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The emergence of ferromagnetism in Rashba systems, where the evolving exchange interaction enters into
competition with spin-orbit coupling, leads to a nontrivial spin-polarized electronic landscape with an intricate
momentum-dependent spin structure, which is challenging to unveil. Here, we show a way to disentangle
the contributions from the effective spin-orbit and exchange fields and thus to gain knowledge of the spin
structure in ferromagnetic Rashba materials, which is required for spintronic applications. Our approach is
based exclusively on spin-integrated photoemission measurements combined with a two-band modeling. As
an example, we consider the mixed-valent material EuIr2Si2 which, while being nonmagnetic in the bulk,
reveals strong ferromagnetism at the iridium-silicide surface where both spin-orbit and exchange magnetic
interactions coexist. The combined effect of these interactions causes a complex band dispersion of the surface
state which can be observed in photoemission experiments. Our method allows us to comprehensively unravel
the surface-state spin structure driven by spin-orbit coupling at the ferromagnetic surface. This approach opens
up opportunities to characterize the spin structure of ferromagnetic Rashba materials, especially where dedicated
spin-resolved measurements remain challenging.

DOI: 10.1103/PhysRevB.101.245140

I. INTRODUCTION

The successful development of spintronic applications,
where the electron spin plays the key role, requires the elab-
oration of novel magnetically active materials with tunable
spin-dependent properties [1,2]. There are several fundamen-
tal interactions which can be used to create a magnetically
ordered state and to efficiently manipulate charge and spin
currents in crystalline systems. The most involved is spin-orbit
(SO) coupling, which in conjunction with a lack of inversion
symmetry provides a spin-dependent potential at the surface
or interface, leading to the so-called Rashba effect [3,4].

The SO interaction can be further combined with ex-
change magnetic coupling, which often results in exotic
electronic properties. For example, insertion of magnetic
transition-metal (TM) layers into a topological insulator al-
lows us to open a gap in the spin-polarized topological state,
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providing suitable conditions for such phenomena as the
quantum anomalous Hall effect or the emergence of chiral
Majorana fermions [5]. The introduction of exchange inter-
action into TM dichalcogenides by means of the proximity
effect provides the ability to control both the spin and valley
degrees of freedom by choosing an appropriate ferromagnetic
(FM) substrate, which breaks the symmetry between the
two valleys [6]. Moreover, the proximity of magnetic and
heavy atoms may induce notable SO and exchange effects in
graphene, where these interactions are initially negligible [7].

Strong competition between magnetism and SO coupling
can be achieved by inserting, for example, layers of a rare-
earth element with magnetically active 4 f moments into a
matrix with heavy TM atoms. Moreover, the strength and
orientation of the emerging exchange field can also be ad-
justed by rotation of the 4 f moments through their coupling
to a crystal-electric field. The resulting effective magnetic
field, which originates from the SO and exchange interactions,
provides a degree of freedom to manipulate the electron spin.
Furthermore, the Kondo interaction, when combined with the
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Rashba effect, also allows us to finely tune the spin-dependent
properties of two-dimensional electrons [8]. Thus, mutual
combinations of these interactions give many possibilities to
manipulate the magnetic properties of a system in unusual
ways, while at the same time its spin structure can be rather
complex, providing an interesting subject for experimental
studies [9]. Nevertheless, studies of the experimental band
and spin structure of the discussed systems remain rather
scarce. Theory predicts asymmetric distortions of the elec-
tronic bands under the influence of an exchange field when
it is not orthogonal to the SO field [10]. Such distortions
were indeed observed for a Rashba-split surface state on a
FM surface [11]. Orthogonal orientation of the two effective
fields results in an opening of Zeeman gaps, as was observed
in ferroelectric crystals with magnetic impurities [12].

Respective studies of the spin structure pose certain chal-
lenges due to a number of factors. The most direct way to gain
insight into the momentum-resolved properties of electron
spins is spin- and angle-resolved photoelectron spectroscopy
(SR-ARPES) [13]. With this method, difficulties arise from
the choice of the geometry of the experiment and the resulting
matrix element effects which should be accurately considered
when conclusions on the spin expectation value in the ground
state are derived [14–16]. To this end, it is useful to evaluate
the experimental results by comparison to ab initio calcu-
lations of the spin-polarized photocurrent performed in the
frame of a one-step theory of photoemission, which, however,
is a difficult task. Another difficulty is linked with the prepara-
tion of a clean and appropriate sample surface, which may be
formed by different terminations and magnetic domains. The
structure of such domains and the boundaries between them
can strongly affect the SR-ARPES measurements and impede
an accurate interpretation of the results. A solution of this
problem requires high spatial resolution, which significantly
complicates spin-resolved measurements.

In this paper, we show that the information on the spin
structure of a magnetic surface can be obtained from con-
ventional ARPES measurements. However, for the successful
application of the proposed approach, it is necessary that
both SO coupling and exchange magnetism are present in
the system. To demonstrate our approach, we consider the
magnetic iridium-silicide surface of the mixed-valent material
EuIr2Si2 [9]. Our analysis shows that information on the spin
structure of surface states derived from conventional ARPES
measurements is rather similar to that obtained from SR-
ARPES measurements complemented by calculations of the
spin-polarized photocurrent [16].

II. METHODS

High-quality single crystalline samples of EuIr2Si2 were
cleaved in situ under ultrahigh vacuum conditions at low tem-
perature. The obtained surface exhibited large (up to several
hundreds of microns in size) magnetic domains, which were
easily identified by ARPES due to different (rotated) band
structures of the studied surface states [9]. The ARPES exper-
iments were performed at the I05 beamline of the Diamond
Light Source. Photoemission data for the paramagnetic (PM)
and FM phases were obtained at temperatures of 200 K and
7 K, respectively.

Fully relativistic density functional theory (DFT) calcula-
tions of the electronic and spin structures of EuIr2Si2 were
performed using FPLO code [17]. Further details can be found
in the Supplemental Material (SM) [18].

III. RESULTS AND DISCUSSION

In many cases, a simplified approach considering one elec-
tron, which is moving in the mean field produced by the other
particles, is sufficient to describe the most essential properties
of a studied material. For a FM material with SO coupling, the
one-particle Hamiltonian can be written as

Ĥ = p̂2

2m
+ V + h̄

4m2c2
(∇V × p̂) · σ̂ + JexM · σ̂, (1)

where p̂ is the momentum operator, V the one-electron po-
tential, σ̂ the operator of the Pauli matrices, Jex the exchange
coupling strength in presence of the magnetization M, and ∇V
the effective local electric field. The third term on the right
side represents SO coupling, while the fourth term describes
the exchange coupling of the electron spin with the spins of
the other electrons. The simplest model describing an electron
band, which is spin split due to SO or exchange interaction, is
based on the following two-band Hamiltonian:

Ĥ (k) = U (k) · σ0 + B(k) · σ̂ − J · σ̂, (2)

where B(k) and J can be understood as effective SO and
exchange fields, respectively. The corresponding band disper-
sions are given by

E±(k) = U (k) ± |B(k) − J|, (3)

where U (k) is the dispersion in absence of SO and exchange
coupling. The term B(k) − J, which is a total effective field,
describes the magnitude of the spin splitting of the band and
determines the direction of the electron spin. In the following,
we demonstrate that, under certain conditions, it is possible to
determine the effective fields, and thus the spin structure of the
electron band directly from the dispersions E±(k) measured
in a conventional ARPES experiment.

To demonstrate our approach, we consider the mixed-
valent material EuIr2Si2 discovered in 1986 [19]. It was shown
to be nonmagnetic in the bulk, but strongly FM at the (001)
surface [9]. In the bulk, the Eu atoms are in a valence-
fluctuating state down to lowest temperatures [19–21]. How-
ever, at the iridium-silicide surface, represented by a Si-Ir-
Si-Eu (SISE) surface block, Eu exhibits a magnetic divalent
state. The 4 f magnetic moments of this divalent Eu layer
order ferromagnetically below 48 K [9]. This results in a
large exchange polarization of the electrons, which occupy
the surface states hosted by the topmost SISE block. However,
because heavy Ir atoms are strongly involved in these surface
states, the absence of inversion symmetry at the surface results
in a large spin splitting of the surface states already in the PM
phase, i.e., above 48 K, due to the Rashba effect. Thus, when
the temperature is lowered, the emerging in-plane exchange-
magnetic field starts to act together with the SO field on the
surface-state electrons. This leads to a strong distortion of
the Fermi contours and electron band dispersions when the
magnetization is oriented in plane [11]. In the studied system,
the 4 f magnetic moments of Eu in the fourth layer below the

245140-2



SPIN STRUCTURE OF SPIN-ORBIT SPLIT SURFACE … PHYSICAL REVIEW B 101, 245140 (2020)

1.210.80.60.40.2
k (Å )

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0

1

0.8

0.6

0.4

k
(Å

)

M

(a)

(b)

PM FM

M
_

PM

M
_

FM

MMГ
_ _

a-

a+

FIG. 1. ARPES view on the Fermi surface with the surface
state highlighted in blue (a) and its electron band dispersions E (k)
(b) around the M̄ point for paramagnetic and ferromagnetic Si-
terminated surfaces of EuIr2Si2. Dashed lines indicate the border of
the surface Brillouin zone. The red arrow indicates the direction of
magnetization which stems from ordered Eu 4 f moments.

SISE surface block are parallel to the surface, similar to the
EuRh2Si2 or GdRh2Si2 systems [22,23]. The signature of the
out-of-plane component would be the sizable energy gap at
the M̄ point, similar to the HoRh2Si2 system [24].

We illustrate this phenomenon in Fig. 1. The left panel of
Fig. 1(a) shows the ARPES view on one of the mentioned
surface states at a temperature of 200 K, when the Eu 4 f
magnetic moments are disordered and the surface is in the PM
phase (J ≈ 0). Due to the Rashba effect, the Fermi contour
reveals a spin splitting in two bands marked as α+ and α−.
They both reflect the fourfold symmetry of the crystal. When
the Eu 4 f moments become ordered and the surface under-
goes a transition to the FM state, the evolving magnetization
M strives to break up the spin-momentum locking induced by
SO coupling. This leads to a strong rescaling of the binding
energies, distortion of the Fermi contour and reduction of
rotational symmetry as one can see in the right panel of
Fig. 1(a). It should be noted that these ARPES data were
obtained from a single magnetic domain [9].

The appearance of asymmetry in the dispersions is also
illustrated in Fig. 1(b). It has a clear physical mean-
ing: When the effective SO field is parallel or antipar-
allel to the emerging exchange field J the energy split-
ting of the band gets smaller or larger, respectively. This
implies that the band distortion observed in the FM
phase reveals the direction of the SO field. Although the
effective SO field in the FM phase may slightly differ from
that in the PM phase [25], we assume them to be equal in our
model (BFM = BPM = B). Under this assumption, the band
distortion in the FM phase can be directly related to the spin
orientation in the PM phase. Thus, from the band dispersions
measured in the FM phase, one can reconstruct the spin
structure for the PM phase. Note that for the realization of this
approach, we need only conventional ARPES measurements.
Let us consider this idea quantitatively.

The time-reversal symmetry in the PM phase requires that
B(−k) = −B(k). Using this fact, from Eq. (3) it is easy to

-0.3

-0.2

-0.1

-0.2

-0.1

-4

-2

0

2

4
(10 eV )

k y
(Å

-1
)

-1.0

-0.5

0

0.5

1.0S /S forX

(eV)

B J·

(eV)

-0.2 0 0.2
kx (Å-1)

0.2

0

-0.2

-0.2

0

0.2

-0.2

0

0.2

k y
(Å

-1
)

-0.2 0 0.2
kx (Å-1)

E

FM PM

PM PM

E = -0.16 eV

(a)

(c)

(e)

(b)

(d)

(f)

M
_

+

+

-
+

α

k y
(Å

-1
)

EFEF

α
α

α

FME-

-α +α
FME+

F

FIG. 2. (a), (b) Measured Fermi surfaces and band dispersions
E±(k) in the FM phase. (c) B · J product, showing a triple winding
of the effective SO field. (d) Normalized Sx component of spin for
the α+ state in the PM phase. (e), (f) Experimentally obtained spin
structure in the PM phase (e) at the Fermi level and (f) at the binding
energy of 0.16 eV. Here and further, the k values are measured
relative to the M̄ point.

obtain the formula expressing the scalar product B · J through
the energy splitting � of the band of interest (see details in the
SM [18]),

B · J = �2(−k) − �2(k)

16
, (4)

where �(k) = E+(k) − E−(k) (see Fig. S1 in the SM [18])
and −k = (−kx,−ky). This expression is not the only pos-
sible one, but in our opinion it is most convenient for the
analysis of ARPES data. Figures 2(a) and 2(b) show the exper-
imentally obtained binding energies and the Fermi contours
of the discussed surface state for the FM phase. To improve
the quality of results, we used an apparent symmetry of the
measured dispersions: E (kx, ky) = E (−kx, ky). The product
B · J, obtained from the measured dispersions of the α± states
using Eq. (4), is shown in Fig. 2(c). It immediately reveals
three directions in k space, seen as white stripes, where
B · J = 0, i.e., B and also the spin vector in the PM phase
becomes orthogonal to J.

Thus, using the ARPES data for the FM phase, it is pos-
sible to obtain one component of the vector W = BJ , which
describes an effective SO field scaled by the absolute value
of J. Its second component can possibly be obtained from
symmetry considerations. However, to determine the vector
B, one needs to know the direction of J. Since J = −JexM,
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FIG. 3. (a) The ARPES data for the FM phase of EuIr2Si2 measured along the y axis in Fig. 1(a) through the M̄ point (X̄ M̄X̄ direction).
(b) The spin component Sx in the PM phase, qualitatively determined from the ARPES data as S±

x ∝ ±Bx using Eq. (9), compared with the
spin component Sx , derived from the DFT calculations. Solid lines indicate Fermi contours.

the exchange field can either be parallel or antiparallel to the
magnetization, depending on the sign of the exchange cou-
pling parameter Jex. The direction of the magnetization can
be determined in the photoemission experiment using, e.g.,
circular dichroism in the 4 f photoemission spectrum [26].
However, in this paper, we determined it by comparing the
measured band structure with the calculated one [9]. In the
case of our EuIr2Si2 sample, the orientation of the M vector
is shown in Fig. 1. From the DFT calculations (see SM [18]),
we find that the energy of the states having Sx > 0 is decreased
when the exchange interaction is switched on. This means that
Jex > 0. Hence, in our case, the exchange field J is oriented
along the x axis (the [100] crystallographic direction), and we
get

Wx(k) = B · J. (5)

Due to the fourfold symmetry of the crystal, one can readily
find the second (y) component of W by rotating the Wx

component by 90◦:

Wy(kx, ky) = Wx(ky,−kx ). (6)

Presence of the fourfold symmetry and time-reversal symme-
try also requires that Wz = 0 in our system. Thus, there is no
out-of-plane spin component in the PM phase in the studied
system (note that this may not be the case for surfaces with a
threefold symmetry [27,28]). As a result, from the dispersions
measured for the FM phase, we can determine all components
of the vector W, which indicates the direction of the SO field.
This allows us to determine the direction of the spin vector
in the PM phase as a function of k because the spin vector is
oriented along the SO field. In particular,

S±
PM(k)

S±
PM(k)

= ±B(k)

B(k)
= ±W(k)

W (k)
. (7)

The resulting spin structure is shown in Figs. 2(d) and 2(e)
for the upper band α+. It should be noted that in the two-band
model, the spin polarization is always 100% (S(k) = 1), while

it is not the case in real systems. For the considered surface
states, the DFT calculation predicts 0.6 � S+

PM � 0.9 at the
Fermi level.

Since we are only able to determine W in a certain range
of k space [where ARPES data for Eq. (4) are available],
the spin structure of the α− band can only be plotted at
energies sufficiently below the Fermi level. The obtained spin
structures of both bands are shown in Fig. 2(f). It reveals
a triple winding of the spin vector when going along the
constant energy contours that is related to the so-called cubic
Rashba effect [9,16,29]. Recently, this type of spin structure
was revealed by a spin-resolved ARPES study of the surface
state in TbRh2Si2 [16], which belongs to the same RT2Si2

family as EuIr2Si2, where R and T are rare-earth and TM
atoms, respectively.

Let us consider a second equation for B · J which we ex-
press through the energies at opposite k points (see SM [18]):

B · J = E+(−k) − E+(k)

2
· E+(−k) − E−(k)

2
. (8)

The energy difference between the bands at ±k is less pre-
cisely determinable from the experimental data than the band
splitting. However, the benefit of this equation in compari-
son to Eq. (4) is that the second factor in the right part is
non-negative for any k, for which the two-band model is
appropriate. Thus, this factor can be omitted if one wishes to
determine only the sign of B · J.

If the absolute values of the SO and exchange fields obey
the relation B � J (which is not the case for the studied
system), the discussed factor in Eq. (8) tends to J and we
obtain the projection of B on the direction of J as [25]

BJ (k) ≈ ±E±(−k) − E±(k)

2
. (9)

This expression involves only one band (any E+ and E−
can be selected) and it can be used for qualitative analysis
of the spin structure. Even when B is rather large, Eq. (9)

245140-4



SPIN STRUCTURE OF SPIN-ORBIT SPLIT SURFACE … PHYSICAL REVIEW B 101, 245140 (2020)

-0.2
-0.3

-0.2

-0.1

0
(eV)

-0.2

-0.1

0
(eV)

80

60

40

20

0

( eV)m

-0.2 0 0.2
kx (Å-1

)

57 meV

( eV)m

0

0.2

-0.2

0

0.2

-0.2

0

0.2

kx (Å-1)

k y
(Å

-1
)

k y
(Å

-1
)

k y
(Å

-1
)

-0.2 0 0.2 -0.2 0 0.2
kx (Å-1)

SX SY

DFT

FM FM

PM PM B

J

(a) (b) (c)

(d) (e) (f)

(g) (h)
(i)

ARPES
E = -0.2 eV

FM FM

FM

ARPES

α- α+
E+E-

S /SY for α+S /SX for α+

PM PM

60

40

20

0

FIG. 4. (a), (b) Measured Fermi surfaces and dispersions for the α± states in the PM phase. (c) The absolute value of the effective SO field
obtained from the measured dispersion using Eq. (10). (d), (e) Spin components in the FM phase extracted from the ARPES data by means of
Eq. (13). (f) The strength of exchange coupling derived from experiment using Eq. (11). Blue color indicates regions of undefined J . (g), (h)
Spin expectation values for the α+ band derived from the DFT calculation. Dashed line in (g) shows the measured Fermi contour in the PM
phase, similar to the solid lines in (b)–(f). Solid lines in (h) show the calculated constant energy contours at −0.2 eV in the FM phase. (i) Spin
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identifies the sign of BJ (as was discussed above) and reveals
the k points where the spin vector (in the PM phase) becomes
orthogonal to J. This is illustrated in Fig. 3 where Eq. (9) is
applied to the four bands forming the two spin-split surface
states α and β [Fig. 3(a)]. In Fig. 3(b), one can recognize a
very good agreement between the spin component Sx deter-
mined from the ARPES data with the corresponding results
from DFT calculations. It can be seen that in contrast to the
α band, the β band exhibits a spin structure that is rather
similar to the classical Rashba-type spin structure with a
single winding of the spin vector around the M̄ point.

Let us now turn to the analysis of the spin structure in
the FM phase. To derive it, the absolute values B and J are
required. The former can be obtained from the band splitting
measured in the PM phase, when J = 0:

B(k) = E+
PM(k) − E−

PM(k)

2
. (10)

Figures 4(a) and 4(b) show the dispersions of the α+ and
α− states obtained with ARPES in the PM phase, while

Fig. 4(c) displays the corresponding function B(k) obtained
with Eq. (10). One can see that the strength of the effective
SO field ranges from zero at the M̄ point to 80 meV. Further,
one can estimate J as (see SM [18])

J =
√

�2(−k) + �2(k)

8
− B2(k). (11)

The right part of this expression is a function of k; therefore,
we can formally obtain a function J (k), which is shown in
Fig. 4(f). It can be seen that J tends to zero in the vicinity of
the M̄ point. Moreover, there are regions where the expression
under the square root is negative. These results indicate that
the two-band model with a simple Zeeman term fails near the
M̄ point.

According to theoretical studies of the M̄-surface state in
RT2Si2 materials, its spin polarization becomes hidden near
the M̄ point [29]. This results in vanishing spin expectation
values and a tiny spin splitting in this region. These features
can be described only by using a more sophisticated model
Hamiltonian [24,29]. Thus, the central area with small J in
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Fig. 4(f) shows the region where the spin polarization of the
surface states vanishes. This is confirmed by DFT results
for the polarization shown in Figs. S2(b) and S2(c) in the
SM [18]. Sufficiently far from the M̄ point, the function J (k)
has values of 50 − 60 meV. We have chosen a value of 57 meV
for the further analysis of the spin structure in the FM phase.

Once we have estimated J, we can obtain B as

B(k) = B(k)
W(k)

W (k)
(12)

and derive the spin structure for the FM phase as

S±
FM(k)

S±
FM(k)

= ± B(k) − J
|B(k) − J| . (13)

The resulting spin components for the α band are shown in
Figs. 4(d) and 4(e). They exhibit a good agreement with our
DFT calculations of the spin expectation values, presented
in Figs. 4(g) and 4(h). Thus, the validity of the proposed
approach in the case of EuIr2Si2 is fully supported by theory.
The ARPES-derived spin structure plotted along the constant-
energy contours is shown in Fig. 4(i). One can see that the
exchange interaction destroys the triple winding of the spin
vector observed in the PM phase. While the Sy component
remains qualitatively similar to that in the PM case, the Sx

component is strongly affected, since the spin vector tends to
align parallel or antiparallel to the exchange field J.

At this stage, we should point out the conditions under
which the proposed approach is expected to be efficient. It
is essential that the magnetization should not be orthogonal
to the surface of the studied crystal. The ARPES data must
be collected from a single magnetic domain. The described
approach is valid only in the regions of k space where the
spin-split states can be well described by the simple two-
band Hamiltonian with constant exchange coupling parameter
Jex. Regions with band anticrossings should be avoided. The
analysis relies on the determination of the magnetization
direction and on the knowledge of the sign of Jex. If the
latter is unknown, the spin structure can be determined only
with accuracy to the sign (direction) of the spin vector. The
proposed approach allows to analyze only one component of

the spin vector in the direction of J, however, usage of the
crystal symmetry can allow us to obtain the full spin structure
of the studied surface states.

IV. CONCLUSIONS

In summary, we have demonstrated a concept for deter-
mining the spin structure of electronic surface states, which
experience both SO and magnetic exchange interactions. Our
analysis of the band dispersions obtained from ARPES mea-
surements allows us to gain detailed information on the spin
structure and effective SO field. To illustrate our approach, we
have used the nonmagnetic mixed-valent material EuIr2Si2,
which shows pronounced FM properties at its iridium-silicide
surface at low temperatures. In presence of an in-plane surface
magnetization, the effective SO and exchange fields manifest
themselves in a characteristic asymmetry of the surface state
band dispersions. We show that the spin structure of such
states in the PM phase can be deduced from ARPES mea-
surements in the FM phase. Using a simple two-band model
Hamiltonian, we revealed a rather complex spin structure
with a triple winding of the spin vector at the Fermi contour.
Combining the measurements in the PM and FM phases at
the surface, we obtained a comprehensive description of the
effective SO and exchange fields governing the spin structure
of the surface states in both phases. The proposed approach
can be a versatile tool for studying magnetic materials and
systems where the SO-split surface states experience magnetic
exchange interaction.
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