic states at the surface in the energy region around the Fermi level caused by these QWSs.
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I. INTRODUCTION

In crystals without inversion symmetry a twofold Kramer’s
degeneracy of the electron energy bands protected by time-
reversal symmetry is lifted. As a result, these bands are split
into two sets by the spin-orbit coupling (SOC) and each
of these bands is characterized by the momentum and spin
[1,2]. This effect constitutes a basis for a wide variety of
phenomena realized in condensed matter systems [3-5]. In
particular, at surfaces and interfaces where the crystal sym-
metry is broken, the phenomenon known as Rashba spin-orbit
coupling takes place in the two-dimensional electron states
[6,7]. The research fields exploiting this spin-orbit interaction
have received great attention since, besides the fascinating
physics, promising materials suitable for room-temperature
spin-based device applications can be developed.

One of the directions in the running investigations is the
search for materials characterized by a large strength of SOC,
which can be quantified by the Rashba parameter ag. This
parameter determines the linear term in the resulting energy
band dispersions from the Rashba point, where the two bands
intersect. Several routs in finding the systems with the largest
SOC parameter were exploited. For instance, the spin-orbit
splitting of the energy bands in the metallic systems is signifi-
cantly larger in comparison to the conventional semiconductor
systems. A large splitting of the surface states due to the
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spin-orbit interaction was first discovered at the noble metal
surfaces [8—10].

To enhance ak, an obvious choice is to use the heavier el-
ements like lead and bismuth. Thus, strong Rashba spin-orbit
splitting of the surface-state bands was found on low-index
Bi surfaces [11,12] and in ultrathin Bi films deposited on a
Si(111) surface [13,14]. Exceptionally large spin-orbit Rashba
splitting was observed in the surface states realized in ordered
surface alloys formed by heavy elements like Bi or Pb on the
surfaces of noble metals Ag or Cu [15-17]. In such surface
alloys the surface state energies and spin-orbit splitting can be
tuned by changing the composition parameters. Even larger
splitting was found in the surface and bulk states of layered
polar semiconductors, like BiTel [18-21], which is about
one order of magnitude larger than that in the conventional
semiconductor quantum wells [22,23]. In the calculations for
organic-inorganic perovskite compounds (OIPCs), the Rashba
parameters in a wide range from <0.1 to almost 10 eV A were
obtained [24]. The measurements using the angle-resolved
photoemission spectroscopy found Rashba parameters ag of
74 1and 11 £4eV A [25].

Spin-orbit interaction has also received great attention in
the field of topological insulators [26-30]. In addition to
topological surface state in the fundamental energy gap, an
unoccupied Dirac cone like surface state was found in the
local energy gap of the topological insulators [31-33].

The SOC effects are greatly enhanced in the systems of
reduced dimensions. Therefore a natural way to induce a
giant spin-orbit splitting consists in exploiting the quantum-
well states (QWSs) in atomically thin films that originate
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from a quantization of the electronic states in the surface-
perpendicular direction [34-36]. For instance, the SOC effect
on the d and s-p QWSs in Au adlayers on W(110) and
Mo(110) was studied experimentally and theoretically [37].
The QWSs observed in a Bi monolayer (ML) adsorbed on
Cu(111) [17] show a remarkably strong Rashba spin-orbit
splitting reaching the Rashba parameter between ag = 1.5
and 2.5 eV A. These QWSs are totally unoccupied and located
at about 2 eV above the Fermi level (Er).

Of a special interest are the quantum states with energies
close to Er. Such kind of states can be introduced by, e.g.,
transition metal atoms. Theoretically, Wu and Li showed [38]
that giant SOC in the electronic states close to Er can occur in
thin free-standing Ir films with thickness of few atomic layers
when one of the sides is covered by a H ML. Even though the
spin-orbit interaction in H atoms is extremely weak, the H-Ir
interaction induces such a splitting by breaking the inversion
symmetry of the film. A deposition of a graphene ML on
the H-terminated 3ML Ir(111) results in a slight shift of the
energies of the Ir electronic states [38]. This correlates with
a small effect on the Ir(111) surface state dispersion upon
the graphene deposition observed in photoemission [39]. An
extensive first-principles study of the adsorption of Ir on the
Au(111) surface considering the Ir coverage from 1/9 up
to one ML was performed by Freire et al. [40]. However,
the details of electronic structure were not reported in that
publication.

On the experimental side, recently the Ir-Au bimetallic sys-
tems created by deposition of Ir atoms on Au substrates have
started to attract attention as promising candidates for auto-
motive exhaust catalysis. However, the existing experimental
work in the field of catalysis was focused on synthesis of small
Ir nanoparticles (NPs) which offer maximum surface/volume
ratios. Thus Ahn et al. [41] found that at the sub-ML depo-
sition rate the Ir islands of ~(2 to 3) nm in diameter grow
on the Au surface. Upon increase of Ir coverage, the dense
pyramidal Ir islands of a thickness equivalent to 8 Ir MLs
formed on the Au(111) surface. The interface was atomically
sharp in both cases. In the experiment by Strbac et al. [42]
after short deposition time, a coverage of the Au(111) surface
with Ir was achieved with deposited islands of one to four
MLs high. The lateral size of the deposited Ir islands ranged
from 10 to 25 nm. For longer deposition times, the lateral size
of Ir islands ranged from 25 to 50 nm without an increase in
the deposit height. However, exact atomic distribution in NPs
grown in these and other publications [43—-50] was not studied.

Up to now, the Ir/Au(111) systems were grown in inher-
ently dirty electrodeposition processes where it is difficult to
control the film morphology. On the other hand, to explore
the Rashba effects in atomically thin Ir films on Au(111) one
would need to grow such films in a well-controlled ultrahigh
vacuum environment. However, it might be difficult to realize
the formation of Ir films on Au(l111) since in the density-
functional calculations the Ir atoms on the Au(111) surface
prefer to localize beneath the top Au atoms [40]. At the same
time, experimentally Zhang et al. [51,52] detected movement
of deposited Ir atoms into bulk Au at temperatures above
400 K only. Moreover, they speculated that the as deposited
3D Ir islands may change to a more uniform morphology after
gentle heating below 400 K. This suggests that it might be

possible to create metastable atomically thin nML-Ir/Au(111)
systems employing a substrate, cold enough to inhibit alloying
or three-dimensional (3D) island formation [53].

In this work, we study the electronic structure of the nML-
Ir/Au(111) heterostructures with a number n of Ir atomic
layers ranging from one to three. The number of valence
electrons in Ir is less by one than in Pt. Consequently, the
energy positions of the Ir QWSs around Er are shifted upward
in comparison with the nML-Pt/Au(111) system studied re-
cently [54], which offers additional possibities in engineering
the electronic states in such bimetallic systems. The disper-
sion shape and properties of the Ir-related QWSs as well as
the layer-resolved density of states (LDOS) are analyzed. The
impact of the spin-orbit interaction on these states is quantified
by analyzing the electronic structure and LDOS obtained
with and without spin-orbit coupling (WSOC) included. In
particular, we analyze the SOC effect on the Ir-derived QWSs
of d character in the framework of the Rashba model.

The rest of the paper is organized as follows. In Sec. II, a
brief description of the methods used and some computational
details are given. In Sec. III, we present the electronic struc-
ture of the systems under study. The summary and conclusions
are presented in Sec. IV.

II. CALCULATION METHODS

The calculations were performed within the framework of
the density functional theory formalism by the projector aug-
mented wave method employing a pseudopotential scheme
implemented in the VASP code [55,56]. For the description of
the exchange-correlation effects, the local density approxima-
tion in the Ceperley-Alder parametrization was used [57].

The configurations 54'°6s' and 5d76s> were used for the
valence electrons in Au and Ir, respectively. Self-consistent
electron density was determined by using a Monkhorst-Pack
scheme [58] with a 11 x 11 x 1 grid of k; points in the
surface Brillouin zone (SBZ). For all calculations, we used
the criterion of convergence with respect to the total energy to
1078 eV.

The optimized bulk lattice parameters are ay = 4.04 A for
Auandag = 3.82 A for Ir. The calculated lattice constants are
in good agreement with the experimentally determined values
ag = 4.045 A for Au [59] and ao = 3.8341 A for Ir [60]. The
clean Ir(111) and Au(111) surfaces of a semifinite crystal were
simulated with a 23 layers film. The same number of layers
was employed for the description of the gold substrate in the
case of the nML-Ir/Au(111) systems, where the Ir adlayers
consisting of n atomic layers were placed on both sides of
the slab. The in-plane lattice parameter for the Ir adlayers was
chosen to be equal to the Au bulk constant. For each system,
we performed optimization of the vertical atomic positions in
the Ir adsorbate layers and four outermost layers of the Au
substrate on each side of the film. Fifteen internal Au atomic
layers were kept in their bulk positions.

It is known that heterostructures based on atomically thin
adlayers may have complex behavior depending on the con-
centration of the adatoms. Especially complex atomic struc-
ture can be realized for sub-ML and 1 ML adlayer thicknesses.
Frequently, an adlayer is formed, while in other cases the
adsorbate forms an ordered ML beneath the surface atomic
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layer of the substrate. Regarding the Ir adsorption on the flat
Au(111) surface, from the study of sub-ML and 1 ML Ir
adsorption on the Au(111) surface Freire et al. [40] concluded
that the top gold ML prefers to segregate above the Ir ML.
The same conclusion was derived from the calculations of the
segregation energy in the 3ML Au-Ir-Ir and Ir-Au-Ir systems
[61]. Such behavior can be explained by large positive surface
segregation energy for the Ir impurity on the Au(111) surface
calculated by Ruban et al. [62]. Based on this theoretical
work, here we studied the electronic structure of the 1ML-
Ir/Au(111) heterostructure for two vertical positions of the Ir
ML.: on top of the Au(111) surface and beneath the surface Au
atomic layer. In the case of 2 and 3 Ir MLs the on-top position
of the Ir adlayer was chosen.

To reveal the SOC impact introduced in the electronic
states of the nML-Ir/Au(111) systems, the band structure is
calculated with and without spin-orbit coupling included. In
this work, we concentrate on the Ir-induced QWSs around
the SBZ center. For the analysis of its spin-orbit splitting, we
employ a simple model accounting for SOC by the Rashba
Hamiltonian [2,6,7]. The parameters of this model are the
effective mass m* and the Rashba parameter ag. The band
maximum (minimum) is shifted by SOC from k; =0 (de-
noted as a T point in the SBZ) by k“‘) and found at an energy of

E, with respect to the position at T", and the Rashba parameter
is defined as ag = 2Ey/ky. An alternative way consists in the
determination of the linear dispersion term of the spin-orbit
split band pair in the vicinity of the Rashba point [63].

III. RESULTS AND DISCUSSION
A. Clean Au(111) and Ir(111) surfaces

The electronic structure of a clean Au(111) surface was
previously studied in detail both experimentally and theo-
retically in numerous publications. In this work, we base
on the one reported in Fig. 4 of Ref. [54]. In gold, the 5d
valence electronic bands are completely occupied and reside
at energies below about —2 eV and the states around Ep are of
the mainly s-p character. An attractive feature of the Au(111)
surface electronic structure is the presence of a wide energy
gap in the bulk spectrum around the SBZ center at energies
above ~—1.4 eV. In this energy gap there exits a surface state
of s-p character with a parabolic-like dispersion and energy
of &~ —0.5 eV at the T point with respect to the Fermi level.
Away from the T point this surface state disperses upward,
crosses Er and can be traced up to about 1 eV above Ef.
This state is frequently referred to as a Shockley surface
state. Its wave function is localized in the surface region with
substantial expansion to the vacuum side [64]. Such spatial
localization of this surface state can explain its disappearance
upon the deposition of various adlayers. In particular, it occurs
in the case of the alkali atom ultra-thin coverage on Cu (111)
[65,66] and Pt(111) [66] as well as in the case of the Pt thin
film adsorption [54]. The same behavior we observe in the
present case of Ir adsorption on Au(111).

The spin-orbit coupling has a strong impact on the disper-
sion of the Au(111) Shockley surface state [54,67]. Its energy
is shifted by several tens meV downward upon the inclusion
of spin-orbit interaction in the calculation. Moreover, this state

experiences notable Rashba spin-orbit splitting, which can
be described with a splitting coefficient (Rashba parameter)
ag ~ 0.35eV A [8].

A number of other occupied surface states of d character
can be found in Au(111) below —2 eV. These states experi-
ence notable splitting upon the inclusion of spin-orbit inter-
action. Their characteristics obtained in our calculation are
close to those found in other density-functional calculations
[9,10,67-70] and agree with the photoemission experiment
data [68].

In order to better understand the electronic structure of
atomically thin Ir films and the impact by the Au substrate,
in Fig. 1, we present the electronic structure of a clean Ir(111)
surface. The electronic structure calculated with taking into
account the spin-orbit interaction is reported in Fig. 1(a).
Here, one can see that at energies below ~1.5 eV the elec-
tronic states are of mainly d character. Above this energy, the
electronic states have essentially s-p character. In the center
of the SBZ there is an energy gap in the unoccupied part
of the spectrum. Its bottom is at 1.23 eV, with the border
having a parabolic-like upward dispersion. A similar energy
gap exists on the (111) face of noble and other transition
metals. However, in contrast to the noble metal surfaces,
Pd(111), and Pt(111) [71-76], this gap in Ir(111) does not
support a Shockley-like surface state. We explain this fact
by a symmetry of the lower edge of the energy gap which
has d character in Ir(111). For instance, in the (111) noble
metal surfaces the symmetry of the lower edge is of a p type.
As a result, the condition of a “p-s” inverted energy gap for
the existence of a Shockley surface state is fulfilled [77]. In
Ir(111), the symmetry of this gap is “d-s”. This correlates with
the absence of such a state on the Os(0001) surface, where a
similar d-s energy gap exists [78]. In general, our calculated
electronic structure of Ir(111) is very close to that calculated
by Dal Corso [79]. Furthermore, the calculated data are in
agreement with the photoemission experiments [80,81].

Several surface states can be found in Fig. 1(a) in the
unoccupied part at finite wave vectors. The majority of them
have resonance character. With the spin-orbit interaction in-
cluded, the majority of these states reduce its localization
at the surface as can be deduced from the comparison with
Fig. 1(b), where the Ir(111) electronic structure obtained
without the inclusion of the spin-orbit term is reported. With
SOC included, only the surface state located in close vicinity
to Er along the MK direction enhances its surface character
due to the shift into the energy gap interior. Its energy position
and dispersion are very close to the data of the photoemission
experiment [82] that found this state at Er at the K point
locating and dispersing downward with changing the wave
vector from K toward the T point.

In the occupied part of the SOC electronic structure re-
ported in Fig. 1(a), we find several surface and resonance
states with strong localization at the surface owing to its d
character. In particular, in the vicinity of the T point just
below Er, we find a pair of spin-split surface states SS’ and
SS” crossing each other at the energy of —0.18 eV at T". This
is in agreement with the photoemission value of —0.34 eV
at T [39,83]. A signature of these states can be detected in
the normal emission spectra reported by Pletikosi¢ et al. [81]
and Elmers el al. [84] in the 0.2-0.3 eV interval below Er
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FIG. 1. Electronic structure of the Ir(111) surface calculated with (a) and without (b) spin-orbit interaction. The surface states and
resonances are indicated by orange dots. The states discussed in the text are labeled by symbols. (c) magnifies the electronic structure inside
the pink rectangular of (a) with a projection of spin on (left) the xy plane (Sy,) and (right) on the z axis (S). Red and blue colors indicate the
opposite spin orientations. In (d), the layer density of states (LDOS) is shown for the top four [labeling of atomic layers starts from the surface
(S) one] and the central (C) atomic layers. Solid (dashed) lines show LDOS obtained from the SOC (WSOC) calculation. Green regions show

the excess of LDOS in a given layer in comparison with the bulk value.

as well. A downward dispersion of two resonance branches
SS" and SS” follows a conventional Rashba-like shape despite
the band splitting at the T point due to the finite-thickness
effect. As seen in Fig. 1(b), in the Ir(111) electronic structure
obtained without spin-orbit interaction this surface state pair
merges into a doubly degenerate band denoted SS. Further-
more, without the inclusion of the spin-orbit interaction the SS
band is shifted upward by about 0.11 eV and has a maximum
at the energy of —0.07 eV.

At the T point, this surface state has a dominating s-p-
orbital character as is evidenced by its charge density distri-
bution reported in Fig. 2(a). However, its orbital composition
rapidly transforms into a d type at finite wave vectors. In
Figs. 2(b) and 2(c), we show the charge density plot for
the upper SS’ and lower SS” spin-split branches evaluated at
k; = 0.04TM. Even at such small k; we observe the drastic
transformation of the character of this surface state (especially
the lower-energy SS” one) into a d type. This is accompanied
by more efficient penetration into the crystal. Upon the in-

crease of the wave vector, this tendency is maintained for both
branches.

In Fig. 1(c), we zoom the dispersion of these spin-split
surface states showing its spin polarization, which demon-
strates a typical Rashba-like spin texture. As seen in the
left panel of Fig. 1(c), the in-plane xy spin polarization is
significantly larger than the z spin component presented in the
right panel. In our calculation, the Rashba splitting parameter
ag for this state is 1.1 eV A. This value agrees rather well with
the experimentally measured value of oz &~ 1.3 eVA [39].
Our characteristics regarding this surface state are close to the
calculated data for the 15- and 18-atomic-layer-thick slabs of
Ir in Refs. [39] and [81], respectively.

Since the surface states SS” and SS” appear in the region
where the bulk-band states exist, their dispersion has a typ-
ical resonance character. This is evidenced by the avoiding-
crossing behavior involving bulk-like energy bands. Reaching
the binding energy about 1.5 eV this surface state merges the
bulk states in accord with the experiment [39,84].
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FIG. 2. (a) Charge density distribution of the SS’ and SS” states
at the T point on the Ir(111) surface. (b) and (c) present it for these
states at k; = 0.04T'M, respectively. Grey dots show the Ir atomic
positions.

In Fig. 1(a), below Ep one can find several other surface
states at finite wave vectors. Some of them are true surface
states owing to localization in the bulk energy gaps, like the
spin-split ones with the energies of —1.12 and —1.38 eV at
the K point. The other surface states disperse over a lower-
energy gap with the energies of —2.76 and —3.09 eV at the
K point. At wave vectors around the SBZ center, one can
observe a surface state with the energy of —2.73 eV. It has
a parabolic-like dispersion with the upward dispersion from
the T point. Its clear surface character is ensured by its d type
and location in a symmetry energy gap. A detailed description
of properties of these and other surface states can be found in
Ref. [79].

In Fig. 1(d), we present LDOS for the WSOC and SOC
cases, as well as the difference between LDOS for four upper
layers and LDOS of a central layer of the slab (which can be
considered as representing a bulklike one). The surface states
with dominating d-type character give rise to the strong peaks
in LDOS at the surface. Especially a strong enhancement of
the charge can be found in LDOS of the surface layer in the
energy intervals between —1.4 and —0.2, —0.1 and 0.5, and
below —1.7 eV. The effect of SOC in LDOS is significant and
leads to the redistribution of all the features.

B. IML-Ir/Au(111)

In Figs. 3(a) and 3(b), we show the electronic structure
of the IML-Ir/Au(111) system calculated, respectively, with
and without SOC. The region delimited by a pink rectangular
with addition of the spin texture is presented in Fig. 3(c) on
the enhanced scale. We find that adsorption of the Ir ML
produces a strong impact on the electronic structure of a
pure Au(111) surface. First of all, we do not observe any
signature of a Shockley s-p surface state in the wide energy

gap around the SBZ center. Instead, in Fig. 3(a) we find six
energy bands in the energy gap around the " point. Due to its
spatial confinement to the Ir ML we interpret these states as
the Ir-derived QWSs. At the T' point we observe the energy
gap in 0.30 eV between the bands 1’-1” and 2'-2". The energy
gap between the bands 2'-2"” and 3’-3” is 0.39 eV. The indirect
gaps between the bands 1”7 and 2’ is 0.20 eV, whereas that
between the states 2” and 3’ is 0.04 eV.

The most visible effect of the SOC inclusion is the spin
splitting of all electronic states localized at the surface and
a substantial energy shift of many of them. Moreover, the
shape of these Ir-derived QWS bands changes notably. In
particular, the bands 1" and 1” present a more parabolic-like
behavior in the T point vicinity. At finite wave vectors, they
are spin split. However, it is impossible to fit the dispersion
of two resulting bands 1’ and 1” using the Rashba model,
since the energy splitting varies significantly with the wave
vector. We relay such behavior to strong hybridization of these
states with the QWSs 2 and 3 upon the switching on of the
spin-orbit interaction. In the case of the IML Ir adlayer, this
hybridization is notably stronger than in the IML-Pt/Au(111)
case, where it is possible to describe the spin-orbit splitting of
a similar band by a Rashba model with the splitting coefficient
ag = 1.5eVA[54].

At the T point, the QWSs 1’ and 1” coincide at the Rashba
point with the energy of 0.5 eV. Its charge density distribution
is reported in Fig. 4(a). Here the orbital composition of these
states consists of dominating d orbital at Ir ions with a
small portion localized in the vicinity of the top Au atomic
layer. In both directions, the bands 1’ and 1” disperse upward
resembling the dispersion of the unoccupied s-p Ir bulk-like
states of Fig. 1. As the wave vector shifts to 0.08TM, the
s-p character in the density increases above the Ir ML as can
be deduced from the charge density distribution of the states
1" and 1” reported in Figs. 4(b) and 4(c), respectively. When
k reaches to 0.16|TM]| this s-p mixture increases notably as
shown in Figs. 4(d) and 4(e). The further from the T point, the
stronger is the s-p contribution. Nevertheless, at any k the
d component is significant in these Ir-derived QWSs. Strong
localization of this QWS in the Ir adlayer can be detected up
to the energies about 2.5 eV.

The QWS bands 2’ and 2” can be traced almost over a
whole SBZ. Along the TK symmetry direction upon leaving
the energy gap these states experience strong hybridization
with the bulk-like states of the Au slab. It signals about its
resonance nature in this region. At the wave vectors exceeding
about 0.5T'K, the corresponding resonance becomes to be
occupied and loses its clear surface character. Upon its way
toward the K point, it reappears again in the Au energy gap
separating into two true surface states. Reaching the K point
these states have the energies of —0.12 and —0.18 eV. On the
contrary, along T'M after living the energy gap the dispersion
of the states 2’ and 2" becomes almost the same. The resulting
spin-degenerate band has a strong surface resonance character
almost at any k in this symmetry direction. Only in the
region close to Er it experiences some hybridization with
the gold bands and other Ir-derived QWS dispersing upward.
After entering the Au energy gap in the vicinity of the M
point it splits again in two separate branches. The resulting
spin-resolved energy bands are at 1.24 and 1.42 eV at M.
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FIG. 3. Electronic structure of IML-Ir/Au(111) surface calculated with (a) and without (b) spin-orbit interaction. The quantum well states
and resonances are indicated by orange dots. In (b), the insert magnifies the electronic structure inside the blue rectangular. The states discussed
in the text are labeled by symbols. (c) magnifies the electronic structure inside the pink rectangular of (a) with a projection of spin on (left) the
xy plane (S,,) and (right) the z axis (S,). Red and blue colors indicate the opposite spin orientations. In (d), the layer density of states (LDOS)
is shown for the top four [labeling of atomic layers starts from the surface (S) one] and the central (C) atomic layers. Solid (dashed) lines show
LDOS obtained from the SOC (WSOC) calculation. Green and pink regions show, respectively, the excess of LDOS in the Ir and Au layers in

comparison with the bulk Ir and Au LDOS.

In the same energy gap, we find the other Ir spin-separated
QWSs with the energy of 2.24 eV at M. Due to its almost flat
dispersion over a large portion of the SBZ, the bands 2’ and
2" give a strong contribution to LDOS in the surface region
around Er. As is seen in Fig. 3(d), LDOS at the Ir atomic
layer around E is almost two times larger than the Ir bulk
value. Owing to the penetration of the wave function of the
QWSs 2’ and 2” into the Au substrate, LDOS at Er in the top
Au atomic layer is enhanced in comparison with the Au bulk
interior by almost the same factor.

Figure 3(a) shows that the parts characterized by strong
negative dispersion in the QWS bands 3’ and 3” have a slope
close to that observed in the surface state on a clean Ir(111)
surface. These bands are completely occupied. The QWS 3’
leaves the Au energy gap at the energies of &~ —0.38 eV and
becomes a strong resonance. Its dispersion can be traced up
to the intersection with other Ir QWS having a parabolic-like
positive dispersion. The latter QWS has bottom at T at energy

of —1.5 eV and disperses up to about 1 eV above Er in the
TK direction. In the TM direction, it reaches the M point at
energies below the Fermi level as a weak resonance. On the
contrary, the QWS 3” exists in the Au energy gap only.

Other Ir-derived QWSs are observed in the Au energy gaps
around the SBZ borders. Their properties resemble those of
the Pt-induced QWSs in the IML-Pt/Au(111) system studied
recently [54]. Therefore we do not discuss such states in this
work.

In order to understand the evolution of the Ir-derived QWSs
upon switching on the spin-orbit interaction, we investigated
how the electronic structure of the 1ML-Ir/Au(111) system
changes with varying the spin-orbit coupling coefficient a,.
The calculations were performed for oo = 0.1, 0.3, 0.5, 1.0,
and 2.0. The resulting SOC electronic structure is shown
in Fig. 5. In the panels (a)—(e), the dispersion of the states
includes its spin projection in the xy plane. The size of the
symbols is proportional to its projection magnitude. In the
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FIG. 4. (a) Charge density distribution of the QWSs 1" and 1” at
the Dirac point in the 1IML-Ir/Au(111) system. (b) and (c) present it
for these states at k = 0.08T'M, respectively. (d) and (e) show the
same obtained at k; = 0.16TM. Yellow and grey dots show the Au
and Ir atomic positions, respectively.

panels (f)—(j) the same band structure contains information
about the z spin component of each state. One can see how
the spin splitting of the energy bands with the localization

at the Ir atomic layer gradually increases with the increasing
the magnitude of «g,. At small ay,’s, the bands 1, 2, and 3
split into three separate groups without mixing between them
at any a,. At the smallest oy, value, the bands 2’ and 2” in
Figs. 5(a) and 5(f) have similar magnitude of the xy and z spin
components at any finite k. In the case of oy, = 0.3 the spin
polarization of these states is mainly in the xy plane at k;; in
the vicinity of T. At larger k; the bands 2’ and 2" have spin
polarization predominantly in the z plane.

For oy, = 0.5, the spin polarization of the bands 2’ and
2" changes substantially. At finite k; along TK the xy and
z spin components are of the same size at the wave vectors
in the Au(111) energy gap. Upon entering the region with
the Au bulk-like energy bands the z spin orientation prevails.
Along the TM direction the magnitudes of the xy and z spin
components become similar upon approaching the energy gap
border and maintain such ratio for larger k.

When «y, reaches a value of 1.0 the spin texture of all the
QWSs changes significantly. Along T'K inside the Au energy
gap the spin in the bands 2’ and 2” orients mainly in the xy
plane. Outside the gap the spin orientation in the z direction
becomes dominating. As for the TM direction, the xy spin
orientation is preferential at any k.

Notice that the spin polarization of the QWS 2’ and 2” with
the variation of k is different from a conventional Rashba-
like shape exemplified in the case of the bands 1’ and 1”.
Thus, the spin orientation of the bands 2’ and 2” changes

E-Ef (eV)

E-Er(eV)

X
2
=

— F — M K-— F — —

r —M K- r —M K- r — W

FIG. 5. Electronic structure of the IML-Ir/Au(111) surface calculated with the SOC coefficient «y, of (a) 0.1, (b) 0.3, (c) 0.5, (d) 1.0, and
(e) 2.0 with a projection of spin on the xy plane (S,,): blue (negative) and red (positive) dots. The same with «, of (f) 0.1, (g) 0.3, (h) 0.5, (i)
1.0, and (j) 2.0 for the spin projection on the z axis (S,): blue (negative) and red (positive) dots.
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FIG. 6. (a) Charge density distribution of the QWSs 2’ and 2" at
the Dirac point in the IML-Ir/Au(111) system. (b) and (c) present it
for these states at k; = 0.03T M, respectively. (d) and (e) show the
same obtained at kj = 0.08TM. Yellow and grey dots show the Au
and Ir atomic positions, respectively.

from positive (negative) to negative (positive) at finite k;’s
along the same symmetry direction. This was observed in
other systems [37] and can be explained in our case by the
strong hybridization with the band 3'.

If we increase o, up to 2.0 the spin texture of the 2" and 2”
bands in Figs. 5(e) and 5(j) has a dominating xy polarization
at all the wave vectors. The same, although at a lesser scale, is
observed in the spin alignment of the QWS bands 1’ and 1”.

Regarding the transformation of the band 3 into a couple
of the spin-split bands 3" and 3", its evolution with the o,
magnitude in Fig. 5 reveals that its spin texture is similar
to that in a Rashba spin-split scenario at ¢ = 0.1, 0.3, and
0.5. These bands have the xy spin orientation at any k. This
situation changes when the «g, value reaches 1.0 and 2.0. In
these cases, the spin orientation of the 3’ band changes at finite
k)’s. Again, we relay such spin-texture behavior in the band 3’
to its strong hybridization with the 2” bands.

As seen in Fig. 3(c), between the bands 2” and 3’ there
is a small energy gap only. Strong hybridization between the
QWSs 2’-2” and 3’-3” is evidenced in their spatial localiza-
tion. In Fig. 6(a), we report charge density distribution for the
states 2’ and 2” at the T point. Here one can observe that in
addition to the d-type contribution it has a strong admixture of
the s-p character in the region above the Ir ML. Some portion
of such symmetry can be found at the Ir-Au interface and
between the top and the second Au atomic layers. When K|
is at 0.03'M the charge density of the 2’ and 2" experiences
notable transformation, as seen in Figs. 6(b) and 6(c). At such
a small k, the state 2’ loses its s-p contribution significantly
and now the d admixture prevails. The same, although on a
less scale is observed for the state 2”. Once we shift k; to
0.08TM the charge density for the states 2’ and 2” reported
in Figs. 6(d) and 6(e), respectively, is almost completely
dominated by the d-type contribution.

Variation in the charge density distribution of the QWSs
3" and 3" with the departure from the T point occurs as

0 — . max O-AU O-Ir

FIG. 7. (a) Charge density distribution of the QWSs 3" and 3" at
the Dirac point in the IML-Ir/Au(111) system. (b) and (c) present it
for these states at ky = 0.03T M, respectively. (d) and (e) show the
same obtained at k; = 0.08TM. Yellow and grey dots show the Au
and Ir atomic positions, respectively.

well, although on a lesser scale. Figure 7(a) confirms its
essentially d character at the T' point with only small s-p
component above and under the Ir atomic layer position. At
0.03T'M the s-p-type contribution reduces in the QWS 2’ as
is seen in Fig. 7(b). On the contrary, Fig. 7(c) shows that it
remains almost the same in the QWS 2”. When k; changes to
0.08TM the presence of the s-p admixture in the charge den-
sity of these states shown Figs. 7(d) and 7(e) becomes more
evident.

In contrast to the bands 1’ and 1”, where the Rashba
splitting model can not be applied, the spin splitting of the
bands 2'-2” and 3’-3” is described by this model with certain
limitations. The main problem is the bands 2’ and 2”, since
it is not clear which sign of the effective mass is appropriate
in this case. We take it negative considering the dispersion of
the band 2 in the WSOC case of Fig. 3(b). Another problem
consists in ambiguity in choosing a region in the k; space for
the fitting procedure. In this work, we used two regions in the
k; space for fitting. As reported in Table I, with fitting the
dispersion of the bands 2’ and 2” at k close to the band 2’
maximum, we obtain ag = 6.4 eV A. This value is probably

TABLE 1. The fitted Rashba coefficient value (in eV A) calcu-
lated for IML-Ir/Au(111) with the top position of the Ir monolayer,
IML-Ir/Au(111) with the position of the Ir monolayer under the Au
surface atomic layer, 2ML-Ir/Au(111), and 3ML-Ir/Au(111). The
first line for each band set gives the values with fitting around the
band extremum. The second line shows the values obtained from
fitting the band dispersions around the Dirac point.

IML top 1ML under 2ML 3ML
bands 2/, 2" 6.4 5.9 5.0 2.8
5.0 49 3.9 2.0
bands 3, 3" 5.1 4.7 42 33
33 35 34 2.4
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FIG. 8. Electronic structure of IML-Ir/Au(111) surface with the Ir monolayer placed under the top Au atomic layer calculated with (a) and
without (b) spin-orbit interaction. The quantum well states and resonances are indicated by orange dots. The states discussed in the text are
labeled by symbols. (c) magnifies the electronic structure inside the pink rectangular of (a) with a projection of spin on (left) the xy plane
(Syy) and on (right) the z axis (S;). Red and blue colors indicate the opposite spin orientations. In (d), the layer density of states (LDOS) is
shown for the top four [labeling of atomic layers starts from the surface (S) one] and the central (C) atomic layers. Solid (dashed) lines show
LDOS obtained from the SOC (WSOC) calculation. Green and pink regions show, respectively, the excess of LDOS in the Ir and Au layers in

comparison with the bulk Ir and Au LDOS.

the largest spin-splitting coefficient reported up to now in
metallic systems. In the case of fitting the dispersion of the
bands 2’ and 2” in a region close to the Rashba point we obtain
ag = 5.0 eV A which is rather large as well. Notice that in
the case of the Pt ML adsorption studied in Ref. [54] such a
procedure could not be applied for the description of the spin
splitting of the similar QWSs.

Regarding the spin splitting in the bands 3’ and 3”, the
fitting procedure again is rather ambiguous. If we take as a
reference the regions of k| close to the maximum in the band
3 dispersion, the fitting gives ag = 5.1 eV A. Choosing the
T-point vicinity results in ag = 3.3 eV A.

In order to address the Au segregation effect in the 1ML-
Ir/Au(111) system, in this work, we investigated the case
when an Ir ML is situated under the Au surface atomic layer.
Figure 8 demonstrates the band structure of such a system
calculated with (a) and without (b) SOC. By comparing these
two panels we conclude that the switching on the spin-orbit

interaction produces a similar effect as in the previously
discussed system.

Comparison of the SOC band structure presented in
Fig. 8(a) with that in Fig. 3(a) reveals that the variation in
the Ir ML position with respect to the Au surface atomic layer
produces relatively little effect on the energy position and dis-
persion on the Ir-induced QWSs. We relay such insensitivity
of the Ir-derived electronic states to its predominantly d char-
acter. Nevertheless, some modifications can be appreciated.
As for the QWSs 1’-17, 2/-2”, and 3’-3” of primary interest
here, their energy positions in the Au energy gap experience
downward shift by about 0.2 eV. The shape of the bands 1" and
1” is hardly affected by the variation in the Ir ML position.
On the contrary, the downward shift of the band 2’ depends
slightly on the wave-vector magnitude being maximal at the
SBZ center. As a result, its dispersion in the Au energy gap
becomes almost flat and appears closer to Er crossing the
corresponding Rashba point. As for the bands 3’ and 3” its
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FIG. 9. (a) Charge density distribution at the Dirac point of the
Ir-derived QWSs (a) 1’ and 1”7, (b) 2’ and 2”, and (c) 3’ and 3" in
IML-Ir/Au(111) with vertical position of the Ir monolayer under the
top Au atomic layer. Yellow and grey dots show the Au and Ir atomic
positions, respectively.

dispersion is also affected by such downward shift. In the
TK direction, the bands 3’ and 3" disperse down to energy
of —0.35 and about —0.6 eV, respectively. After reaching the
bottom the dispersion of corresponding resonances becomes
positive. After crossing with another resonance state its dis-
persion changes the sign again. Entering the Au energy gap
around the K point these QWSs reestablish its true surface
character with very close dispersion and almost reaches Ep
at K. On the contrary, along the TM direction the QWS
bands 3’ and 3” disappear rather quickly upon entering the
Au bulk-band continuum.

Some other changes can be noted in the dispersion of
the other Ir-derived states. For instance, the lowest-energy Ir
QWSs in the upper-energy gat at K shift upward and locate in
the Au energy gap increasing its localization in the Ir ML.

The spin texture of the QWS bands 1’-1”7, 2/-2”, and 3’-3”
shown in Fig. 8(c) resembles that in Fig. 3(c) although a small
reduction in the xy spin amplitude in the QWS reported on
the left panel of Fig. 8(c) can be noted. As for the z spin
orientation, the right panel of Fig. 8(c) confirms that it is
negligible for all the states above —1 eV. The fitted values
for the Rashba splitting coefficients for the QWSs 1, 2, and
3 can be found in Table I. Some reduction of the az can be
noted in comparison to the Ir top position. Nevertheless, the
unusually large values are obtained even in this case despite
local symmetry in the Ir ML vicinity in the z direction and
essentially d character of the Ir QWSs. This can be explained
by the role played by the s-p component in these states, which
is larger expanded in the space as seen in Fig. 9 and can feel
the different environment around the Au top atomic layer in
comparison to the gold interior.

Regarding LDOS reported in Fig. 8(d), its comparison with
the case when the 1ML Ir atomic layer is placed on top of

the Au(111) surface reveals a few quantitative differences
but qualitatively its behavior is similar. Spin polarization for
this case also very close to the previous one. Thus we may
conclude that all features of this heterostructure are not very
sensitive to the position of the Ir adlayer with respect to the
top Au atomic layer.

C. 2ML-Ir/Au(111)

The calculated electronic structure of the 2ML-Ir/Au(111)
system is presented in Fig. 10. In the SOC band structure of
Fig. 10(a), one can see that the addition of an Ir ML produces
numerous modifications in the electronic states in the surface
region. For instance, the number of the Ir-derived QWS bands
increases in the Au energy gaps at the SBZ borders and
its energy positions are different from those in Fig. 3(a). In
particular, four unoccupied spin-resolved QWS bands appear
in the vicinity of the MK line. Such an increase of the QWS
number and energy variation is in accord with the increased
thickness of the Ir film. The number of Ir-derived QWS pairs
in the Au energy gap around the SBZ center increases from
three to four as well.

The dispersion of the bands 1’ and 1” resembles that in the
case of IML-Ir/Au(111), although its parabolic shape in the
vicinity of T in Fig. 10(a) is more pronounced. Similar to the
WSOC case of Fig. 10(b) these bands are degenerate at the T’
point. However, like in the IML-Ir/Au(111) case, the value
of spin splitting of the QWSs 1’ and 1” depends on the wave
vector magnitude. As a result, we could not fit their dispersion
by the Rashba model in a satisfactory way. The spin texture of
the QWSs 1’ and 1” reported in Fig. 10(d) presents strong z
spin component in the T'-point vicinity, whereas the in-plane
component is negligible. Upon increase of the wave vector,
the spin alinement becomes in-plane-like, similar to a typical
Rashba-like in-plane spin texture.

Due to SOC, the energy gap in 0.39 eV exists between the
QWSs 1’-1” and 2’-2" at the T point. The minimal indirect
gap between the QWSs 1” and 2’ is of 0.15 eV. The dispersion
of the QWS 2’ is positive at any k; in Fig. 10(a). Along
the TK symmetry direction this QWS reaches the Au energy
gap border at the energy about 0.65 eV merging the QWS
2”. Interaction with the Au bulk-like states of the resulting
resonance is so strong that it disappears very quickly. Along
the TM direction, the dispersion of the QWSs 2’ and 2"
becomes the same after leaving the Au energy gap. It can
be traced over the large distance since after entering the Au
projected-bulk-state continuum it maintains its strong surface
state character. It disappears in the vicinity of the M point
only.

Comparing Figs. 10(a) and 10(b), one can see that the
SOC switching on results in a strong spin-orbit splitting of
the doubly degenerate QWS 2 in the Au energy gap. The
resulting QWSs 2’ and 2” experience also notable downward
shift at the SBZ center. Interestingly, the spin splitting of the
QWS 2 is notably larger than the similar Pt-derived QWS in
the 2ML-Pt/Au(111) system [54]. Moreover, the shape of the
2" and 2” QWS bands in 2ML-Ir/Au(111) allows us to apply
the Rashba model. The values of the Rashba coefficient are
reported in Table I. The values for the QWSs 2’ and 2" are
somewhat lower than in the 1ML-Ir/Au(111) case but still
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FIG. 10. Electronic structure of 2ML-Ir/Au(111) surface calculated with (a) and without (b) spin-orbit interaction. The quantum well states
and resonances are indicated by orange dots. The states discussed in the text are labeled by symbols. (d) magnifies the electronic structure
inside the pink rectangular of (a) with a projection of spin on (left) the xy plane (S,,) and on (right) the z axis (S.). Red and blue colors indicate
the opposite spin orientations. In (d), the layer density of states (LDOS) is shown for the top four [labeling of atomic layers starts from the
surface (S) one] and the central (C) atomic layers. Solid (dashed) lines show LDOS obtained from the SOC (WSOC) calculation. Green and
pink regions show, respectively, the excess of LDOS in the Ir and Au layers in comparison with the bulk Ir and Au LDOS.

are unusually large. Strong hybridization of these QWSs with
other Ir QWSs in the vicinity of the SBZ center is reflected in
their spin texture reported in Fig. 10(c). There one can see that
the in-plane spin orientation of QWSs 2’ and 2” changes the
sign on each side from the Rashba point which is not described
by the Rashba model.

In Fig. 10(a), beyond the Rashba point vicinity, the QWSs
3’ and 3” have strong downward dispersion upon increasing
the wave vector. In the TK direction, upon reaching the Au
band-gap boundary the QWS 3’ transforms into a strong
resonance with a minimum at the energy of —0.38 eV. At
larger kj its dispersion can be hardly traced due to strong
hybridization with other Ir QWS. On the contrary, the QWS
3” disappears rather quickly after leaving the energy gap.
The same we observe for both these QWSs in the TM
direction.

The dispersion of the spin-split QWSs 3’ and 3” is modified
significantly in comparison with the “parent” QWS 3. At the
T point the energy position of the Rashba point of these bands

locates at significantly lower energy shifting to 0.10 eV. Its
dispersion shape and spin-texture reported in Fig. 10(c), is
closer to the conventional Rashba model. This is also reflected
in the smaller difference between the Rashba coefficients
obtained in the two fitting procedures as evidenced from
Table I.

An increased number of the Ir MLs results in the addi-
tion of two other Ir-derived spin-degenerate QWSs at lower
energies in the Au energy gap around the SBZ center. In
Figs. 10(a) and 10(b), these states are labeled as 4 and 5.
They are degenerate at T" at —0.85 eV. A similar set of doubly
degenerate QWSs is observed in the 2ML-Pt/Au(111) system
at the bottom of the Au energy gap [54]. However, SOC
does not separate the QWSs 4 and 5 at the SBZ center in
2ML-Ir/Au(111) like it occurs in 2ML-Pt/Au(111) [54]. In
the vicinity of T the dispersion of the QWS 4 band is almost
flat in both symmetry directions. It disappears beyond the
energy gap. However, along the TK it reappears again at larger
wave vectors and energies as a strong resonance with positive
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FIG. 11. The electronic structure of 3ML-Ir/Au(111) surface calculated with (a) and without (b) spin-orbit interaction. The quantum well
states and resonances are indicated by orange dots. The states discussed in the text are labeled by symbols. (d) magnifies the electronic structure
inside the pink rectangular of (b) with a projection of spin on (left) the xy plane (S,,) and on (right )the z axis (S.). Red and blue colors indicate
the opposite spin orientations. In (d), the layer density of states (LDOS) is shown for the top four [labeling of atomic layers starts from the
surface (S) one] and the central (C) atomic layers. Solid (dashed) lines show LDOS obtained from the SOC (WSOC) calculation. Green and
pink regions show, respectively, the excess of LDOS in the Ir and Au layers in comparison with the bulk Ir and Au LDOS.

dispersion that can be detected up to the energy of about
1.5 eV above Ef.

Being flat inside the energy gap the QWS 5 band dispersion
almost coincides with that of the QWS 4. In the TK direction,
the QWS 5 state after reaching the energy gap border splits
into two spin-resolved resonances with negative dispersion. In
Fig. 10(a), its presence can be observed down to the energy of
—1.7 eV. A much more weak resonance linked to the QWSs
4 and 5 with a similar downward dispersion can be detected
in TM as well. In the TM the QWS 5 maintains almost the
same energy over about 1/3|TM]|. At larger wave vectors
it disperses upward, crosses Er, and reaches the M point
vicinity where it ceases to exist.

At the SBZ borders, all other Ir QWSs experience notable
spin-orbit splitting as well. The splitting depends strongly on
the wave vector. Therefore it is difficult to apply a Rashba
model for the description of these states.

The presence of the QWSs with strong localization in the
Ir adlayer produces significant increase in LDOS of both Ir

MLs as seen in Fig. 10(d). In particular, a strong increase is
observed in the energy interval from —1.1 to 0.6 eV. Even a
larger LDOS increase can be found in the surface Ir atomic
layer at energies around —2.5 eV. In the interface Au atomic
layer, we also observe some enhancement of LDOS around
Ef and in the —0.9 to —1.7 eV energy interval.

D. 3ML-Ir/Au(111)

In Figs. 11(a) and 11(b), the SOC and WSOC band struc-
ture of the 3ML-Ir/Au(111) system is presented, respectively.
Their comparison demonstrates that in the 3ML-Ir/Au(111)
system the inclusion of SOC produces a notable impact
on the Ir-derived QWSs. In particular, as in the previously
discussed systems, the energy position and dispersion of the
QWSs change significantly. Nevertheless, the spin splitting
is reduced in all the QWSs in accord with the increased
thickness of the Ir adlayer. The QWSs 1’-1”, 2’-2”, and 3'-3”
can be found at somewhat higher energies than in the systems
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containing the thinner Ir adlayers. Their dispersion is rather
close to the 2ML-Ir/Au(111) case. The upper-energy QWSs
1" and 1” have an upward parabolic-like dispersion with a
clear surface-like character up to energies about 2.5 eV. These
bands have the bottom at 1.0 eV and are spin-split at finite
wave vectors. However, such a splitting is notably smaller than
in Figs. 3(a) and 10(a). Again, the Rashba model can not be
applied for the description of the spin splitting of these states
in 3ML-Ir/Au(111).

The QWSs 2’ and 2” have a much flatter dispersion. Inside
the Au energy gap the spin splitting of the QWSs 2’ and 2”
in Fig. 11(a) is re duced notably as well. This is confirmed
by the fitted Rashba coefficients reported in Table I, which
drop significantly in comparison with the previously discussed
three systems. Their energy at the Rashba point is 0.58 eV
and the separation caused by SOC diminishes upon approach-
ing the energy gap boundaries in both symmetry directions.
In the TK direction, the QWSs 2’ and 2” evolve in the Au
energy gap up to the energy about 1.1 eV. Having reached
the gap boundary these bands transform into resonance and
quickly lose their surface character inside the Au bulk-band
continuum. Along T'M these QWSs are degenerate beyond the
gold energy gap and have a resonance character with positive
dispersion. Interestingly, even at a such Ir film thickness,
the Ir-derived QWSs feel rather efficiently the details of the
substrate band structure.

Like in 2ML-Ir/Au(111), in Fig. 11(a), we find the Ir
generated QWSs 3" and 3” in the vicinity of Er. The Rashba
point of these states is at 0.22 eV. As seen in Fig. 11(a), these
QWSs exist only inside the energy gap. In both symmetry
directions, these QWSs have one minimum and one maxi-
mum. Such dispersion shape ensures that the lower-energy
band 3” crosses Er only. Besides the strong deviation of the
dispersion of these QWSs from a parabolic-like shape, its spin
texture in Fig. 11(c) has essentially a conventional in-plane
alignment. Nevertheless, at finite wave vectors along 'K, a
nonzero z spin component in these QWSs can be detected. The
Rashba coefficients for these states is reduced significantly in
comparison to the other systems.

In the occupied part of the band structure of Fig. 11(a), we
find other four Ir-induced QWSs denoted as 4, 5, 6, and 7,
which are spin-degenerate at the " point. As Figs. 11(a) and
11(c) evidence, SOC produces strong energy separation of the
upper-energy QWSs 4 and 5. Thus, at ', an energy gap of
0.42 eV opens between them. On the contrary, the spin-orbit
splitting of the QWSs 4 and 5 is rather modest. Only at k|
in the vicinity of 0.3TK large energy separation in the pair
originated from the QWS 4 is observed. It is caused by strong
hybridization with the QWS 3”. We relay to this hybridization
the notable z spin component in these QWSs observed in
Fig. 11(c) along TK. Beyond the T point, the upper QWS
4 disperses upwards and splits into two branches by SOC.
At larger wave vectors its dispersion becomes negative. Upon
approaching the gap boundaries on both sides from the SBZ
center, it transforms into a weak resonance. After that, it is
difficult to follow its dispersion.

The lower-energy QWS 5 splits into two spin-resolved
bands at finite wave vectors with a positive dispersion and a
large effective mass around the SBZ center. After reaching
the gap boundary in the TK direction, its dispersion becomes

negative. It has a minimum at about —0.73 eV. At larger
wave vectors this state loses its surface character. In contrast,
along the TM direction, after entering the Au-projected-bulk-
state continuum the QWS 5 presents pronounced positive
dispersion and reaches the maximum at 0.84 eV in the vicinity
of the M point.

The presence of two other Ir QWSs labeled as 6 and 7 at the
bottom of the substrate energy gap around the SBZ center in
contrast with a single QWS 6 in 3ML-Pt/Au(111) outside the
Au band gap [54] is explained by the upper energy position
of the valence d bands in Ir. In the 3ML-Ir/Au(111) SOC
band structure, we find that an energy gap of 0.10 eV opens
between the QWSs 6 and 7. However, the spin-orbit splitting
of the QWSs 6 and 7 is small. Only upon the transformation
into resonance states after leaving the energy gap, the energy
separation between the spin-split bands becomes notable.
However, it is difficult to analyze its dispersion in terms of
the Rashba model due to strong hybridization effects.

Other QWSs with true surface and a resonance surface
character can be observed at finite wave vectors in Fig. 11(a).
The properties of the majority of them are very similar to
those discussed in 3ML-Pt/Au(111) [54]. Therefore we do not
concentrate on them in this publication.

Figure 11(d) demonstrates that the quantization of the
Ir electronic states in 3ML-Ir/Au(111) produces a strong
enhancement in LDOS in four upper atomic layers. Strong
peaks in the vicinity of Er with the maximum at 0.2 eV are
observed in all three Ir atomic layers. In the occupied part, the
enhancement of charge in LDOS is maximal in the surface
Ir layer. Interestingly, in the interface Ir layer, LDOS below
Ep is notably larger than in the second layer. In the interface
Au atomic layer LDOS is enhanced as well in certain energy
regions. Especially the large increase we observe in the energy
region between —0.8 and —1.7 eV.

IV. CONCLUSIONS

We have performed the density-functional-theory calcu-
lations of the electronic structure of the nML-Ir/Au(111)
heterostructures with n =1, 2, and 3. Varying the adlayer
thickness allowed us to study the formation of the Ir-derived
valence quantum-well states in a systematic way with special
attention to the states in a wide s-p energy gap of the Au(111)
substrate at the surface Brillouin zone center. In order to
address the impact of spin-orbit interaction in such systems,
the calculations with and without the spin-orbit coupling were
performed.

We find that the spin-orbit splitting of the Ir quantum-
well states is very large in nML-Ir/Au(111) at all the con-
sidered n. In particular, the maximal value of the Rashba
coefficient ag = 6.4 eV A was obtained for one QWS in
IML-Ir/Au(111). Moreover, for the upper-energy QWSs in
the vicinity of the SBZ center in all the systems the values
for arg exceeding 2 eV A were obtained. We relay such strong
spin-orbit splitting in the Ir-derived QWSs to its dominating d
character and strong mutual hybridization.

A large number of strongly localized at the surface quan-
tum well states results in a strong enhancement of the lay-
ered density of states at energies around the Fermi level in
comparison to the clean Ir(111) and Au(111) surfaces. Energy
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positions of the QWSs according to the Fermi level strongly
depend on the Ir adlayer thickness which may be attractive
for the engineering of such electronic systems. We expect that
such a system would be interesting for the observation of the
effects found in this study.
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