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Probing surface and bulk ground states of lanthanides: 4 f moment
orientation through 4d x-ray absorption spectroscopy
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Knowledge of the ground state of lanthanides (Ln) in Ln-based materials is fundamental for understanding
their properties, particularly those related to magnetism. In crystalline materials, the magnitude and orientation of
4 f magnetic moments are often strongly influenced by the crystal electric field (CEF), making them challenging
to predict ab initio. This complexity is intensified in low-dimensional systems and nanostructures, where the
CEF may vary significantly near surfaces and at interfaces. The related variations of the 4 f ground state should
be probed by methods with adjustable surface sensitivity. Here, we apply x-ray absorption spectroscopy (XAS)
at the Ln 4d edge, along with modeling of XAS spectra, to probe the 4 f ground state of Ln atoms both at the
surface and in the bulk of LnRh2Si2 layered crystals. Our results explicitly reveal significant changes of the 4 f
ground state, which may lead to the reorientation of 4 f moments at the surface compared to the bulk, driven by
alterations of the CEF. We also provide a comprehensive database of calculated Ln 4d XAS spectra in numeric
format for all lanthanides. Our findings will facilitate studies of Ln-based materials and molecular complexes
by enabling comprehensive analysis of XAS data, including those obtained through magnetic linear and circular
dichroism techniques, as well as related spectromicroscopy studies.
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I. INTRODUCTION

The development of materials containing lanthanides (Ln)
represents a rapidly evolving field of research, driven by
their diverse applications in areas such as light emission,
optical devices, catalysis, biomedical analysis, cell imaging,
and beyond [1–5]. Especially, due to their large 4 f magnetic
moments and significant magnetic anisotropy, lanthanides are
attractive for the development of magnetic material systems
such as supramolecular complexes [3], molecular magnets
[6,7], or multilayered structures and sequences [8], both for
fundamental studies and for implementation in magnetically
relevant devices, particularly for spintronics and magnetic
storage media [9–15].

The magnitude and orientation of the 4 f magnetic mo-
ments essentially depend on the local environment of the
lanthanide atom within the system, particularly influenced by
the electric field created by surrounding atoms. Our recent
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studies have revealed that the orientation of 4 f moments at
the surface of lanthanide-containing crystals notably differs
from that within the bulk [16–18]. As also shown theoretically
[19–21], this is caused by alterations in the crystal electric
field (CEF) at the surface region. We showed that the respec-
tive property can be determined through surface-sensitive 4 f
photoemission (PE) measurements and analysis of the line
shape of the 4 f multiplet, which is related to the |MJ〉 states
defining the orientation of the 4 f moment [16].

In light of these results, it is reasonable to assume that the
mentioned reorientation of the 4 f moments can be derived
from the x-ray absorption spectroscopy (XAS) measurements
performed at the 4d → 4 f threshold of the lanthanide atom,
which are slightly more surface sensitive as compared to mea-
surements at the 3d → 4 f threshold [22–24]. The latter are
traditionally considered as mostly bulk sensitive. Moreover,
the structure of XAS spectra taken at the 4d threshold of
lanthanide atoms is much richer compared to that at the 3d
threshold; the spectral features are well separated in energy,
making it easier to analyze changes in their relative intensities.
We assume that performing the XAS 4d → 4 f measurements
in both partial and total electron yield (PEY and TEY) modes
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would allow us to emphasize and describe the properties at
the surface of the material. It is worth noting that although
XAS 3d → 4 f measurements are widely used to investigate
magnetic materials, XAS 4d → 4 f studies are relatively rare.
This can be explained by the enhanced complexity of model-
ing of the 4d → 4 f threshold [25]. This complexity is further
accentuated for the near-surface Ln atoms due to their distinct
coordination and chemical properties in comparison to the
bulk, as well as their unique magnetic properties.

The essential advance of XAS experiments at the 4d → 4 f
threshold, in comparison to 4 f photoemission measurements,
would also include the opportunity to perform magnetic
dichroism experiments in both PEY and TEY modes for
rather different material systems including single crystals
[18,26], molecular magnets [6], supramolecular complexes
[3], and multilayered sequences containing several types of
lanthanides. The latter can be challenging to discern from 4 f
PE measurements, since 4 f multiplets from different sorts of
lanthanides may overlap with each other as well as with va-
lence states. Application of the proposed XAS measurements
would allow us to obtain useful information about surface
and bulk Ln ground states, including the orientation of 4 f
moments.

II. EXPERIMENT

XAS measurements were carried out at the FlexPES
beamline of MAX IV, the Swedish national synchrotron
radiation facility. The detailed description of FlexPES is re-
ported in Ref. [27]. The analytical chamber of this instrument
is equipped with a homebuilt microchannel plate detector
with selectable retardation voltage, which we employed for
PEY measurements. High quality single-crystalline samples
of LnRh2Si2, crystallized in the body-centered tetragonal
ThCr2Si2 structure [28], were cleaved in situ in ultrahigh
vacuum at a base pressure better than 1 × 10−10 mbar. Si-
terminated terraces of cleaved sample were readily detected
via ARPES measurements and observation of intense surface
state near the M point of the surface Brillouin zone, whereas
for Ln termination, the surface state is absent [29–32]. The
XAS spectra were acquired using linear horizontal polar-
ization of incoming photons with normal incidence on the
sample. The energy resolution was better than 15 meV.

It is essential to note that currently the lowest possible
temperature provided by FlexPES for performing XAS mea-
surements is 40 K. At this temperature, only TbRh2Si2 was
tested in its antiferromagnetic (AFM) phase with a Néel tem-
perature of 94 K. All other LnRh2Si2 materials were examined
in the paramagnetic (PM) phase. The obtained results indicate
that XAS measurements performed in both PEY and TEY
modes provide valuable insights into which MJ values con-
tribute to the line shape of XAS spectra in the PM phase.
Consequently, our data enable prediction of the orientation of
4 f moments both at the surface and within the bulk as the
system enters the magnetically ordered phase.

III. MODELING

To calculate the XAS cross section, denoted as σ ,
we consider a single Ln3+ ion possessing an electronic

configuration of [Xe]4 f n. Our analysis restricts the consid-
eration to final states involving one photoelectron, while
neglecting the contribution of spontaneous emission, which
is negligible. Thus, σ becomes identical to the photoemission
cross section. Next, we assume that total angular momentum
J is a good quantum number for the ground state |g〉, which
can be split in electric and/or magnetic field into several states
|gν〉. Thus, they can be expressed as a linear combination of
the states |4 f nJMJ〉 with coefficients Aν

MJ
:

|gνJ〉 =
∑

MJ

Aν
MJ

|MJ〉. (1)

In most cases, this is a good approximation, although in
general different J may become slightly mixed under the in-
fluence of CEF and magnetism. The respective cross section is
given by

σ ν =
∑

J ′
σJ ′

3(2J + 1)

2J ′ + 1

∑

M ′
J

∣∣∣∣∣∣

∑

qMJ

εqAν
MJ

CJ ′M ′
J

JMJ ,1q

∣∣∣∣∣∣

2

, (2)

where εq are the three spherical tensor components of the
photon polarization {(εx + iεy)/

√
2, εz, (−εx + iεy)/

√
2}, C

denotes the Clebsch-Gordan coefficient and σJ ′ are functions
of the photon energy ω (atomic units are used), defined as

σJ ′ (ω) ≡ 1

3(2J + 1)

∑

f

|〈 f J ′||T̂ ||gJ〉|2, (3)

with T̂ being the operator of the transition to the final state
f with the total angular momentum J ′. The spectra σJ ′ (ω)
are independent on geometry, polarization, or splitting of the
ground state. The selection rule |J ′ − J| � 1 limits the number
of these spectra to three (or one with J ′ = 1 when J = 0). In
the Supplemental Material (SM) [33], we provide in graphical
and numeric formats the spectra σJ ′ calculated for all trivalent
lanthanides with the aim of simplifying the analysis of ex-
perimental XAS data, including x-ray magnetic circular and
linear dichroism (XMCD, XMLD) results. Once these spectra
are known, one can easily calculate the XAS spectrum σ (ω)
for any photon polarization �ε, temperature T , and ground state
specified by the coefficients Aν and energies Eν of the split
level |gJ〉, using Eq. (2) and the Boltzmann distribution:

σ (ω) = 1

Z

∑

ν

σ ν (ω)e−Eν/kT , Z =
∑

ν

e−Eν/kT . (4)

Note that for the case of the degenerate ground state (without
CEF and magnetism), the spectrum is given by σ = ∑

J ′ σJ ′ .
In the calculation, we consider direct PE from the 4 f

and 4d states and indirect PE, which includes photoexcita-
tion from the ground 4 f n configuration to the intermediate
|4 f n+14d9〉 states, followed by a decay through various
channels. We include a super-Coster-Kronig channel with
|4 f n−1, kl〉 final states, where kl indicates photoelectron with
momentum k and orbital quantum number l , a Coster-Kronig
decay to |4 f n5(s, p)−1, kl〉 states, where one hole is created
in either 5s or 5p subshell, a decay to |4 f n4d−1, kl〉 states,
where only l = 3 is significant, therefore it can be called f
tunneling. We also account for the Auger channel involving
final states |4 f n+15(s, p)−2, kl〉, where two holes can reside
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(a) (b)

(c)

FIG. 1. Theoretical XAS spectra for Tb3+ at the N4,5 (4d → 4 f ) threshold. (a) Contributions of different decay channels to the XAS
spectrum. Vertical lines indicate probabilities of transitions to the intermediate states. (b) Partial XAS spectra, denoted as σJ ′ , corresponding to
three possible values of the total momentum J ′ in the final state. (c) Calculated XMCD spectra of Tb magnetized in the direction of the photon
source, considering zero temperature and absence of CEF: two spectra for left circularly polarized (LCP) and right circularly polarized (RCP)
light, along with their difference (MCD), are shown.

either within one subshell (5s0 or 5p4) or in two different
subshells (5s15p5). We provide separate contributions of each
channel to the XAS spectra that can be useful for interpreting
data obtained in PEY mode.

For the transition matrix element in Eq. (3), we use the
general formula given in Ref. [25]. Coulomb radial integrals
were scaled to obtain good agreement between the calculated
spectra and experimental data for LnF3 compounds [34]. The
details and parameters of calculation are given in the SM [33].

IV. RESULTS

As an example of XAS calculation results, we illustrate
in Fig. 1(a) the model spectrum for Tb at the 4d edge. In
general, for most Ln-containing materials the shape of the
XAS spectrum at the N4,5 (4d → 4 f ) threshold is formed
by a fine pre-edge structure at lower photon energies, fol-
lowed by a broad giant resonance at higher energies [34–40].
The calculated XAS spectrum of Tb is shown together with
the contributions from different decay channels labeled in
Fig. 1(a). As seen, while almost all considered channels
contribute significantly to the pre-edge structure, only the
super-Coster-Kronig channel makes the most essential con-
tribution to the giant peak, with a minor contribution from the
remaining channels.

Although the spectrum in Fig. 1(a) corresponds to un-
polarized ground state without CEF splitting, we provide a
possibility to calculate polarized spectra using Eq. (2) together
with our precalculated partial spectra σJ ′ given in the SM [33].
For the case of Tb, they are shown in Fig. 1(b). As an example,
in Fig. 1(c) we demonstrate model spectra for the magnet-
ically polarized ground states of Tb with MJ = ±6 and the

respective MCD curve that closely resembles the experimental
one [41]. It is worth noting that due to the pronounced Fano
effect (interference of the direct and resonant PE), the orbital
moment projection 〈Lz〉 determined from the XMCD sum rule
[42,43] may slightly deviate from the real one (for Tb it is
reduced by ∼11%).

To further illustrate our methodology, we focus on the
aforementioned family of LnRh2Si2 materials [28], which
we have already extensively characterized through ARPES
[30–32,44] as well as 4 f -photoemission measurements and
modeling [16,18]. The layered structure of these materials,
where Ln atomic planes are separated by silicide Si–Rh–Si
blocks, allows easy cleaving of the sample and obtaining
surfaces with large Ln and Si terminations [44].

We begin with the study of the AFM material TbRh2Si2

[45]. When it undergoes a transition to the AFM phase below
94 K, the Tb 4 f moments become ordered ferromagnetically
(FM) within each Tb atomic layer, with an out-of-plane orien-
tation [45]. At that, the neighboring layers with FM-ordered
Tb 4 f moments, separated by silicide Si–Rh–Si blocks, are
coupled antiferromagnetically along the c axis.

Let us consider XAS spectra for Tb 4d → 4 f absorption
threshold, taken in both TEY and PEY modes, together with
the results of modeling, summarized in Fig. 2. All experimen-
tal spectra (also in Figs. 3 and 4) were scaled in intensity to
facilitate comparison of their line shape. The model spectra in
Figs. 2, 3, 4, and 5(b) were slightly broadened by convolution
with Lorentzian contour with a half-width of 50 meV, aiming
to promote better visual comparison with the experimental
data. The top two spectra shown in Fig. 2 were obtained from
XAS measurements in TEY mode, performed on both Si- and
Tb-terminated surfaces of TbRh2Si2 (identified with ARPES
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FIG. 2. Experimental XAS Tb N4,5 spectra acquired in TEY and
PEY regimes from Tb- and Si-terminated surfaces of AFM-ordered
TbRh2Si2, compared with theoretical spectra for two hypothetical
ground states |0〉 and |6〉 of Tb.

through observation of the surface states [30]). Comparing
them, we conclude that while small differences can be seen
for the pre-edge structure, the most essential distinction is
observed at the photon energies above 152 eV, in the region of
giant resonance. Further, we enhance the surface sensitivity of
XAS measurements by applying a retarding voltage of 100 V.
In this case, the electrons with kinetic energy smaller than the
applied voltage are not detected, and only fast electrons escap-
ing from the near-surface region without inelastic scattering
contribute to the measured signal. The respective two PEY
spectra taken from the Si and Tb surfaces are depicted in the
middle of Fig. 2. As seen, the differences in the giant reso-
nance become much more prominent now and, additionally,
certain distinctions become visible in the pre-edge structure.

To model the PEY XAS spectra, it is essential to remember
that the 4 f PE measurements indicate a strong reorientation
of the magnetic 4 f moments at the Tb surface in compar-
ison to the bulk [16]. As mentioned, this is caused by the
change of CEF at the surface. Therefore, we performed mod-
eling for hypothetical states with MJ = 0 and MJ = 6, which
imply in-plane and out-of-plane orientations of the Tb 4 f mo-
ments, respectively. The corresponding pair of model spectra
is shown at the bottom of Fig. 2. To simulate PEY spectra,
we summed up the intensity from the 4 f 7 channel and half
of the intensity from the 4 f 85(s, p)−1 channel. This allows us
to obtain both the pre-edge and giant resonance structures in
good agreement with experiments. Note that different chan-
nels produce photoelectrons with varying kinetic energies,
depending on where the hole is created. In our case, the

FIG. 3. Experimental XAS Ho N4,5 spectra acquired in TEY and
PEY regimes from Ho- and Si-terminated surfaces of PM HoRh2Si2

(at 40 K), compared with theoretical spectra for two hypothetical
ground states |0〉 and |8〉 of Ho, as well as for more realistic states
formed in CEF and described in the main text.

retarding voltage fully eliminates low-energy electrons pro-
duced by the 4 f n4d−1 channel, while leaving high-energy
electrons from the 4 f n−1 channel unaffected. The other chan-
nels are either partially or fully cut depending on the selected
voltage.

For heavy lanthanides, including Tb, a super-Coster-
Kronig process mainly defines the shape of the giant
resonance, which in turn can be used for estimating the ori-
entation of Tb 4 f moments, although several things should be
kept in mind. First, PEY spectra were obtained by collecting
electrons within a certain, not very large solid angle, whereas
the calculated spectra are fully angle-integrated. Second, CEF
may result in mixing of different |MJ〉 states. Third, excited
states may contribute to the spectrum if the CEF splitting
is comparable to kT . Therefore, only qualitative comparison
is possible. In Fig. 2, we also present the spectrum labeled
PEY, Tb–0.73 Si, illustrating the difference between the ex-
perimental PEY spectra obtained from Tb and Si surfaces
with a scaling coefficient. The raw PEY spectrum from the Si
termination is about 2.6 times less intense than that of the Tb
surface due to attenuation of the measured Tb signal by a Si-
Rh-Si surface block on the Si-terminated crystal. Thus, each
atomic layer reduces the spectral intensity by the factor of
about 2.61/3 ≈ 1/0.73. We assume that the spectrum obtained
from the Si-terminated surface closely resembles the spectrum

075157-4



PROBING SURFACE AND BULK GROUND STATES OF … PHYSICAL REVIEW B 110, 075157 (2024)

(a) (b)

FIG. 4. (a) Experimental Tm N4,5 XAS spectra acquired in TEY and PEY regimes from Tm- and Si-terminated surfaces of PM TmRh2Si2

at 40 K compared with theoretical spectra for two hypothetical ground states |0〉 and |6〉 of Tm. (b) Experimental and theoretical PEY spectra
of ErRh2Si2 at 95 K, along with model spectra for different |MJ〉 states. For the calculated spectra, we summed up the intensity from the 4 f n−1

and 4 f n5(s, p)−1 channels.

of the bulk. This is justified by similarity of TEY and PEY
spectra for the Si surface and explained by the deep location of
the Tb ions (fourth atomic layer below the Si surface). Then,

we may conclude that the aforementioned difference spectrum
should exclusively correspond to the topmost Tb layer on the
Tb termination. Further comparison of this spectrum with the

(a) (b)

FIG. 5. (a) Theoretical XAS spectrum for Pr3+ at the N4,5 threshold, along with contributions from different decay channels. (b) Exper-
imental XAS spectra acquired in TEY and PEY regimes from Pr- and Si-terminated surfaces of PM PrRh2Si2 (at 95 K), compared with
theoretical spectra for two hypothetical ground states |0〉 and |4〉 of Pr.
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model spectra reveals that its shape closely resembles that
computed for MJ = 0. This implies that the 4 f moments of Tb
at the surface (Tb termination) are locked within the surface
plane, revealing an in-plane orientation, while in the bulk they
are known to have an out-of-plane orientation (along the c
axis). The latter is consistent with the observed similarity
between the model spectrum with MJ = 6 and the XAS data
for the Si termination.

The obtained XAS results are instructive, as they lead us to
similar conclusions regarding the reorientation of the Tb 4 f
moments at the surface as previous 4 f PE measurements [16].
Further, we consider a few more examples from the family of
antiferromagnets LnRh2Si2 and the next material is HoRh2Si2

(TN=27K). As we already mentioned, only TbRh2Si2 was in
the AFM phase. All other samples were in the PM phase.

In Fig. 3, we present a summary of the experimentally
obtained XAS Ho N4,5 spectra taken from both Ho and Si
surfaces, along with the simulated spectra. The strategy for the
measurements was essentially the same for all systems con-
sidered here. For the freshly cleaved HoRh2Si2, we initially
identified two large crystallites with Ho and Si surfaces using
ARPES. Subsequently, XAS data were collected from each
surface using both TEY and PEY regimes. Already a brief
inspection of the TEY spectra shown at the top indicates that
the line shape of the giant resonance exhibits strong changes
when moving from the Ho to the Si surface. Additionally,
some slight changes can be observed in the pre-edge structure.
The spectral alterations become much stronger when we con-
sider the PEY spectra taken with retarding voltage of 100 V.
Next, we present the model spectra computed for the smallest
MJ = 0 and largest MJ = 8 values. In the calculation, we took
only the 4 f n−1 and 4 f n5(s, p)−1 channels to simulate PEY.
Obviously, the model spectra differ much strongly than the
experimental ones, indicating that the real states contributing
to the spectra are quite far from those with maximal and
minimal MJ . Nevertheless, qualitatively it is possible to say
that for the Ho termination small MJ dominate in the ground
state, while for the Si surface large MJ are significant.

It is worth noting that in Eq. (2) the terms with A∗
MJ

AM ′′
J

are
zero if |MJ − M ′′

J | > 2. If the crystal has an n-fold symmetry
(n = 4 for our systems), then in the PM phase the MJ values
that form each 4 f state may differ only by a number divisible
by n. In this case, for n > 2 Eq. (2) reduces to

σ ν =
∑

MJ

∣∣Aν
MJ

∣∣2 ∑

J ′qM ′
J

σJ ′
3(2J + 1)

2J ′ + 1

∣∣∣εqCJ ′M ′
J

JMJ ,1q

∣∣∣
2
. (5)

This expression indicates that the XAS spectrum is just a
linear combination of the spectra for the pure |MJ〉 states.
Hence, it is possible to estimate which |MJ〉 states dominate
in the ground state by comparing the experimental spectrum
with the calculated ones for different MJ . Examples of such
spectra are given in the SM [33].

If there are estimations of the CEF parameters or coef-
ficients AMJ , it is possible to assess their accuracy through
XAS measurements. In our previous study, we estimated the
CEF parameters for both bulk and near-surface Ho layers
in HoRh2Si2 [18]. At the bottom of Fig. 3, we show the
modeled TEY spectrum reflecting the bulk, for which the CEF
parameters were determined by fitting the calculated magnetic

susceptibility and magnetization curves to the experimental
data. As seen, this XAS spectrum closely resembles the exper-
imental one taken from the Si termination. This is consistent
with the assumption that the CEF in the Ho layer just below
the Si-Rh-Si block should not differ significantly from the
CEF in the bulk.

To analyze the properties of 4 f moments in the topmost
Ho layer for the Ho-terminated crystal, we performed a sim-
ilar analysis to what was discussed for TbRh2Si2. Namely,
we constructed the difference spectrum labeled Ho–0.87 Si,
where the coefficient 0.87, reflecting the attenuation of the
measured signal by the topmost Ho layer, is notably larger
than that for the Tb case. This is because for the Ho case under
discussion, we employed the TEY spectra, which are less
surface sensitive than the PEY spectra used for the Tb case.
As seen, the shape of the difference spectrum fits nicely to the
model one calculated for MJ = 0. This suggests that MJ = 0
strongly predominates in the ground state of the surface Ho
ions.

Now, let us discuss the XAS spectrum calculated solely
for the topmost Ho layer, for which the CEF parameters were
obtained by density functional theory (DFT) calculations [18].
Such calculations involve adjustable parameters, therefore the
results should be experimentally verified. When comparing
the difference spectrum with the theoretical one, it becomes
apparent that their shapes do not match as closely as when
comparing the experimental spectrum to the MJ = 0 modeled
spectrum. Thus, the analysis of XAS data suggests that the
CEF parameters obtained in our recent study [18] accurately
describe the ground state of Ho in the bulk. However, for the
topmost Ho layer, our DFT results seem to overestimate the
contribution of the |MJ〉 states with MJ �= 0.

It is useful to take a look at the respective lowest-energy
states of Ho. From Ref. [18], for the bulk of HoRh2Si2, we
have

|g1,2〉 = 0.86| ∓ 7〉 + 0.48| ∓ 3〉 + 0.12| ± 1〉 + 0.1| ± 5〉,
|g3〉 = 0.58| − 8〉+0.38| − 4〉 + 0.2|0〉 + 0.38|4〉 + 0.58|8〉,

which represent the ground-state doublet and the next excited
state at 0.4 meV. These states give the dominant contribution
to the XAS spectrum at 40 K. For the top Ho layer of the Ho-
terminated crystal, we have the following states that mostly
define the XAS spectral shape:

|g1〉 = 0.48| − 4〉 + 0.73|0〉 + 0.48|4〉,
|g2,3〉 = 0.11| ∓ 7〉 + 0.56| ∓ 3〉 + 0.73| ± 1〉 + 0.38| ± 5〉,
|g4〉 = 0.23| − 6〉 + 0.67| − 2〉 + 0.67|2〉 + 0.23|6〉,

that are the ground state, the excited doublet at 0.06 meV, and
the next excited level at 0.12 meV. One can see that the states
with different MJ are strongly mixed both for the bulk and
surface Ho layers. However, for the bulk, the states with large
MJ values dominate over those with small values. For the Ho
surface, this is in the opposite way and in agreement with our
qualitative conclusion made above.

Let us turn now to the AFM material TmRh2Si2, charac-
terized by a relatively low Néel temperature of 6.4 K. For
this system, XAS measurements were also conducted at 40 K,
i.e., in the PM phase. For TmRh2Si2, we employed the same
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approach as for the Tb- and Ho-based systems, and the exper-
imental results along with the model spectra are summarized
in Fig. 4(a). The XAS data taken in TEY and PEY modes
clearly indicate that the intensities of three spectral peaks
are highly sensitive to the crystal surface, presented either
by Tm or Si termination. From the PEY data we derived
the difference spectrum, which is labeled Tm–0.73 Si and
which reflects the properties of the topmost Tm layer on the
Tm-terminated surface. When we compare this spectrum to
the modeled spectra computed for the states with smallest
MJ = 0 and largest MJ = 6, we observe that the intensities
of the three peaks closely resemble those of the theoretical
spectrum for MJ = 6. Thus, the Tm 4 f moments are strongly
influenced by the changes in CEF at the Tm surface. We may
anticipate that in the magnetically ordered phase the moments
should reorient from the primarily in-plane direction in the
bulk to predominantly out-of-plane at the Tm surface.

For the next case, which will be ErRh2Si2, and which
also possesses a low Néel temperature of 12.8 K [46], we
could perform the measurements only at essentially higher
temperature, which was 95 K. The obtained data, including
experimental results and modeling, are depicted in Fig. 4(b).
In the top of Fig. 4(b), we show a pair of PEY spectra,
which were taken from Er and Si terminations of ErRh2Si2.
The derived difference XAS spectrum, labeled Er– 0.77 Si,
obviously resembles the spectrum computed for MJ = 6.5.
We should mention, however, that even such a good agreement
of their shape does not mean that this MJ value dominates
in the ground state. Considering that the measurements were
performed at a relatively high temperature of 95 K, it is impor-
tant to note that different CEF-split 4 f levels with various MJ

values likely contribute to the spectrum. To further analyze the
spectral shape, we use a simplified CEF model, neglecting all
higher order CEF parameters besides B2

0 [17,18]. In this case,
we may write

σ = 1

Z

∑

MJ

σMJ e− EMJ
kT , EMJ = tB2

0CJMJ
JMJ ,20 (6)

where σMJ are the spectra for pure |MJ〉 states, and the coef-
ficient t = √

7140/525 comes from the CEF matrix element
for Er. By fitting the model difference spectrum to the exper-
imental one, we estimate the CEF parameter B2

0 ≈ −80 meV
for the topmost Er layer on the Er termination. This value is
quite close to our theoretical B2

0 values of −87 meV for Tb
termination [17] and −103 meV for Ho termination [18] esti-
mated from DFT calculations. On the other hand, the spectrum
from the Si termination is well described by B2

0 ≈ 40 meV,
which is close to the value in the bulk of the other LnRh2Si2

compounds with Tb, Dy, Ho and Yb [17,18,47]. Sign reversal
of the B2

0 parameter is expected to cause reorientation of the
4 f moments at the surface in magnetically ordered phase [19].

Further, we turn to the case of PrRh2Si2, where Pr serves as
a representative of the light lanthanides group. Unlike heavy
lanthanides, where the super Coster-Kronig decay channel is
dominating, in light lanthanides there is a strong contribution
of the f -tunneling process, which strongly affects the tail of
the giant resonance. In Fig. 5(a), we present the XAS model-
ing results for Pr 4d → 4 f spectrum, along with partial cross
sections. The green line represents the f -tunneling (4 f n4d−1)

decay channel, which exhibits a significantly stronger contri-
bution as compared to the cases of Tb, Ho, Er, and Tm.

Now, let us consider the results of XAS measurements per-
formed on PrRh2Si2 and the corresponding modeling, which
are shown in Fig. 5(b). The top pair of spectra were taken in
TEY mode from the Pr and Si surfaces of a freshly cleaved
sample. Their difference, especially in the region of the giant
resonance, is notable. The next pair of XAS spectra were ob-
tained from both surface terminations with a retarding voltage
of 80 V. As seen, the aforementioned difference becomes sig-
nificantly more pronounced. Additionally, certain differences
can be observed in the pre-edge structure, particularly notice-
able for the Si termination. We assume that their emergence
may be related to the influence of the valence states of Si
atoms that may interact and hybridize with the Pr 4 f orbitals,
but this aspect will not be further discussed. For modeling, as
in the previous cases, we considered the largest and smallest
MJ values for Pr3+ that are 0 and 4, and the pair of respective
spectra is shown at the bottom of Fig. 5(b). Comparing the
line shape of the giant resonance, that is formed mainly by two
peaks, we see that the relative intensity differences for these
two peaks observed experimentally are qualitatively repro-
duced in the calculated spectra, indicating strong differences
in the Pr 4 f ground state at the surface. Our observation is
consistent with the out-of-plane orientation of moments in the
AFM phase [48]. However, the peaks in experiment are much
broader than in the calculations. We tentatively assign this
broadening to the already mentioned hybridization of 4 f and
other valence states and to possible contribution of interatomic
photoexcitation and decay processes.

The results obtained for Pr are quite instructive for dis-
cussing the case of Ce. This is because the giant resonance
of Ce at the 4d → 4 f threshold is often utilized in photoe-
mission measurements, aiming to highlight the admixture of
Ce-4 f states to the valence bands, particularly in the Fermi
level region, and to enhance the Kondo peak. Our results sug-
gest that since the line shape of the giant resonance is sensitive
to the specific ground MJ state, performing a thorough anal-
ysis of the line shape of XAS Ce 4d → 4 f for the material
under consideration, followed by subsequent resonant ARPES
measurements, could provide deeper insight into the Kondo
physics linked with the orientation of Ce 4 f moments in the
bulk and at the surface. This subject will be the focus of our
next studies.

To summarize, we performed systematic XAS measure-
ments at the Ln 4d edge on layered antiferromagnets
LnRh2Si2. We examined their Si- and Ln-terminated surfaces,
performing the measurements in surface-sensitive PEY and
bulk-sensitive TEY regimes. For a comprehensive analysis of
the obtained XAS spectra, we performed detailed modeling
to evaluate the contributions from different channels of core-
hole decay to the lineshape of pre-edge and giant resonance
regions. The analysis of both experimental and modeled XAS
spectra indicates significant alterations in the ground state of
lanthanides near the surface, potentially leading to the reori-
entation of their 4 f moments, attributed to changes in CEF.
The derived conclusions agree perfectly with those obtained
from other techniques, particularly from 4 f photoemission
measurements [16–18]. It is important to note that the value
of the CEF splitting, and particularly between the ground state
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and the first excited state, along with the temperature of XAS
measurements, may significantly affect the analysis. Due to
involvement of various CEF-split 4 f levels, different |MJ〉
states may contribute to the spectrum, thereby introducing
complexities into the analysis.

Our experimental findings together with the modeled XAS
spectra at the Ln 4d edge, including those for individual |MJ〉
states, significantly enhance the capability for analysis of elec-
tronic and magnetic properties of lanthanide-based systems.
The presented results and database of modeled Ln 4d XAS
spectra for all lanthanides (given in the SM [33]) will also
facilitate magnetic dichroism experiments in both surface- and
bulk-sensitive regimes.
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