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Photoelectron diffraction for probing valency and magnetism of 4 f -based materials:
A view on valence-fluctuating EuIr2Si2
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We present and discuss the methodology for modeling 4 f photoemission spectra, 4 f photoelectron diffrac-
tion (PED) patterns, and magnetic dichroism effects for rare-earth-based materials. Using PED and magnetic
dichroism in photoemission, we explore the electronic and magnetic properties of the near-surface region of
the valence-fluctuating material EuIr2Si2. For the Eu-terminated surface, we found that the topmost Eu layer
is divalent and exhibits a ferromagnetic order below 10 K. The valency of the next Eu layer, that is the fifth
atomic layer, is about 2.8 at low temperature that is close to the valency in the bulk. The properties of the
Si-terminated surface are drastically different. The first subsurface Eu layer (fourth atomic layer below the
surface) behaves divalently and orders ferromagnetically below 48 K. Experimental data indicate, however, that
there is an admixture of trivalent Eu in this layer, resulting in its valency of about 2.1. The next deeper lying Eu
layer (eighth atomic layer below the surface) behaves mixed valently, but the estimated valency of 2.4 is notably
lower than the value in the bulk. The presented approach and obtained results create a background for further
studies of exotic surface properties of 4 f -based materials, and allow us to derive information related to valency
and magnetism of individual rare-earth layers in a rather extended area near the surface.

DOI: 10.1103/PhysRevB.102.205102

I. INTRODUCTION

Photoelectron diffraction (PED) is well established as an
efficient method for detailed structural analysis of crystalline
surfaces, defects and impurities, thin films, adsorbates, two-
dimensional (2D) materials, and other systems [1–7]. It is
based on the fact that photoelectrons emitted from the atomic
sites, called emitters, experience multiple scattering on the
surrounding atoms when they propagate to the sample sur-
face. As a result, the angular distribution of the measured
photocurrent represents a diffraction pattern, which contains
information about the local environment of the emitters.
In a common PED experiment, electrons are emitted from
the closed core shell, leaving the atom with a core hole.

*dmitry.usachov@spbu.ru

Interactions of the core hole with valence electrons may give
rise to several spectral components, known as the atomic
multiplet. The photoemission (PE) intensities of the multiplet
components are sensitive to the local magnetic order in the
system even in the absence of net magnetization [8], enabling
PED-based insight into magnetic phase transitions in the near-
surface region.

In the case of nonradiative decay of the core hole, Auger
electrons are produced, giving rise to a so-called Auger elec-
tron diffraction [9]. Both direct PE and Auger processes can
be combined to selectively increase the signal from the atoms
of interest by an order of magnitude or even more. This is real-
ized in resonant PED experiments, when the photon energy is
selected close to the absorption edge of a core shell [6,10,11],
being particularly useful for studies of impurities and defects
at low concentrations [11].
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While PED became a routine technique when based on
PE from a closed shell, it may also be of interest to consider
emission from an open shell. This is of particular importance
for studies of materials containing rare-earth elements. Their
open 4 f shells are sufficiently localized to be treated as core
states. However, the capabilities of PED analysis based on 4 f
multiplets of lanthanides remain rather unexplored.

Here, we developed a methodology of PED experiments
with the aim to study the properties of 4 f materials. We
consider the case of a layered Eu-based system, namely, the
valence-fluctuating material EuIr2Si2 [12,13], and explore to
which extent we can use PED for characterization of such
properties as valency and magnetic order at the surface and
deeper atomic layers.

Discovered in 1986, EuIr2Si2 has recently reappeared as
a focus of research interest due to its explicit ferromagnetic
properties at the Si-terminated surface, where both spin-orbit
coupling and exchange magnetic interaction are involved [14].
The layered structure of this compound is composed of Si-
Ir-Si trilayer blocks which separate valence-fluctuating Eu
layers. The well-established bulk properties show a nonmag-
netic behavior of the Eu layers, while its valency changes
strongly with temperature, ranging from a value of 2.8 at
rather low temperatures to 2.3 at room temperature [12,15,16].

Due to their structural and bonding characteristics, single
crystalline samples of this compound can cleave between Eu
and adjacent Si layers, resulting in either Eu- or Si-terminated
surfaces. For the Si-terminated crystal, the Eu ions in the sub-
surface layer, i.e., the fourth atomic layer below the Si-Ir-Si
surface block, surprisingly reveal not only a divalent behavior,
but also a long-range ferromagnetic order of 4 f magnetic
moments below 48 K [14]. As a result, the appearance and
peculiar interplay of the exchange field from the Eu 4 f mag-
netic moments and the spin-orbit field originating from the Ir
atoms leads to an unusual spin structure of the 2D electron
states on the Si-terminated surface [14,17].

So far, only the subsurface Eu layer of the Si-terminated
surface has been studied and discussed in detail. While this
made it possible to describe the magnetic properties of the
Si-terminated surface in a general way, several essential open
questions remain that need to be comprehensively addressed:
(i) What can be said regarding the next deeper Eu in the
eighth atomic layer below the Si-terminated surface? Does it
already reveal a noninteger valence state as found in the bulk?
(ii) What are the properties of the surface and subsurface Eu
for the Eu-terminated surface? It is quite probable that the
Eu surface of EuIr2Si2 behaves divalently, like in all known
noninteger-valent or trivalent Eu systems, where the surface
valence transition is caused by the reduced coordination at the
surface and a related shift of the 4 f states to higher binding
energies. But does the Eu surface layer also order magneti-
cally, and what happens to the valency and magnetic order in
the subsurface of an Eu-terminated crystal?

In the present paper, we show that classical PED can be
a useful method to address these questions and allows us to
discuss both the valency and magnetism of Eu in the sur-
face and subsurface regions. Generally and qualitatively, the
valence-fluctuating state of matter can be easily established
in photoelectron spectroscopy measurements. For Eu-based
systems, it is manifested by the appearance of 4 f 5 and 4 f 6

final-state multiplets. They result from direct photoionization
of the trivalent 4 f 6 and divalent 4 f 7 configurations of the Eu
atoms, respectively. The mean valency can be determined to a
certain extent from the intensity ratio of these two final-state
multiplets. However, the derived value will be obtained under
a set of assumptions, particularly regarding the photoioniza-
tion cross sections, the valency of individual layers and the
subsurface core-hole effect [18]. We show that with the help of
PED one can determine separately the contributions from in-
dividual Eu layers to the respective diffraction patterns of both
the divalent and trivalent emissions and thus derive the values
of Eu valency in different layers. In addition, we simultane-
ously obtain information about possible relaxation or recon-
struction phenomena near the surface. Finally, the obtained
PED data have allowed us to make conclusive statements on
the magnetic order of Eu layers in the near-surface region.

II. METHODS

High-quality single-crystalline samples of EuIr2Si2 were
cleaved in situ under ultrahigh vacuum conditions at a temper-
ature of 35 K. The obtained surface exhibited large (hundreds
of microns in size) terraces with either Eu or Si termination,
which were easily identified by x-ray photoelectron spec-
troscopy (XPS).

PED measurements were performed at the X03-DA
(PEARL) beamline [19] of the Swiss Light Source (SLS). The
normal to the sample surface, the x-ray beam, the polarization
vector of photons, and the axis of the analyzer lens were
oriented in the horizontal plane, while the entrance slit of
the Scienta EW4000 electron analyzer was oriented vertically.
PED maps were measured by rotating the sample with a polar
angle step of 1◦ and an azimuthal angle step of 15◦, while
the acceptance angle of the analyzer was about ±25◦. The 2D
electron detector allowed mapping of the angular distribution
with an azimuthal angle step of less than 0.5◦. The data were
obtained at a temperature of about 30 K using linearly polar-
ized radiation with the photon energies of 141 eV for Eu2+ and
145 eV for Eu3+ ions. The 4 f core-level PE measurements at a
temperature of 1 K were carried out at the UE112-PGM-2b-13

beamline of the BESSY II synchrotron (Helmholtz Zentrum
Berlin). Temperature dependence of Eu 4 f spectra was mea-
sured at the SIS-ULTRA station of the SLS. Calculations
of PED patterns and one-electron PE matrix elements were
performed using the EDAC code [20]. In these calculations,
we used a geometry with rotating sample and fixed emission
direction, thus, simulating the measurement process. Uncer-
tainties were estimated in accordance with Ref. [21].

III. RESULTS AND DISCUSSION

A. Structure and XPS characterization

Due to its layered structure, EuIr2Si2 single crystals cleave
between the Eu and Si atomic layers, resulting in two pos-
sible surface terminations with the near-surface region of
both terminations shown schematically in Fig. 1. For the
Si-terminated surface presented in the upper part, the two
Eu layers closest to the surface are from hereon referred
to as fourth and eighth Eu layers, respectively. For the Eu-
terminated surface shown in the lower part, the surface Eu
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FIG. 1. Structure of the EuIr2Si2 crystal and surfaces. Dashed
lines show the tetragonal unit cell. Arrows indicate magnetic mo-
ments of Eu2+ ions in the fourth atomic layer of the Si-terminated
surface.

layer as well as the next subsurface Eu layer are referred
to as first and fifth Eu layers. The freshly cleaved surface
of EuIr2Si2 usually reveals a mosaic pattern of Si- and Eu-
terminated terraces, which can be readily distinguished in PE
measurements due to their remarkably different features in the
4 f -sensitive PE spectra.

In PED experiments, the first and essential question is
which photon energy is better to be used for acquisition of
the PED patterns. The difficulties in our case are linked to
the strong valence-band emission, which stems mainly from Ir
5d states overlapping with the Eu 4 f final state multiplet. To
increase the 4 f signal, we decided to use the photon energy,
which corresponds to the Fano resonance at the Eu 4d → 4 f
threshold. This allows us to considerably enhance the emis-
sion from Eu 4 f states in comparison to the valence-band
emission. We have checked the PE intensities of the Eu 4 f
multiplets across the resonance and found the appropriate
photon energies to be ∼141 eV and ∼145 eV. They corre-
spond to the maximal cross sections of the Eu 4 f emission
for the Eu2+ and Eu3+ configurations, respectively [14,22].
It is worth noting that, in general, the spectral pattern of the
multiplet may change when passing the resonance. This point
will be discussed further in more detail.

Figure 2(a) shows the 4 f core-level PE spectrum taken
from a freshly cleaved Si-terminated surface of EuIr2Si2. The
Eu3+ 4 f signal is represented mainly by the set of 6H , 6F , and
6P components. The Eu2+ 4 f final-state multiplet is located
in the low-binding-energy region that is shown in Fig. 2(b)
in detail. Its individual 7FJ ′ terms, where J ′ = 0...6, are well
resolved. This 4 f spectral pattern is usually associated with
the “bulk” Eu 4 f emission [23], although it still reflects the
properties of the near-surface region due to the small escape
depth of photoelectrons. In our case, it is reasonable to sup-
pose that mainly the fourth and to some extent the eighth Eu
layers contribute to the measured 4 f PE signal. The extended
side peak, seen at the binding energy of 1.6 eV, is related to the
emission from the Ir 5d valence band as well as from residual
Eu2+ ions, which may be present on the surface.
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FIG. 2. PE spectra taken from Si- (a), (b) and Eu- (c) terminated
surfaces of EuIr2Si2. The spectra were measured at the 4d → 4 f
Fano resonance of Eu3+ at the photon energy of 145 eV.

The 4 f core-level PE spectra from an Eu-terminated sur-
face are shown in Fig. 2(c). It is rather different to that
obtained from a Si-terminated surface. It consists of an Eu2+-
bulk emission near the Fermi level, which is relatively weak,
similarly to the Eu3+ emission, and a huge Eu2+ surface com-
ponent shifted with respect to the Eu2+-bulk component by a
surface energy shift of about 1 eV to higher binding energies.
From the large binding energy of the surface component, one
may conclude that the surface layer is fully divalent [23].
Since its underlying multiplet structure is much less resolved
than in case of the bulk component, we will consider only
the angular distribution of its total intensity for the following
analysis.

Before turning to the investigation of the experimentally
derived PED data from both Si- and Eu-terminated surfaces
of EuIr2Si2, we would like to present and discuss the under-
lying theoretical model. It will help us get information on the
structural properties of each surface as well as on the magnetic
properties and valency of Eu in each individual layer. Please
note that some assumptions had to be made, which might lead
to the impression that the model is rather oversimplified. But,
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as we will demonstrate further, the PED data computed on its
basis agree well with our experimental results and allow us to
make conclusive statements on the properties of Eu layers for
both considered surface terminations.

B. Photoemission from the 4f shell of Eu

To model the spectral features of PE from the open 4 f shell
of Eu atoms and to compute PED patterns, we used the fol-
lowing approximations. We neglect the crystal-electric-field
(CEF) splitting of electronic states in both initial and final
states. The initial state of Eu2+ is characterized by zero orbital
momentum (L = 0), while the initial state of Eu3+ has zero to-
tal momentum (J = 0), hence, CEF effect is negligible in both
cases. For the final states, CEF splitting may be noticeable, but
it is expected to be smaller than the half-width of PE peaks,
which is about 90 meV for Eu2+ multiplet components due
to lifetime broadening and energy resolution; therefore, it can
also be neglected. Further, we use an open-core approximation
where 4 f electrons act as core states without hybridization
with valence states. Consequently, we ignore any additional
spectral structures in the momentum-resolved 4 f -emission
patterns linked to avoided-crossing gaps [24,25], which are
of minor importance in our case. We work in the Russell-
Saunders limit of weak spin-orbit coupling and treat the PE
process nonrelativistically.

In spite of carrying out measurements at the 4d → 4 f
resonance, we consider only the direct photoexcitation chan-
nel and ignore the possible influence of the Auger decay
channel on the angular distribution of photoelectrons. The
latter assumption can be justified by the fact that the observed
final state spectral features are equivalent to those that would
result from a direct PE process [26,27]. For Eu2+ ions, we
have checked that the spectral shape of their relatively narrow
4 f multiplet at the resonance maximum is similar to the
off-resonance case that was also observed in the previous
studies of Tb [28]. For Eu3+ ions, the relative intensities of
the multiplet components are notably different in the resonant
and nonresonant emissions, probably because the multiplet
components are spread over a wider energy range. However,
this is not crucial for the analysis of Eu3+ PED data, in which
the absolute intensities were ignored and only the angular
dependencies were analyzed. Note that the angular depen-
dence of the photocurrent at the resonance may differ from
the off-resonant case. However, it was shown that the angular
asymmetry parameter of the Eu 4 f differential cross section
exhibits significant deviations from its value for direct PE
only at photon energies lower than the energy of the cross
section maximum [22]. In our calculations, we have checked
that possible changes of the PE matrix elements and phases
of d and g partial waves at the resonance maximum lead to
negligible changes of the resulting PED patterns. As we will
show further on, the computed 4 f PED patterns on the basis
of the above-listed approximations demonstrate quite good
agreement with those derived experimentally, giving valuable
insight into the properties of Eu layers near the surface for
both terminations.

In the light of these approximations, the differential cross
section of transition from the initial state |wLSJMJ〉 to the
final states |w′L′S′J ′M ′

J〉 with all possible M ′
J may be written

as [29]

σMJ J ′ (�e) = NQ2(wLS|w′L′S′)

×
∑

mmsM ′
J

U 2(LSJMJ |L′S′J ′M ′
J lmms)σm(�e), (1)

where w is a set of quantum numbers, which distinguishes
different states with identical quantum numbers LSJ , while
N is the occupation number of the 4 f shell. The factor
Q(wLS|w′L′S′) is the fractional parentage coefficient and
σm(�e) is the one-electron differential PE cross section of the
4 f orbital lm. The vector �e indicates the PE direction defined
by azimuthal and polar angles and U represents the following
recoupling coefficients [29], involving four Clebsch-Gordan
coefficients:

U (LSJMJ |L′S′J ′M ′
J lmms)

=
∑
MMS
M′M′

S

CLM
L′M ′ lm CSMS

S′M ′
S

1
2 ms

CJMJ
LM SMS

CJ ′M ′
J

L′M ′ S′M ′
S
. (2)

By means of standard algebraic manipulations [30], we
obtain

U 2 = (2L + 1)(2S + 1)

[∑
kκ

(2k + 1)CJMJ
1
2 ms kκ

CJ ′−M ′
J

lm k−κ

×
{

L S J
1
2 k S′

}{
L L′ l
J ′ k S′

}]2

. (3)

For the case of Eu2+ ions, the 4 f shell is half filled (N =
7), the initial state term is 8S7/2, and the final state term is 7FJ ′ .
In this case, Q = 1 and L = 0. Hence, the Wigner 6-j symbols
in Eq. (3) vanish and we obtain

σ Eu2+
MJ J ′ (�e) =

∑
mms M ′

SM ′
J

(
CJMJ

1
2 ms S′M ′

S
CJ ′M ′

J

lm S′−M ′
S

)2

σm(�e). (4)

In the case of zero temperature, when only the lowest
magnetic sublevel MJ = −J is occupied, we get

σ Eu2+
J ′, MJ=−J (�e) =

∑
m

(
CJ ′(3+m)

3m 33

)2
σm(�e). (5)

Since all σm(�e) are different, it is obvious from Eq. (5) that
the angular distributions of the PE intensity will be different
for spectral peaks with different J ′. This conclusion will be
directly confirmed experimentally.

Let us consider the one-electron cross section, which is
given by

σm(�e) ∝ |〈 f | �ε · �r | lm〉|2 , (6)

where | f 〉 is the continuum final state of the photoelectron and
�ε is the photon polarization vector. The quantum number m
describes the orbital momentum projection on the magnetiza-
tion direction. Thus, the cross section depends on the photon
polarization and magnetization direction.

In calculations of angular dependencies of one-electron PE
matrix elements for atoms in the crystal lattice, PED must
be taken into account. For this purpose, we use the EDAC
code [20], which is widely applied to calculate PED at the
crystal surface. To include magnetization dependence of the
matrix elements, we perform rotation of the quantization axis,
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which is initially fixed along the surface normal in the EDAC
program. To rotate the quantization axis to the direction of
magnetization, we use the complex conjugate of the Wigner
D-matrix D∗(α, β, γ ):

〈 f | �ε · �r | lm〉 =
∑

m′
Dl ∗

mm′ (α, β, γ )〈 f | �ε · �r | lm′〉 , (7)

where (α, β, γ ) is a set of Euler angles, which define the mag-
netization direction relative to the surface normal. The matrix
elements in the right part of Eq. (7) are directly calculated with
the EDAC program.

Equation (5) already allows us to obtain rather good agree-
ment with experimental data. However, it can be further
improved by taking into account the temperature-dependent
occupation of the magnetic sublevels MJ . According to the
Weiss molecular-field theory [31], the occupation is given by

uMJ = sinh
( y

2J

)
sinh

(
2J+1

2J y
) exp

(
− y

MJ

J

)
, (8)

where y is a solution of the equation

BJ (y) = y
(J + 1)T

3JTC
.

Here, BJ (y) is the Brillouin function

BJ (y) = 2J + 1

2J
coth

(
2J + 1

2J
y

)
− 1

2J
coth

( y

2J

)
,

T is the sample temperature (30 K in our experiment), and TC

is the Curie temperature. As we know [14], the Si-terminated
surface of EuIr2Si2 reveals ferromagnetic properties below
TC = 48 K. The temperature-dependent cross section is given
by summation over all MJ :

σJ ′ (�e) =
∑
MJ

uMJ σMJ J ′ (�e). (9)

In the case of nonmagnetic Eu3+ ions or in the paramag-
netic (PM) state of divalent Eu, all occupation numbers are
u = (2J + 1)−1 and Eq. (9) leads to

σJ ′ (�e) = σa(�e)Q2(wLS|w′S′L′)(2J ′ + 1)(2L + 1)(2S + 1)

× N
∑

k=J± 1
2

(2k + 1)

{
L S J
1
2 k S′

}2{
L L′ l
J ′ k S′

}2

,

(10)

where σa(�e) = (2l + 1)−1 ∑
m σm(�e) is the average one-

electron cross section. However, in our PED analysis, the
whole Eq. (10) is not needed. We only use the fact that
σJ ′ (�e) ∝ σa(�e). In other words, the angular dependencies of
intensities of all multiplet components are identical for the
nonmagnetic case and follow the angular dependence of a
closed shell. They only differ by a coefficient.

C. Photoelectron diffraction analysis

Having established the model for calculations of Eu 4 f
PED patterns, let us turn to the comparative analysis of the
computed and experimentally derived PED data for Si- and
Eu-terminated surfaces which are shown in Fig. 3. They rep-
resent the measured angular distributions of the PE intensity

after subtraction of a smooth background I0 in accordance
with Ref. [21]. The measured and calculated patterns of the
Eu2+ signal were obtained by intensity integration over all
seven J ′ components. In this case, the total cross section, given
by summation of Eq. (4) over J ′, is simply σ (�e) = 7σa(�e).
We have found that all measured patterns reveal the fourfold
symmetry of the lattice, therefore, in Fig. 3 we show the inten-
sities, which were additionally symmetrized to reduce noise
and minimize possible influence of deviations of the emission
direction from the horizontal plane. In the case of Eu3+, we
only analyzed the PED pattern of the 6F peak because it
overlaps less with the valence states than the 6H line.

Let us turn now to the PED analysis of the Si-terminated
surface. Since the thickness of the four-layer Si-Ir-Si-Eu block
is only 5 Å and we expected the inelastic mean-free path to
have a similar length, the relative normal-emission intensities
from the Eu atomic layers may exponentially decay with depth
as 1, 0.37, and 0.14 for the fourth, eighth, and 12th layers,
respectively. Therefore, in our PED modeling we considered
the PE from the Eu fourth, eighth, and 12th atomic layers. We
assumed that each layer contains both Eu2+ and Eu3+ ions
with an unknown ratio of their concentrations. The concentra-
tions were fitted together with the inner potential and inelastic
mean-free path to reach the minimum of the reliability factor
(R factor [21]) for the two PED patterns [Figs. 3(a) and 3(b)]
simultaneously. It should be noted that in our analysis the
absolute intensities of the Eu PE lines were not used, since
their cross sections near the resonance are not well known.
Only relative intensity variations as a function of emission
angles were analyzed. The resulting calculated PED patterns
are shown in Figs. 3(f) and 3(g). They both exhibit a R factor
of 0.21, which is qualified as a good agreement. The R-factor
analysis shows a valency of 2.15 ± 0.15 for the fourth Eu
layer, while for the valency of the eighth Eu layer we obtained
the value of 2.55 ± 0.4. Further, we will show that additional
PE measurements of Eu2+/Eu3+ intensities performed at sev-
eral photon energies allow us to reduce these uncertainties.
The 12th Eu layer valency cannot be determined due to its
small contribution to the PED pattern. We determined the
inner potential as V0 = 13.2 ± 1.3 eV for the Si-terminated
surface and 12.3 ± 1.3 eV for the Eu termination.

First, we should say that the obtained results are consis-
tent with our previous studies [14,17], where the density-
functional theory (DFT) calculations have demonstrated good
agreement with the measured valence band dispersions under
the assumption that Eu in the fourth layer is fully divalent,
while the eighth and deeper layers have noninteger occupation
of the 4 f shell, which corresponds to a mean valency of 2.8.
The next essential point is that the estimated uncertainties are
rather large. The reason for this is a strong correlation between
the valencies in the fourth and eighth layers as the parame-
ters of our model. For example, if the Eu3+ concentrations
in the fourth and eighth layers are decreased by a factor of
2, the Eu3+ pattern will remain unchanged, while the Eu2+

pattern will exhibit only minor changes, because the divalent
Eu signal originates predominantly from the fourth layer and
because the PED patterns from the fourth and eighth layers
exhibit many similar features [see Figs. 3(k) and 3(l)]. As a
result, our PED analysis is not able to quantify concentra-
tions precisely. However, our analysis clearly indicates that
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FIG. 3. (a)–(e) Experimental and (f)–(j) computed PED patterns of the EuIr2Si2 surfaces. The data are presented in orthographic projection
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the valency in the fourth layer is higher than 2.0. This is
illustrated in Fig. 3(m), which shows the R factor of the Eu3+

pattern as a function of mixing ratio of the two PED patterns
calculated for the fourth and eighth layers [Figs. 3(k) and 3(l)].
The pronounced minimum in the R-factor curve indicates that
the ratio of Eu3+ concentrations in the eighth/fourth layers is
about 3.5 ± 1.5.

Let us turn to the Eu-terminated surface of EuIr2Si2. Al-
ready from the brief overview of the 4 f core-level PE data
in Fig. 2(c), it is clear that the topmost Eu layer exhibits an
explicitly divalent state [23,32]. The measured and computed
PED patterns for the Eu- surface are shown in Figs. 3(e)
and 3(j), respectively. Good agreement between theory and
experiment indicates that after cleavage the sample surface re-
mains unreconstructed. The R-factor analysis of the PED data
allowed us to determine the Eu-Si interlayer distance, which
was found to be 1.22 ± 0.03 Å. It is worth noting that our
DFT calculations based on the local density approximation
to exchange-correlation potential [14] predicted an inward re-
laxation of the topmost Eu layer, which results in the spacing
of 1.22 Å at the surface, while it is 1.27 Å in the bulk. Thus,
the value of the interlayer distance obtained from the PED
analysis matches perfectly the value obtained with DFT.

Now, if we compare the PED patterns taken from Eu3+

[Fig. 3(c)] and Eu2+ [Fig. 3(d)], where the latter is the so-
called bulk component of the Eu 4 f spectrum and not its
surface core-level shifted partner, we can clearly see that
they are very similar. This indicates that the measured PED
patterns must originate predominantly from the same Eu layer,
the fifth subsurface Eu layer. This layer thus exhibits a nonin-
teger valency. There are some small additional features, which
can be seen in Fig. 3(d). They appear due to the overlap of the
Eu 4 f multiplet with PE from valence states. Their influence
becomes particularly strong for the Eu-terminated surface
because the PE signal from the bulk Eu2+ component has a
much smaller intensity in comparison to its surface partner
[see Fig. 2(c)]. The corresponding computed PED patterns,
shown in Figs. 3(h) and 3(i), are almost identical and the
very tiny differences between them are related to the different
kinetic energies of 4 f photoelectrons from Eu2+ and Eu3+.

It should be noted that all the computed PED patterns in
Fig. 3 agree well with the measured ones. This fact indicates
that all our assumptions made above are reasonable for PED
analysis of the considered system.

To determine the Eu valencies in different layers more
precisely, we analyzed relative PE intensities of Eu2+ and
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FIG. 4. Experimental (upper row) and computed (lower row) PED patterns of Eu2+ 4 f multiplet of the magnetically ordered Eu layer
below the Si-terminated surface at T = 30 K. The color scale is identical for both experimental and theoretical patterns with the same J ′.
Magnetization vector points to the left.

Eu3+ 4 f multiplets. For this purpose, we have measured PE
spectra for the two crystal terminations in the off-resonance
conditions at the photon energies of 110, 160, and 200 eV.
Then we calculated the intensities, taking into account PED,
and determined which concentrations in different layers give
good agreement with the measured data for all photon ener-
gies. The fact that the first Eu layer is fully divalent allows
us to estimate the valency in the fifth layer from the intensity
ratio of the bulk and surface Eu2+ components, which is about
1/10 in Fig. 2(c). A similar estimation can be obtained from
the ratio of Eu3+ and surface Eu2+ peak intensities. Supposing
that the valency in the ninth Eu layer is close to the bulk
value of 2.8, we obtained the valency of the fifth layer as
2.77 ± 0.07, where the uncertainty was estimated from the
scatter of results obtained for different photon energies.

In the analysis of PE intensities for the Si-terminated sur-
face, we assumed the Eu valency in the 12th layer to be 2.8 and
took into account the ratio of Eu3+ concentrations in the fourth
and eighth layers determined from the PED analysis. As a
result, we obtained the valency of 2.1 ± 0.05 for the fourth
layer and 2.4 ± 0.2 for the eighth layer. Thus, the valency of
the eighth layer at the Si termination notably deviates from the
bulk value in contrast to the fifth layer at the Eu termination,
which already shows bulk properties.

So far, we considered only the integrated intensity of the
whole Eu2+ multiplet. However, it is of great interest to also
analyze the individual components with different J ′. It repre-
sents a certain challenge, since the individual J ′ components
of the Eu 4 f multiplet are closely packed in a small energy
window. However, they can be resolved in the PE spectrum for
the Eu2+ multiplet obtained from the Si-terminated surface, as
seen in Fig. 2(b). The experimental PED patterns are shown
in the upper part of Fig. 4. Note that the components with
J ′ = 0 and 1 cannot be well separated due to a small energy
difference. Therefore, they were treated as a single feature. As
expected, each component demonstrates its own PED pattern.
Moreover, they do not exhibit the fourfold symmetry that is
intrinsic for the studied crystal, and only the mirror plane is
observed in each pattern.

These observations clearly indicate the presence of mag-
netization at the surface, which lowers the symmetry of the

system as observed in the PED patterns. The only source
of magnetism can be the fourth Eu layer, which behaves
divalently. Therefore, to model the “magnetic” PED patterns,
we used Eqs. (9) and (4). In the calculations, we neglect the
contributions from the deeper Eu layers and consider only the
signal from the fourth layer. The resulting angular distribu-
tions of the photocurrent strongly depend on the direction of
magnetization through the D matrix in Eq. (7). Therefore, the
direction of magnetization can be determined by comparison
of calculated and measured PED patterns. From the previous
studies, we already know that it is aligned in the surface
plane along the [100] direction [14]. Hence, there are four
possible orientations of magnetization. For the case of the
studied sample, the computed PED patterns are shown in the
lower row of Fig. 4. They exhibit good agreement with
the experimental data when the magnetization is directed to
the left relative to the measured patterns.

Reasonably good overall agreement indicates that the data
were collected predominantly from a single magnetic domain,
although we did not magnetize the sample before measure-
ments. Moreover, it is possible to conclude that our model
captures the most essential physical effects, which define the
PE intensity maps. However, there are many fine features
observed in the PED patterns that were not reproduced in the
model calculations. The main reason for that is the presence of
the fine dispersions of the 4 f states due to their momentum-
dependent hybridization with valence-band states [24]. In the
respective avoided-crossing regions, reliable separation of the
Eu 4 f multiplet components is impossible. Moreover, our
simple PE model is not expected to describe the intensity of
hybridized states.

It is worth noting that the analysis of separate multiplet
components in the Eu2+ signal from the noninteger-valent
fifth Eu layer below the Eu-terminated surface did not reveal
any asymmetry. This is consistent with our expectations that
the fifth Eu layer is not magnetically ordered.

As we have seen, the wide-angle PED patterns give a lot
of information about the properties of the crystal surface, but
individual PE spectra can also be useful for the analysis of
magnetic ordering in the near-surface layers. Let us consider
them in more detail.
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D. Analysis of 4f spectral shape

All PED patterns discussed in this paper were measured
with linear polarization of photons, however, elliptical or
circular polarization is known to be useful for the studies
of magnetic materials [33]. Further, we discuss a magnetic
circular dichroism (MCD) experiment on EuIr2Si2, using the
elliptical polarization of photons. Two spectra of the Eu2+

multiplet were measured with opposite elliptical polarizations
for two different sample orientations. The spectra in Fig. 5(a)
were taken in a geometry where the beam, the analyzer axis,
the surface normal, and the magnetization vector were all
in one plane. In this case, strong dichroism is observed, as
expected for a magnetized material [34]. The 4 f PE spectra
in Fig. 5(c) were measured after rotation of the sample by
90◦ about the surface normal so magnetization became nearly
orthogonal to this plane. Consequently, the MCD signal has
almost fully disappeared. This observation is consistent with
our statement that the PE spectra were acquired from a single
magnetic domain.

To model the MCD spectra, we take into account PED,
which may notably change the multiplet shape [35]. We set
the polarization vector to �ε = (cos α,±i sin α, 0) with α =
10◦ and integrated the calculated PE intensity over the ana-
lyzer acceptance angle range, which was ±20◦. The multiplet
components were modeled as Lorentzian functions with a
half width of 90 meV and binding energies set to the ex-
perimentally determined values. The MCD spectra calculated
for two different temperatures are shown in Figs. 5(b) and
5(d). They demonstrate sensitivity of the multiplet shape to
the occupation of the ground-state MJ sublevels. Apparently,
the spectrum calculated for the temperature of the experi-
ment, T = 30 K, exhibits notably better agreement with the
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FIG. 6. (a) XPS spectra of the Eu2+ 4 f multiplet for the Eu-
terminated surface measured at different temperatures using linear
polarization of photons. (b) Calculated Eu2+ spectra of the topmost
Eu layer for PM and FM phases with different orientations of mag-
netization M at zero temperature.

measured data than the spectrum for T = 0, indicating the
importance of considering the temperature effects.

It should be noted that we did not observe any MCD effect
in the Eu2+ PE spectra taken from the Eu-terminated surface
at T = 30 K. Thus, it either remains in the PM phase or
the Eu surface reveals a mosaic of small magnetic domains
from which we obtain the averaged signal. However, these
two possibilities can be easily discriminated by modeling the
spectral shape of the Eu2+ 4 f multiplet.

In Fig. 6(a), we show two spectra taken from the Eu-
terminated surface at the temperatures of 30 K and 1 K.
They exhibit strikingly different spectral shapes that is a clear
indication that magnetic ordering is different for these two
cases. Figure 6(b) demonstrates simulated 4 f multiplets for
the PM phase and for FM ordering with different orientations
of the magnetization. Here, the [100] and [001] directions lie
in one plane with the photon beam and the analyzer axis. The
half width of the multiplet components was set to 110 meV.
Although we took into account the PED, the diffraction effect
does not play an important role here. This is because the
PE intensity is integrated (along the [010] direction) over the
wide acceptance angle of the spectrometer. Thus, the com-
puted Eu2+ PE spectra are rather similar to those obtained
experimentally from the crystalline Eu-terminated surface.
The essential result of our calculations is a strong dependence
of the spectral shape on the direction of magnetization (a mag-
netic linear dichroism). From the comparison of experimental
and theoretical spectra, it is evident that the Eu-terminated
surface shows no magnetic ordering at T = 30 K, while at
T = 1 K it becomes magnetic with in-plane orientation of
the magnetic moments. Note that the shape of the subsurface
(bulk) Eu2+ multiplet is rather similar for these two tempera-
tures. This indicates that the fifth Eu layer is not magnetically
ordered at 1 K, which is in agreement with the PED results
implying that the mean valency of the Eu ions in the fifth Eu
layer is close to the bulk value of 2.8.
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FIG. 7. (a) Measured and (b) computed [using Eq. (9)] normal-
emission XPS spectra of the Eu2+ 4 f multiplet for the Eu-terminated
surface as a function of temperature at circular polarization of pho-
tons. The measurements were performed at the SIS beamline using
a photon energy of 110 eV. The critical temperature in the calcula-
tion was set to 9.5 K and magnetization was oriented in the [100]
direction.

To clarify the Curie temperature for the Eu termination,
we measured the temperature dependence of the Eu 4 f PE
spectra using circularly polarized photons. Strongest changes
of spectral shape are expected when the magnetization direc-
tion is along [100] (in the measurements plane). Therefore, it
was important to find a correctly oriented magnetic domain
on the sample surface. The experimental results are shown
in Fig. 7(a). They demonstrate strong changes in the Eu 4 f
multiplet at the temperatures below ∼10 K. The measured
spectra are in good agreement with the calculated PE spectra
shown in Fig. 7(b), where the Curie temperature was set to
TC = 9.5 K. However, it is worth noting that the TC value
obtained from different sets of spectra was varying from about
11 K for the freshly cleaved sample to about 8 K after several
hours of measurements. This fact implies that the TC value is
rather sensitive to surface contamination.

IV. CONCLUSIONS

In summary, we have developed a methodology allowing
us to analyze the properties of layered 4 f materials with focus
on the magnetism and valency of rare-earth ions in the absence
of CEF splitting of the ground state. The developed model was
applied to study the surface-related properties of EuIr2Si2,
which reveals temperature-dependent fluctuating valency in
the bulk. We considered two possible surface terminations of
this crystal that are Eu and Si surfaces and explored how the
valency of Eu ions changes from the surface to deeper lying
Eu layers. We also investigated the magnetic order of these Eu
layers.

For the Si-terminated surface, we have found that Eu ions
in the fourth atomic layer behave divalently, however, PED
analysis reveals a small admixture of the trivalent state, re-
sulting in a mean valence of 2.1 ± 0.05. Analysis of the
PED patterns taken from individual components of the Eu
4 f multiplet of Eu2+ ions have shown that they exhibit a

ferromagnetic order below 48 K. The latter lowers the sym-
metry of the PED patterns and the emergent spontaneous
magnetization lies within the surface plane along the [100]
direction. Moreover, in presence of magnetization, the PED
patterns taken for individual 7FJ ′ -multiplet components be-
come notably different from each other, in contrast to the PM
phase. The performed analysis shows that information about
the orientation of the 4 f magnetic moments can be derived
from these PED patterns. The next deeper (eighth) Eu atomic
layer below the Si-terminated surface contains Eu ions with
a noninteger valency of 2.4 ± 0.2, which is lower than the
valency in the bulk.

For the Eu-terminated surface, we determined the value of
the surface relaxation, which was found to match the DFT
prediction perfectly. Temperature-dependent studies revealed
a ferromagnetic ordering in the first Eu layer with the Curie
temperature of about 10 K and an in-plane orientation of the
4 f moments. We found that the next (fifth) Eu layer is not
magnetically ordered and reveals already a noninteger valency
close to the value in the bulk. Thus, the fifth layer for the Eu
termination is more bulklike than the deeper eighth layer for
the Si termination.

Our results demonstrate that PED applied to a layered rare-
earth intermetallic material with an open 4 f shell provides
valuable insight into the crystal-surface structure, chemical
state of rare-earth atoms and their relation to the magnetic
order with ultimate depth resolution. Besides successful de-
scription of angular distributions of photoelectrons produced
with linearly polarized photons, our approach allowed us to
accurately model the MCD in PE, taking into account the
PED effects at the crystal surface. Finally, we have shown
that the simple picture of direct PE may still be valid at the
maximum of a giant resonance in the 4 f PE cross section,
allowing selective enhancement of sensitivity to lanthanide
atoms. We assume that the presented approach may also be
useful for investigations of other rare-earth-based materials,
where similar or even more complex interlacing properties
linked with magnetism in the surface region may be found,
which might have been overlooked so far.
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