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Toward surface orbitronics: giant 
orbital magnetism from the orbital 
Rashba effect at the surface of sp-
metals
Dongwook Go1,2, Jan-Philipp Hanke1, Patrick M. Buhl1, Frank Freimuth1, Gustav Bihlmayer1, 
Hyun-Woo Lee2, Yuriy Mokrousov1 & Stefan Blügel1

As the inversion symmetry is broken at a surface, spin-orbit interaction gives rise to spin-dependent 
energy shifts – a phenomenon which is known as the spin Rashba effect. Recently, it has been 
recognized that an orbital counterpart of the spin Rashba effect – the orbital Rashba effect – can be 
realized at surfaces even without spin-orbit coupling. Here, we propose a mechanism for the orbital 
Rashba effect based on sp orbital hybridization, which ultimately leads to the electric polarization of 
surface states. For the experimentally well-studied system of a BiAg2 monolayer, as a proof of principle, 
we show from first principles that this effect leads to chiral orbital textures in k-space. In predicting the 
magnitude of the orbital moment arising from the orbital Rashba effect, we demonstrate the crucial 
role played by the Berry phase theory for the magnitude and variation of the orbital textures. As a 
result, we predict a pronounced manifestation of various orbital effects at surfaces, and proclaim the 
orbital Rashba effect to be a key platform for surface orbitronics.

The spin Rashba effect as a fundamental manifestation of spin-orbit coupling (SOC) at surfaces has revolutionized 
the spintronics research, and served as a foundation for a new field of spintronics rooted in relativistic effects –  
spin-orbitronics1–4. As a consequence of the spin Rashba effect, the surface states created as a result of SOC and 
surface potential gradient exhibit finite spin polarization, which forms chiral textures in reciprocal k-space. 
This gives rise to a multitude of prominent phenomena such as Dzyaloshinskii-Moriya interaction5–9, spin Hall 
effect10, direct and inverse Edelstein effects11,12, quantum anomalous Hall effect13, and current-induced spin-orbit 
torques14–16.

Only recently it has been realized that many of the spin-orbitronic effects can be rethought in terms of their 
“parent” orbital analogs brought to the “spin” level by SOC17–25. This leads to the notion of orbitronics as a prom-
ising branch of electronics which operates with the orbital degree of electrons rather than their spin. The orbital 
moment (OM) of electrons in a solid, being an evasive quantity until very recently26,27, offers higher flexibility 
with respect to its magnitude and internal structure as compared to spin, and it is a key quantity for novel and 
promising effects in orbitronics such as the gyrotropic magnetic effect28 and orbital Edelstein effect29. The orbi-
tronic analogue of the spin Rashba effect is the orbital Rashba effect (ORE), which results in the emergence of chi-
ral OM textures of the states in k-space even without SOC, and manifests in the “conventional” Rashba effect in 
the spin channel upon including SOC into the picture17–23. Indeed, circular dichroism measurements of Au(111) 
and Bi2Se3 surfaces are consistent with the prediction of the ORE forming non-trivial chiral OM textures in 
k-space22–23. On the other hand, quasi-particle interference experiments performed on another Rashba systems, 
the surface of Pb/Ag(111)30 and Bi/Ag(111)31, demonstrate clear fingerprints of spin-orbital-flip scattering, which 
implies the vital role of the orbital degree of freedom of electrons for surface scattering. As the spin Rashba effect 
played a key role in the development of spintronics, our understanding of the ORE and the ability to control its 
properties is pivotal for bringing orbitronics to the surface realm.

In this work, we introduce a mechanism for the ORE at surfaces, which originates in the orbital sp hybrid-
ization and gives rise to pronounced ORE even without SOC in sp surface alloys such as BiAg2 monolayer. We 
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elucidate that the sp hybridization gives rise to the orbital magnetoelectric coupling and intrinsically links the 
ORE with electric polarization of states at the surface. Moreover, by referring to explicit first principles cal-
culations, we demonstrate that including non-local effects32–38 can drastically enhance the magnitude of the 
ORE-driven orbital polarization of the surface states as compared to the k-dependent OM obtained from simple 
atomic arguments. We speculate that such an enhancement, which is particularly prominent in the vicinity of 
band crossings in the surface electronic structure, can result in a giant magnitude of various orbitronics phenom-
ena such as orbital Hall effect24,25, gyrotropic magnetic effect28, and current-induced orbital magnetization29. This 
marks the ORE as the most promising platform for realizing orbitronics at surfaces.

Results
Tight-binding model.  We start the discussion of the ORE with tight-binding considerations. While previ-
ously only pure p- and d-orbital systems have been studied18,19,39, here we study monolayer of sp-derived surface 
alloys such as BiAg2

30,40,41, which is different in that sp hybridization is important. The tight-binding Hamiltonian 
can be generally written as:
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where Hp(s)(k) is a Hamiltonian in the subspace spanned by p(s) orbitals, and h(k) describes the effect of sp hybrid-
ization. For a two-dimensional square lattice in the xy-plane with three p orbitals and one s orbital at each site, we 
choose the basis states as ϕ φ= ∑ ⋅N e(1/ )n

i
nk R

k R
R . Here, φnR denotes the n-th (n =​ px, py, pz, s) atomic orbital 

centered at the Bravais lattice R, and N is the number of lattice sites. In this basis, the hybridization assumes the 
form:

γ γ= ( )h i k a i k a Vk k( ) sin( ), sin( ), ( ) , (2)sp x sp y z
T

where γsp is the nearest-neighbor hopping amplitude between px(y) and s orbitals, a is the lattice constant, 
ε ϕ ϕ= 〈 | | 〉V e zk( )z z p sk kz

 describes the effect of spz hybridization by a surface potential gradient εz, and e >​ 0 is the 
elementary positive charge. The effect of SOC is included into the Hamiltonian as λ= ⋅ˆ ˆH L Ssoc soc , where λsoc is 
the spin-orbit strength, Ŝ is the operator of spin, and
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is the representation of the atomic contribution of the orbital angular momentum operator42. Here, r and p denote 
the canonical position and momentum operators, respectively. Although the general conclusions that we draw 
from the tight-binding model do not depend on the exact choice of the hopping parameters, they can be easily 
tuned such that the tight-binding band structure closely resembles the first principles one of the BiAg2 monolayer 
(Fig. 1).

Figure 1.  Crystal and electronic structure of BiAg2. (a) Top and side view of the crystal structure60. The 
combination of a strong surface potential gradient and a pronounced hybridization between Bi 6p- and Ag 
5s-states gives rise to the orbital Rashba effect. (b) The hexagonal Brillouin zone and high-symmetry points. 
The tight-binding (c) and the first principles (d) band structures were calculated with and without taking into 
account spin-orbit coupling (SOC). States of distinct orbital symmetry are denoted as p−1, p0, and p+1 following 
the convention of the main text. The tight-binding parameters were chosen so as to closely reproduce the first 
principles bandstructure.
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Orbital Rashba effect.  Neglecting for the moment the effect of SOC and assuming |Hp(k) −​ Hs(k)| ≫​ |h(k)| 
as is the case for BiAg2 in the long-wavelength limit of k →​ 0, we can perturbatively downfold the h(k) term to 
arrive at an effective Hamiltonian (see Supplementary Information):
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where Hp,eff(k) =​ Hp(k) +​ HOR(k). The expression


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is known as the orbital Rashba Hamiltonian since it resembles the conventional spin Rashba Hamiltonian with 
the orbital angular momentum operator replacing that of spin. Remarkably, the combined effect of sp hybridiza-
tion and surface potential gradient is concisely described by the orbital Rashba Hamiltonian within the subspace 
spanned by p orbitals. Thus, the orbital Rashba physics arises not from the electron’s spin but from the orbital 
degrees of freedom even without SOC. In analogy to the Rashba constant of the conventional spin Rashba model, 
the parameter
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is called the orbital Rashba constant, with Δ​Esp(k) denoting the energy gap between s- and p-derived bands, and 
η ~ 1 being a parameter dependent on the lattice structure. Using the specific tight-binding model parameters 
for BiAg2 (see Supplementary Information), we estimate the orbital Rashba constant to be about 1 eV ⋅​ Å. From 
Eq. (6) it is clear that the ORE roots in the sp orbital hybridization, and that the strength of the orbital Rashba 
effect is directly proportional to the value of the surface potential gradient associated with the buckling of Bi 
atoms in BiAg2. This implies that the desired properties of the ORE can be designed by controlling the band 
hybridization via chemical and structural engineering.

Crystal field splitting.  In contrast to the conventional Rashba effect, the ORE is very sensitive to the crystal 
field splitting (CFS), which quenches the OM. In the absence of the CFS, that is, when ∆ = − =E E 0p pCFS x y z( )

 
with E E,p px y z( )

 as corresponding energy eigenvalues of px(y)- and pz-derived states at k =​ 0, the expectation value 
of the OM is given by
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within the so-called atom-centered approximation for the OM, which takes into account only intra-atomic contri-
butions. Here, ẑ and k̂ are unit vectors along the z-axis and vector k, respectively, ψ p kl

 is the pl-derived eigenstate 

of Hp,eff(k), and l =​ {−​1, 0, +​1} is the angular momentum quantum number with respect to the quantization axis 
×ˆ ˆz k. In the vicinity of the Fermi energy, the p-derived bands can thus be denoted in terms of their dominant 

orbital character as p−1, p0, and p+1 in the order of increasing energy (Fig. 1c,d). The corresponding k-dependent 
eigenenergies are E−1(k), E0(k), and E+1(k). The associated k-linear orbital-dependent energy splitting arising due 
to the orbital Rashba term in Hp,eff(k) amounts to Δ​EOR =​ lαOR|k| in the long-wavelength limit. However, in the 
presence of the CFS, although its direction remains intact, the expectation value of the OM is reduced by a factor 
of 2αOR|k|/Δ​CFS, when assuming |Δ​CFS| ≫​ |αORk|. For this reason, the orbital-dependent energy splitting appears 
from the second order in k if Δ​CFS ≠​ 0, which can be seen from Eq. (5).

Relation to electric polarization.  Consider an orbital-coherent state ψ p kl
, that is, an eigenstate of Hhop(k) 

with Δ​CFS =​ 0 which exhibits a quantized value of OM (e.g., due to an applied in-plane magnetic field or the 
ORE):

= ˆlm k n( ) , (8)l k
ACA 

where l =​ {−​1, 0, +​1} is the orbital angular momentum quantum number with respect to the direction of some 
in-plane unit vector n̂k. While in previous studies the electric polarization within the ORE was introduced phe-
nomenologically17,20, one can show from perturbation theory arguments that such an orbital-coherent state nat-
urally exhibits an electric polarization perpendicular to the surface plane:
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is what we call the orbital Rashba susceptibility. The structure of χOR reflects that the electric polarization arises 
from the sp hybridization (Fig. 2a). From Eq. (6) it is clear that α ε χ= zOR OR, and that the orbital Rashba 
Hamiltonian as given by Eq. (5) can be understood as a dipole coupling between an electric field at the surface 
with the operator of electric polarization, ε= − ˆH P k( )z zOR , where χ= − × ˆP̂ k k L( ) ( / )z OR   (Fig. 2b). Physically, 
it means that within the ORE the non-trivial orbital texture of states in k-space arises so as to gain maximal 
energy by the interaction of the states’ polarization with the surface electric field. Thus, the ORE can be seen as a 
consequence of orbital magnetoelectric coupling at surfaces.

Atom-centered approximation from first principles.  In order to verify our predictions in a realistic 
system, we evaluate the k- and band-resolved value of the OM in BiAg2 from first principles, which is given by 

µ ψ ψ= − ∑ ×µ µ µ
m k r p( ) ( / )n B n nk k

ACA  in ACA. Here, ψnk is an eigenstate, rμ is the position operator relative 
to atom μ, the summation is performed over all atoms in the lattice, and the real-space integration is restricted 
locally to atom-centered muffin-tin spheres. Computed in such a way OM is a direct generalization to the first 
principles framework of the OM computed in ACA from tight-binding. In Fig. 3a–c, we show the distribution of 
the OM in k-space for the p-derived bands p−1, p0, and p+1 in absence of SOC, and observe clockwise (−​1), zero, 
and counter-clockwise (+​1) type of chiral behavior of this distribution around the Γ​-point, respectively. The 
magnitude of the OM without SOC along different high-symmetry lines is shown in Fig. 3d. While the OM 
reaches as much as 0.27μB for the p+1 band in the middle of the Brillouin zone, we can use its behaviour with k in 
the vicinity of the Γ​-point to estimate the magnitude of the orbital Rashba constant αOR. First, we note that a small 
but finite value of the slope in the OM of p0 as well as visible differences in the behavior of the OM of p−1 and p+1 
bands can be observed, in contrast to our prediction Eq. (8). The reason for the discrepancy lies in a non-zero 
crystal field splitting, which we can estimate from Fig. 1d to be Δ​CFS ≈​ 0.76 eV. Taking this into account, the 
orbital Rashba constant of p−1 and p+1 bands amounts to 0.96 eV ⋅​ Å and 1.38 eV ⋅​ Å, respectively. Similarly, we 
also find orbital chiralities near the K-point. Investigating further the influence of SOC, we found no qualitative 
changes in the distribution of the OM in the Brillouin zone. However, we clearly see that the resulting “Rashba” 
spin texture in reciprocal space, emerging upon including SOC, is strictly bound to the local direction of the OM. 
Details on these results are provided in the Supplementary Information. Finally, we display in Fig. 4f and g the 
chirality of the OM at the Fermi surface both with and without SOC taken into consideration, respectively.

Figure 2.  Orbital Rashba effect in sp-alloys. (a) After preparing the system in a state with non-vanishing 
orbital angular momentum L̂, for example, by applying an in-plane magnetic field, the hybridization between s 
and p orbitals generates an electric polarization P̂ according to Eq. (9). (b) The electric dipole coupling of this 
electric polarization to the surface potential gradient ε ẑz  [Eq. (5)] leads to the formation of an orbital texture in 
reciprocal space, which is known as orbital Rashba effect.
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Berry phase theory in films.  The primary manifestation of the ORE in solids is the k- and band-dependent 
generation of finite OM. For understanding this fundamental effect and predicting its magnitude, it is crucial to 
evaluate the magnitude of the OM properly without assuming any approximations such as the ACA. Recently, it 
was shown that a rigorous treatment of OM in solids within the complete Berry phase description32–35 naturally 
accounts for non-local effects37. Thereby, theoretical estimations of OM in magnetic materials of various nature 
have significantly improved26,27,38.

Since the ORE manifests in the generation of in-plane OM, following the procedure of ref. 35, we extended the 
previous formulation to the case of in-plane components of OM of a film finite along the z-axis. The expression 
for the in-plane components of the OM in the modern theory is given by


= × + − ∂ˆe u z H E E um k z k k( ) Re[ ( ) { ( ) ( ) 2 } ], (11)n n n F nk k k

mod

where unk is an eigenstate of the lattice-periodic Hamiltonian H(k) with the eigenvalue En(k), and EF is the Fermi 
energy. Equation  (11) can be further decomposed into the so-called local circulation term 

= 〈 | × − |∂ 〉ˆe u z H E um k z k( ) ( / )Re[ ( ) { ( ) } ],n n F nk k k
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which is closely related to the well-known Berry curvature in bulk systems by formally replacing z with ∂i kz
.

Inserting the model orbital Rashba Hamiltonian, Eq. (5), directly into Eq. (11), we find that

χ
µ

= −
+ −

⋅
E E E

m k m k( )
( 2 )

2
( )

(13)
l

p p F

B
l

mod
OR

ACAx y z( )



in the long-wavelength limit, where l is the angular-momentum quantum number defined in Eq. (7). Assuming 
the typical values ε ∼ . + − ∼E E E0 1eV/Å and ( 2 ) 1eVz p p Fx y z( )

, we find not only that ACA and modern OM 
exhibit the same chirality of the distribution, but also that ∼m k m k( ) ( )l l

mod ACA  in the vicinity of the Γ​-point 
within the model analysis.

Berry phase theory from first principles.  To investigate whether significant differences between the ACA 
and modern treatment of OM arise in a realistic situation, we evaluate from first principles m k m k( ) and ( )n n

ACA mod . 
In Fig. 4, we show the OM distribution evaluated from the modern theory (Fig. 4a,c) and ACA (Fig. 4b,d), where 

Figure 3.  Orbital texture of p-derived bands in BiAg2 without spin-orbit coupling. (a–c) Arrows indicate the 
first principles values for the k-resolved in-plane orbital moment (OM) of the p-derived bands within the atom-
centered approximation. The hexagonal Brillouin zone of BiAg2 is indicated by thin black lines. In the vicinity of 
the Γ​-point, the chirality of the OM texture is +​1, 0, and −​1 for p−1, p0, and p+1, respectively. (d) The magnitude 
of the in-plane OM |mn(k)| of the p-derived bands along the high-symmetry lines Γ​M and Γ​K.
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the individual contributions of all occupied bands were summed up for each k point. In this figure, the distribu-
tion of the OM within the modern approach and ACA is similar around the Γ​-point both in magnitude and 
overall distribution, in accordance with our model considerations. Near the K-point, however, the distribution of 
the modern OM without SOC deviates significantly from the ACA result. If SOC is taken into account, the differ-
ence between the two approaches is even more drastic as it amounts to one order of magnitude. In Fig. 4, the 
visible discontinuity of the OM distribution occurs along the Fermi surface lines (Fig. 4e–h). Directly at the Fermi 
surface, the itinerant contribution to the OM in the modern theory vanishes and we may restrict ourselves to 
visualizing in Fig. 4e and g the local circulation from the modern theory, without and with SOC, respectively. In 
contrast, within ACA there is no such decomposition of the Fermi-surface contribution (Fig. 4f,h). The OM of 
Fermi-surface states plays a crucial role in various orbital magnetoelectric phenomena28,29.

Within the Berry phase theory, one of the most remarkable features of the OM in bulk is its correlation with 
the Berry curvature in k-space, which often exhibits a spiky behavior in the vicinity of band crossings36. In our 
formalism for the in-plane OM in thin films as expressed by Eq. (11), the projected Berry curvature, Eq. (12), is 
a key ingredient. It behaves similarly to the conventional Berry curvature in that it can exhibit singular behavior 
at band crossings as a consequence of the rapid variation of the wave functions with k. Following this spirit, we 
also seek for such a spiky behavior in the local circulation mLC(k) by studying the OM in the vicinity of the band 
crossing in the electronic structure of BiAg2 which is close to the M-point and about 0.2 eV below the Fermi 
level. Setting EF in Eq. (11) to the energy of the crossing and treating all bands below this energy as occupied, we 
observe a singular behavior of the OM magnitude within the modern theory in the vicinity of the crossing point 
(Fig. 5a). This behavior can be directly correlated with sizable OM contributions of those states which constitute 
the band crossing. At the point of singularity, the modern-theory OM is purely due to the local circulation and it 
reaches as much as 1.01 μB in magnitude, while the ACA predicts a tiny value of 0.03 μB. Remarkably, both ACA 
and modern theory agree qualitatively in their prediction of the behavior of the OM away from the band crossing 
(see Supplementary Information).

Two-band model near the band crossing.  To study the aforementioned behavior of the OM near the 
band crossing from the model point-of-view, we consider the following two-band Hamiltonian:

σ= ⋅H k d k( ) ( ) , (14)

where σ is the vector of Pauli matrices reflecting the orbital degree of freedom of two chosen basis states: |ϕs,k〉​, 
and ϕ ϕ ϕ| 〉 = | 〉 − | 〉i(1/ 2 ) ( / 2 )p p pk k k, , ,x z

. We assume that dx(k) =​ 0, dy(k) =​ γspkxa +​ Vz, and dz(k) =​ δ, where 
a is the lattice constant, δ is the energy gap of the massive Dirac-like dispersion along kx, γsp is the nearest-neighbor 
hopping amplitude between s and px orbitals, and ε ϕ ϕ= − 〈 | | 〉V e z( / 2 )z z s pk k, ,z

 expresses the breaking of inver-

Figure 4.  In-plane orbital moment (OM) in BiAg2 from first principles. (a–d) Summing up the individual 
contributions of all occupied bands below the Fermi energy, we obtain the distribution of the in-plane OM m(k) 
in k-space. (e–h) The in-plane OM directly at the Fermi surface, which is important to orbital magnetoelectric 
response. In all cases, colors represent the magnitude |m(k)|, arrows indicate the in-plane direction of the OM 
with the arrow size proportional to |m(k)|, and thin lines mark the Brillouin zone. The results of both Berry 
phase theory (modern) and atom-centered approximation (ACA) are shown with and without taking into 
account spin-orbit coupling (SOC). The in-plane OM within the two approaches deviates drastically around the 
K-point, and the modern theory predicts overall a richer structure.



www.nature.com/scientificreports/

7Scientific Reports | 7:46742 | DOI: 10.1038/srep46742

sion symmetry. The band structure of this Hamiltonian is shown in Fig. 5b, where we assumed a =​ 5 Å, Vz =​ 0.1 eV, 
γsp =​ 1 eV, and δ =​ 5 meV. We represent the position operator z in the specified basis as

σ
ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ
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where px =​ pz =​ 0 and ϕ ϕ= − 〈 | | 〉p z(1/ 2 )y s pk k, ,z
. Taking into account the representation (15) and applying 

Eq. (11), we obtain an expression for the in-plane OM from the modern theory for the general two-band 
Hamiltonian (14):

= ± × ∂ ⋅± ˆ ˆe Em k z d k p k( ) [( ) ( )] ( ), (16)F k
mod




≈ − × ∂ ±ˆE Pz k( ) ( ) (17)

F
zk

where d̂ k( ) is the direction of d(k) and the “+​” (“−​”) sign stands for upper (lower) band. In the second line, 
owing to the fact that in our model × ∂ ≈ẑ p k( ) ( ) 0k , we related the modern OM to the derivative of 

= ± − ⋅± ˆP ek d k p k( ) ( )[ ( ) ( )]z , that is, the z-component of the electric polarization of the upper (lower) band as 
defined in Eq. (9).

From this generic expression we clearly observe that the origin of the non-vanishing OM within the modern 
theory lies in the gradient of the electric polarization in reciprocal space. Using the parameters stated above and 
setting EF =​ 3 meV and py =​ 2 Å, we compute the OM of all occupied states in the vicinity of the band crossing 
from both modern theory, Eq. (16), and ACA, Eq. (3). By replacing further EF with |d(k)| in Eq. (16), we obtain 
the Fermi-surface contribution due to the self-rotation of the wave packet32, which determines the orbital magne-
toelectric response28,29. Based on the results shown in Fig. 5b, we conclude that while the values of ±m k( )ACA  are 
strictly bound by μB everywhere as can be confirmed analytically, the pronounced singular behavior of ±m k( )mod  
with large values within the gap can be attributed solely to the rapid variation of the electric polarization in the 
vicinity of the crossing.

Discussion
We have shown that sp orbital hybridization is the main mechanism for the ORE at surfaces of sp-alloys, which 
is manifest already without SOC. Just like the spin Rashba effect follows from the ORE via SOC, we can expect 
other orbital-dependent phenomena to be formulated and discovered, from which SOC recovers their spin ana-
logues. One remarkable example is orbital analogue of the quantum anomalous Hall effect, where the quan-
tized edge state is orbital-polarized43. Another example is the recent formulation of the orbital version of the 
Dzyaloshinskii-Moriya interaction governing the formation of chiral structures such as domain walls and 
skyrmions44.

Figure 5.  In-plane orbital moment (OM) near band crossings in BiAg2. (a) First principles results for the 
total in-plane OM near the band crossing, which is shown as an inset. All states below the energy indicated 
by the black horizontal line were considered as occupied in the band summation of the OM. While the ACA 
value is insensitive to the presence of band crossings, the Berry phase theory predicts a gigantic enhancement 
of the local circulation of the OM in the vicinity of such points. In particular, the band-resolved contributions 
(shown here for the lower band) display singular behavior due to the rapid variation of the wave function near 
the crossing. (b) Similar conclusions can be drawn from tight-binding model calculations assuming a Dirac-like 
dispersion (inset). Whereas the ACA prediction is strictly bound by μB within the band gap, pronounced values 
of the in-plane OM |m(k)| can be reached in the modern theory. Likewise, the corresponding Fermi-surface 
contribution is strongly enhanced in the gap region.
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Our simulations reveal the complexity of the orbital textures driven by ORE, and their sensitivity to the elec-
tronic structure of realistic materials. This means that the desired properties of the ORE, and phenomena it gives 
rise to, can be designed by proper electronic-structure engineering. Moreover, by making use of both spin and 
orbital degrees of freedom, one can generate and manipulate arising spin and orbital textures in k-space. While 
for the case of BiAg2 considered here the spin aligns collinearly to the OM in the presence of SOC, a Rashba effect 
with respect to the total angular momentum emerges in each of the j =​ 3/2 and j =​ 1/2 branches in the regime 
where SOC is dominant over the ORE17,20. Based on a similar idea, an orbital version of the Chern insulator state 
in a situation of very large SOC has been recently proposed45.

We predict that within the ORE, in contrast to the spin Rashba effect, the magnitude of the OM in the vicinity 
of band crossings can reach gigantic values. This observation has very far-reaching consequences for the mag-
nitude of effects which are directly associated with the OM at the Fermi surface. This particularly concerns the 
orbital magnetoelectric effect, as recently discussed in the context of orbital Edelstein effect29 and gyrotropic 
magnetic effect28. Within the orbital Edelstein effect, a finite OM at the Fermi surface is generated by an asym-
metric change in the distribution function created by an electric field. In the gyrotropic magnetic effect, discussed 
intensively these days with respect to topological metals46,47, an external magnetic field gives rise to an electrical 
current28. Both phenomena rely crucially on the magnitude of the local orbital moments at the Fermi surface 
of materials, and we predict here that they can be drastically enhanced by tuning the electronic structure such 
that the singularities in the OM, which we disclose in our work, are positioned at the Fermi level. The generally 
enhanced predicted magnitude of the Berry-phase OM of the occupied states, as compared to the OM computed 
from the commonly used approximation, can also manifest in the re-evaluation of the magnitude of other effects 
such as the orbital Hall effect24,25.

Let us comment on the effect of disorder on the OM texture. Unlike the spin, the OM is susceptible to the 
CFS as discussed above, thus it is natural to expect that the OM will be less robust to non-magnetic disorder as 
compared to the spin moment. Nevertheless, distinct orbital characters of surface states have been measured 
in recent experiments with angle-resolved photoemission spectroscopy by controlling the polarization of the 
incident light21,23,48–50, which implies that the orbital texture of these surface states survives even with a mod-
erate amount of disorder. In addition, according to the modern theory32–35, the OM is intimately related to 
the momentum-space Berry curvature, which is known to be particularly robust with respect to disorder51,52. 
Moreover, Zhu et al. have shown recently that the disorder changes the OM merely by renormalizing the quasi-
particle energy spectrum53. We would like to emphasize, however, that the promotion of certain parts of the Fermi 
surface by disorder scattering is essential in generating large current-induced OM, rendering the utilization of 
disorder details crucial to bring orbitronics to the surface realm.

An additional flavor to the ORE is the intrinsic valley degree of freedom inherent to systems of the type 
studied here: because of time-reversal symmetry the points of singularity in the OM always come in pairs. Since 
the OM is opposite for opposite valleys, the overall OM integrated over the Brillouin zone is zero in the ground 
state, and orbital magnetoelectric response becomes strongly valley-dependent. Exploiting the ORE for the pur-
pose of generating sizable ground state net OM at surfaces has to be done in combination with generating a 
non-vanishing exchange field and magnetization in the system. This can give rise to a plethora of effects relying 
on intertwined spin and orbital degrees of freedom in complex magnetic materials.

Methods
First principles calculation.  We performed self-consistent density-functional theory calculations of the 
electronic structure of BiAg2 using the film mode of the fleur code54, which implements the FLAPW method55,56. 
Exchange and correlation effects were treated within the generalized gradient approximation57. We assumed a 
×( 3 3 )R30° unit cell (see Fig. 2a) with the in-plane lattice constant a =​ 9.47a0, where a0 is Bohr’s radius. The 

surface relaxation of Bi was set to d =​ 1.61a0, and the muffin-tin radii of Bi and Ag were chosen as 2.80a0 and 
2.59a0, respectively. We used = . −K a4 0max 0

1 as plane-wave cutoff and sampled the irreducible Brillouin zone 
using 110 points. Spin-orbit coupling was included self-consistently within the second-variation scheme58.

Based on the converged charge density, maximally-localized Wannier functions (MLWFs) were obtained in 
a post-processing step employing an equidistant 16 ×​ 16 k-mesh. Starting from sp2 and pz trial orbitals on Bi as 
well as s, p, and d trial functions on Ag, we constructed 44 MLWFs out of 120 energy bands using the wannier90 
program59. The frozen window was set 2.78 eV above the Fermi energy. Subsequently, we calculated the OM in (i) 
the ACA, and (ii) the Berry phase theory according to the scheme proposed by Lopez et al.27.

References
1.	 Rashba, E. I. Cyclotron and combinational resonance in a magnetic field perpendicular to the plane of the loop. Sov. Phys. - Solid 

State 2, 1109 (1960).
2.	 Nitta, J., Akazaki, T., Takayanagi, H. & Enoki, T. Gate Control of Spin-Orbit Interaction in an Inverted In0.53Ga0.47As/In0.52Al0.48As 

Heterostructure. Phys. Rev. Lett. 78, 1335–1338 (1997).
3.	 LaShell, S., McDougall, B. A. & Jensen, E. Spin Splitting of an Au(111) Surface State Band Observed with Angle Resolved 

Photoelectron Spectroscopy. Phys. Rev. Lett. 77, 3419–3422 (1996).
4.	 Aurelien Manchon, Hyun Cheol Koo, Junsaku Nitta & Rembert A. Duine. New perspectives for Rashba spin–orbit coupling. Nature 

Materials 14, 871–882 (2015).
5.	 Dzyaloshinskii, I. E. Thermodynamic theory of weak ferromagnetism in antiferromagnetic substances. J. Exp. Theor. Phys. 5, 1259 

(1957).
6.	 Moriya, T. Anisotropic Superexchange Interaction and Weak Ferromagnetism. Phys. Rev. 120, 91–98 (1960).
7.	 Lounis, S., Bringer, A. & Blügel, S. Magnetic Adatom Induced Skyrmion-Like Spin Texture in Surface Electron Waves. Phys. Rev. 

Lett. 108, 207202 (2012).
8.	 Kim, K.-W., Lee, H.-W., Lee, K.-J. & Stiles, M. D. Chirality from Interfacial Spin-Orbit Coupling Effects in Magnetic Bilayers. Phys. 

Rev. Lett. 111, 216601 (2013).



www.nature.com/scientificreports/

9Scientific Reports | 7:46742 | DOI: 10.1038/srep46742

9.	 Kikuchi, T., Koretsune, T., Arita, R. & Tatara, G. Dzyaloshinskii-Moriya Interaction as a Consequence of a Doppler Shift due to Spin-
Orbit-Induced Intrinsic Spin Current. Phys. Rev. Lett. 116, 247201 (2016).

10.	 Sinova, J. et al. Universal Intrinsic Spin Hall Effect. Phys. Rev. Lett. 92, 126603 (2004).
11.	 Edelstein, V. M. Spin polarization of conduction electrons induced by electric current in two-dimensional asymmetric electron 

systems. Solid State Communications 73, 233–235 (1990).
12.	 Freimuth, F., Blügel, S. & Mokrousov, Y. Direct and inverse spin-orbit torques. Phys. Rev. B 92, 064415 (2015).
13.	 Chang, C.-Z. et al. Experimental Observation of the Quantum Anomalous Hall Effect in a Magnetic Topological Insulator. Science 

340, 167–170 (2013).
14.	 Miron, I. M. et al. Perpendicular switching of a single ferromagnetic layer induced by in-plane current injection. Nat. 476, 189–193 

(2011).
15.	 Garello, K. et al. Symmetry and magnitude of spin-orbit torques in ferromagnetic heterostructures. Nat. Nanotechnol. 8, 587–593 

(2013).
16.	 Kurebayashi, H. et al. An antidamping spin–orbit torque originating from the Berry curvature. Nat. Nanotechnol. 9, 211–217 (2014).
17.	 Park, S. R., Kim, C. H., Yu, J., Han, J. H. & Kim, C. Orbital-Angular-Momentum Based Origin of Rashba-Type Surface Band 

Splitting. Phys. Rev. Lett. 107, 156803 (2011).
18.	 Park, J.-H., Kim, C. H., Lee, H.-W. & Han, J. H. Orbital chirality and Rashba interaction in magnetic bands. Phys. Rev. B 87, 041301 

(2013).
19.	 Kim, P., Kang, K. T., Go, G. & Han, J. H. Nature of orbital and spin Rashba coupling in the surface bands of SrTiO3 and KTaO3. Phys. 

Rev. B 90, 205423 (2014).
20.	 Hong, J., Rhim, J.-W., Kim, C., Park, S. R. & Shim, J.-H. Quantitative analysis on electric dipole energy in Rashba band splitting. Sci. 

Rep. 5, 13488 (2015).
21.	 Kim, B. et al. Spin and orbital angular momentum structure of Cu(111) and Au(111) surface states. Phys. Rev. B 85, 195402 (2012).
22.	 Park, J.-H., Kim, C. H., Rhim, J.-W. & Han, J. H. Orbital Rashba effect and its detection by circular dichroism angle-resolved 

photoemission spectroscopy. Phys. Rev. B 85, 195401 (2012).
23.	 Park, S. R. et al. Chiral Orbital-Angular Momentum in the Surface States of Bi2Se3. Phys. Rev. Lett. 108, 046805 (2012).
24.	 Bernevig, B. A., Hughes, T. L. & Zhang, S.-C. Orbitronics: The Intrinsic Orbital Current in p-Doped Silicon. Phys. Rev. Lett. 95, 

066601 (2005).
25.	 Kontani, H., Tanaka, T., Hirashima, D. S., Yamada, K. & Inoue, J. Giant Orbital Hall Effect in Transition Metals: Origin of Large Spin 

and Anomalous Hall Effects. Phys. Rev. Lett. 102, 016601 (2009).
26.	 Ceresoli, D., Gerstmann, U., Seitsonen, A. P. & Mauri, F. First-principles theory of orbital magnetization. Phys. Rev. B 81, 060409 

(2010).
27.	 Lopez, M. G., Vanderbilt, D., Thonhauser, T. & Souza, I. Wannier-based calculation of the orbital magnetization in crystals. Phys. 

Rev. B 85, 014435 (2012).
28.	 Zhong, S., Moore, J. E. & Souza, I. Gyrotropic Magnetic Effect and the Magnetic Moment on the Fermi Surface. Phys. Rev. Lett. 116, 

077201 (2016).
29.	 Yoda, T., Yokoyama, T. & Murakami, S. Current-induced Orbital and Spin Magnetizations in Crystals with Helical Structure. Sci. 

Rep. 5, 12024 (2015).
30.	 El-Kareh, L. et al. A combined experimental and theoretical study of Rashba-split surface states on the ×( 3 3 ) Pb/Ag(111)R30° 

surface. New J. Phys. 16, 045017 (2014).
31.	 Schirone, S. et al. Spin-Flip and Element-Sensitive Electron Scattering in the BiAg2 Surface Alloy. Phys. Rev. Lett. 114, 166801 (2015).
32.	 Xiao, D., Shi, J. & Niu, Q. Berry Phase Correction to Electron Density of States in Solids. Phys. Rev. Lett. 95, 137204 (2005).
33.	 Thonhauser, T., Ceresoli, D., Vanderbilt, D. & Resta, R. Orbital Magnetization in Periodic Insulators. Phys. Rev. Lett. 95, 137205 

(2005).
34.	 Ceresoli, D., Thonhauser, T., Vanderbilt, D. & Resta, R. Orbital magnetization in crystalline solids: Multi-band insulators, Chern 

insulators, and metals. Phys. Rev. B 74, 024408 (2006).
35.	 Shi, J., Vignale, G., Xiao, D. & Niu, Q. Quantum Theory of Orbital Magnetization and Its Generalization to Interacting Systems. Phys. 

Rev. Lett. 99, 197202 (2007).
36.	 Xiao, D., Chang, M.-C. & Niu, Q. Berry phase effects on electronic properties. Rev. Mod. Phys. 82, 1959–2007 (2010).
37.	 Nikolaev, S. A. & Solovyev, I. V. Orbital magnetization of insulating perovskite transition-metal oxides with a net ferromagnetic 

moment in the ground state. Phys. Rev. B 89, 064428 (2014).
38.	 Hanke, J.-P. et al. Role of Berry phase theory for describing orbital magnetism: From magnetic heterostructures to topological 

orbital ferromagnets. Phys. Rev. B 94, 121114 (2016).
39.	 Petersen, L. & Hedegård, P. A simple tight-binding model of spin-orbit splitting of sp-derived surface states. Surf. Sci. 459, 49 (2000).
40.	 Ast, C. R. et al. Giant Spin Splitting through Surface Alloying. Phys. Rev. Lett. 98, 186807 (2007).
41.	 Bian, G., Wang, X., Miller, T. & Chiang, T.-C. Origin of giant Rashba spin splitting in Bi/Ag surface alloys. Phys. Rev. B 88, 085427 

(2013).
42.	 Bihlmayer, G., Koroteev, Y., Echenique, P., Chulkov, E. & Blügel, S. The Rashba-effect at metallic surfaces. Surf. Sci. 600, 3888–3891 

(2006).
43.	 Wu, C. Orbital Analogue of the Quantum Anomalous Hall Effect in p-Band Systems. Phys. Rev. Lett. 101, 186807 (2008).
44.	 Kim, P. & Han, J. H. Orbital Dzyaloshinskii-Moriya exchange interaction. Phys. Rev. B 87, 205119 (2013).
45.	 Zhang, H. et al. Engineering quantum anomalous Hall phases with orbital and spin degrees of freedom. Phys. Rev. B 87, 205132 

(2013).
46.	 Xu, S.-Y. et al. Discovery of a Weyl fermion semimetal and topological fermi arcs. Sci. 349, 613–617 (2015).
47.	 Lv, B. Q. et al. Experimental Discovery of Weyl Semimetal TaAs. Phys. Rev. X 5, 031013 (2015).
48.	 Cao, Y. et al. Mapping the orbital wavefunction of the surface states in three-dimensional topological insulators. Nat. Phys. 9, 

499–504 (2013).
49.	 Xie, Z. et al. Orbital-selective spin texture and its manipulation in a topological insulator. Nat. Commun. 5, 3382 (2014).
50.	 Noguchi, R. et al. Direct mapping of spin and orbital entangled wave functions under interband spin-orbit coupling of giant rashba 

spin-split surface states. Phys. Rev. B 95, 041111 (2017).
51.	 Sinitsyn, N. A., MacDonald, A. H., Jungwirth, T., Dugaev, V. K. & Sinova, J. Anomalous Hall effect in a two-dimensional Dirac band: 

The link between the Kubo-Streda formula and the semiclassical Boltzmann equation approach. Phys. Rev. B 75, 045315 (2007).
52.	 Czaja, P., Freimuth, F., Weischenberg, J., Blügel, S. & Mokrousov, Y. Anomalous Hall effect in ferromagnets with Gaussian disorder. 

Phys. Rev. B 89, 014411 (2014).
53.	 Zhu, G., Yang, S. A., Fang, C., Liu, W. M. & Yao, Y. Theory of orbital magnetization in disordered systems. Phys. Rev. B 86, 214415 

(2012).
54.	 Blügel, S. & Bihlmayer, G. Full-potential linearized augmented planewave method. In Grotendorst, J., Blügel, S. & Marx, D. (eds) 

Computational Nanoscience: Do It Yourself ! vol. 31, 85, http://www.flapw.de (John von Neumann Institute for Computing, Jülich, 
2006).

55.	 Wimmer, E., Krakauer, H., Weinert, M. & Freeman, A. J. Full-potential self-consistent linearized-augmented-plane-wave method 
for calculating the electronic structure of molecules and surfaces: O2 molecule. Phys. Rev. B 24, 864–875 (1981).

http://www.flapw.de


www.nature.com/scientificreports/

1 0Scientific Reports | 7:46742 | DOI: 10.1038/srep46742

56.	 Krakauer, H., Posternak, M. & Freeman, A. J. Linearized augmented plane-wave method for the electronic band structure of thin 
films. Phys. Rev. B 19, 1706–1719 (1979).

57.	 Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 77, 3865–3868 (1996).
58.	 Li, C., Freeman, A. J., Jansen, H. J. F. & Fu, C. L. Magnetic anisotropy in low-dimensional ferromagnetic systems: Fe monolayers on 

Ag(001), Au(001), and Pd(001) substrates. Phys. Rev. B 42, 5433–5442 (1990).
59.	 Mostofi, A. A. et al. wannier90: A tool for obtaining maximally-localised Wannier functions. Comput. Phys. Commun. 178, 685–699 

(2008).
60.	 Kokalj, A. Computer graphics and graphical user interfaces as tools in simulations of matter at the atomic scale. Comput. Mater. Sci. 

28, 155–168, http://www.xcrysden.org/ (2003).

Acknowledgements
D.G. acknowledges the financial support from the Global Ph.D. Fellowship Program funded by NRF 
(2014H1A2A1019219). H.W.L. is supported by the National Research Foundation of Korea (NRF) grant (No. 
2011-0030046). We thank Changyoung Kim, Juba Bouaziz, Manuel dos Santos Dias, Philipp Rüßmann, and 
Samir Lounis for stimulating discussions.

Author Contributions
D.G. uncovered the mechanism of the orbital Rashba effect by tight-binding model consideration. D.G., J.-P.H., 
and P.M.B. performed first principles calculations. D.G., J.-P.H., and Y.M. wrote the manuscript. D.G., J.-P.H., 
P.M.B., F.F., G.B., H.-W.L., Y.M., and S.B. discussed the data and contributed to the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Go, D. et al. Toward surface orbitronics: giant orbital magnetism from the orbital 
Rashba effect at the surface of sp-metals. Sci. Rep. 7, 46742; doi: 10.1038/srep46742 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.xcrysden.org/
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Toward surface orbitronics: giant orbital magnetism from the orbital Rashba effect at the surface of sp-metals

	Results

	Tight-binding model. 
	Orbital Rashba effect. 
	Crystal field splitting. 
	Relation to electric polarization. 
	Atom-centered approximation from first principles. 
	Berry phase theory in films. 
	Berry phase theory from first principles. 
	Two-band model near the band crossing. 

	Discussion

	Methods

	First principles calculation. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Crystal and electronic structure of BiAg2.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Orbital Rashba effect in sp-alloys.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Orbital texture of p-derived bands in BiAg2 without spin-orbit coupling.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ In-plane orbital moment (OM) in BiAg2 from first principles.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ In-plane orbital moment (OM) near band crossings in BiAg2.



 
    
       
          application/pdf
          
             
                Toward surface orbitronics: giant orbital magnetism from the orbital Rashba effect at the surface of sp-metals
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46742
            
         
          
             
                Dongwook Go
                Jan-Philipp Hanke
                Patrick M. Buhl
                Frank Freimuth
                Gustav Bihlmayer
                Hyun-Woo Lee
                Yuriy Mokrousov
                Stefan Blügel
            
         
          doi:10.1038/srep46742
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46742
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46742
            
         
      
       
          
          
          
             
                doi:10.1038/srep46742
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46742
            
         
          
          
      
       
       
          True
      
   




