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The crystal electric field (CEF) plays an essential role in defining the magnetic properties of 4 f materials. It
forces the charge density of 4 f electrons and the related magnetic moment to be oriented along a certain direction
in the crystal. The CEF and related magnetic properties were widely studied in the past with focus on bulk of
4f materials, while their surfaces have not received much attention. By the example of the antiferromagnetic
material TbRh,Si, and using first-principles calculations and classical 4f angle-resolved photoemission (PE)
measurements, we show how the CEF and related magnetic properties, linked with the orientation of 4f
moments, are modified at the surface region. Precisely, we studied the CEF characteristics in individual Tb layers
for Tb- and Si-terminated surfaces of TbRh,Si,. We show how strongly the CEF changes near the surface and
how dramatically it influences the orientation of the 4 f moments relative to the bulk. The instructive message
of our study is that a rather valuable information about the CEF-related phenomena can be derived from the
temperature dependence of 4f PE spectra. The presented methodology including the theoretical approach can
be further applied to many other layered and quasi-2D rare-earth-based materials for unveiling their surface

magnetic properties.
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I. INTRODUCTION

In the development of novel 4 f-based systems for mag-
netic applications, including heterostructures and multilayers,
it is essential to monitor and control the magnetic properties
originating from individual atomic layers of lanthanides [1].
During the assembling of quasi-two-dimensional 4 f objects,
the magnetic properties, which are associated with the ori-
entation of the 4f magnetic moments, can be dramatically
modified due to the changes of the crystal electric field (CEF)
near the interfaces [2]. The CEF influences the orientation of
4 f magnetic moments, which in turn defines the orientation
of the appeared magnetic exchange fields [3]. Therefore, it is
necessary to elaborate the methodology, which would include
theoretical approach and experimental expertise, allowing to
control the properties linked with the CEF and orientation of
the 4 f magnetic moments in the individual atomic layers.

Much efforts have been directed towards studying the CEF
and unveiling the related magnetic properties in the bulk of
rare-earth-based materials. CEF can be studied experimentally
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using such methods as inelastic neutron scattering [4—6], res-
onant inelastic soft x-ray scattering [7-9], x-ray absorption
spectroscopy [5,10-12], etc. However, all these techniques are
rather bulk-sensitive and do not provide information about
CEF at the surface or interfaces. One way to overcome this
limitation is to study thin films, where the number of bulk
atoms is comparable with the number of surface or inter-
face atoms, as it was recently demonstrated using Raman
spectroscopy [13]. Alternatively, ab initio calculations can
be used to study CEF in individual atomic layers. However,
reliable evaluation of crystal field parameters (CFPs) from the
first principles remains challenging. It is known that usually
calculations based on density functional theory (DFT) fail to
describe correctly the fine electronic structure and CFPs for
4f materials due to the problems of self-interaction, strong
correlation effects, and mixing of localized 4 f states with the
itinerant valence states [14—16]. Therefore, CEF calculations
often rely on the experimental determination of splitting of the
4f states. As a result, CEF calculations are usually performed
for the bulk [2,14,17,18], while theoretical studies of CEF at
the surfaces or interfaces remain few in number [19-22].

In general, it is natural to expect that CEF at the surface or
interface may strongly differ from that in the bulk [23] since

©2022 American Physical Society
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the breaking of translational symmetry together with possible
reconstructions and relaxations in the near-surface region may
cause strong changes in charge distribution. This idea already
finds confirmations both in experiment [13] and theory [19].
Here, we present a combined experimental and theoretical
approach to study CEF in the individual rare-earth layers near
the crystal surface. Performing theoretical investigations, we
met with the known difficulties of applying DFT-based calcu-
lations to the 4 f materials. However, our studies show that the
results of ARPES measurements of the 4 f multiplets and their
further analysis with DFT-based calculations become rather
useful for understanding how the CEF-dependent properties
of the 4f states change near the crystal surface. The main
aim of our paper is to elaborate a methodology, which can
be applied to layered 4 f-based systems allowing to derive the
CFPs and determine the orientation of magnetic 4 f moments
governed by CEF in individual atomic layers near the surface.
We employ the extremely high surface sensitivity of photo-
electron spectroscopy and utilize the strong dependence of the
photoemission matrix element on the ground-state properties
[24]. We also demonstrate to which extent the DFT calcula-
tions can be useful in describing the CEFs for the individual
rare-earth layers.

As a model system, we consider the well-known antifer-
romagnetic (AFM) compound TbRh,Si,, which has a Néel
temperature Ty of 94 K and belongs to the remarkable family
of layered RET,Si, materials, where RE and T denote a rare-
earth element and a transition metal atom, respectively [25].
Its AFM phase is characterized by ferromagnetic (FM) order
in the ab planes with out-of-plane orientation of the Tb 4f
moments. The neighboring Tb planes, separated by Si—Rh-Si
trilayers, are AFM-coupled to each other along the ¢ axis.

Due to much weaker chemical bonds between Tb and Si
atomic layers, as compared to the tightly bound Si—Rh-Si
blocks, the crystals of TbRh,Si, cleave predominantly per-
pendicular to the ¢ axis between Tb and Si atomic layers,
uncovering either terbium- or silicon-terminated surface [25].
This gives us an opportunity to perform comparative studies of
how the CEF and related properties are changed in individual
Tb layers near both Tb and Si surfaces by means of theory and
experiment.

II. METHODS

Growth of TbRh,Si, single crystals was carried out ac-
cording to the method described in Ref. [26]. Samples were
cleaved in situ under ultrahigh vacuum (UHV) conditions at
low temperature. PED measurements were performed at the
X03DA (PEARL) beamline [27] of the Swiss Light Source
using a Scienta EW4000 electron analyzer. ARPES data were
obtained at the BLOCH beamline of the MAX IV synchrotron
radiation facility equipped with a Scienta DA30 analyzer.
Linear polarization of photons was used. 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 was oriented ver-
tically. PED maps were measured by rotating the sample with
a polar angle step of 1° and azimuthal angle step of 20°, 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°.

Calculations of one-electron PE matrix elements including
PED were performed using the EDAC code [28]. Uncertain-
ties were estimated in accordance with Ref. [29]

First-principles calculations of CEF in the framework of
the density functional theory (DFT) were performed in the
Computing Center of SPbU Research Park. Here we use the
augmented plane waves + local orbital method implemented
in the WIEN2k program [30]. For the exchange correlation
functional the generalized-gradient approximation form [31]
was adopted. For the calculations the experimental lattice
parameters of TbRh,Si, [32] were used, while the atomic
positions within the unit cell were relaxed until the forces
on each atom were less than 1 mRy/aq, where ag is a Bohr
radius. The distance between the neighboring Tb ions was
4.04 A. The atomic sphere radii were set to 2.50 a( for Tb,
2.48 ag for Rh, and 1.83 ay for Si. The 4f orbitals located
on neighboring Tb sites have nonzero overlap, which makes
the interpretation of results less transparent. To reduce this
overlap, we used a (2 x 2) lateral supercell. The near-surface
region was modeled by a periodic slab, consisting of six
four-layer TbRh;Si, blocks and terminated by Tb and Si
atoms on both sides and a vacuum region, which extends over
15 A. The eigenvalue problem was solved in a k-point grid of
6 x 6 x 12 of the irreducible Brillouin zone of the bulk cell
and 6 x 6 x 1 for the surface one. The parameter determining
the accuracy of the calculations within the APW 4 lo method,
RMT x K. was setto 5.5, where RMT is the smallest atomic
sphere radius and Ky« is the plane wave basis set cutoff.
The self-consistent field (SCF) calculations were performed
without spin polarization and the 4 f electrons were treated as
core electrons, which contribute to the spherical component
of the density only. After the standard self-consistent solution
of the Kohn-Sham equations, we performed a non-SCF calcu-
lation with the Tb 4 f states treated as valence states and then
transformed the Bloch states from the 4f energy window to
Wannier functions with the use of the wien2wannier interface
[33] followed by standard application of the wannier90 soft-
ware [34]. Wannier90 provides the local 4 f Hamiltonian as a
7 x 7 matrix, which is then expanded in the matrix elements
of spherical tensor operators. The expansion coefficients are
the CEF parameters. Further details of the method are given
in Ref. [14].

For calculations of photoemission intensity, structural op-
timization of the model 32-layer slab was done using the
full potential (FP) local-orbital minimum-basis method im-
plemented in the FPLO-14.00-48 code (improved version of
the original FPLO code by Koepernik and Eschrig [35]) with
the use of local density approximation (LDA) and open-core
(OC) approximation [25].

III. RESULTS AND DISCUSSION

A. Angle-resolved photoemission from the 4f
shell and the 4f Hamiltonian

In order to model PE spectra from an open 4f shell, we
treat f electrons as core states neglecting their interaction with
valence states, which is of minor importance in the case of
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Tb compounds. We work in the basis of LS-coupled states
|[wLSJMj), where w is a set of quantum numbers, which
distinguishes different states with identical quantum numbers
LSJ. The matrix element for electric dipole transitions from
the initial state |[wLSJMj) to the final state |w'L'S"J'M, kmy),
which is an antisymmetrized product of the states of ion
|w'L'S'J’M;) and photoelectron |I€ms), may be written as [36]

N
<w’L’S/J’M/, kmg |- F | wLSJM,>
i=1

4 L'S"J Mjymmg >
VNOL S Z Upsi, " Dk, (L

where £ is the photon polarization vector, while N is the
occupation number of the 4f shell. The factor Q55 is the
fractional parentage coefficient, and D,, is the one-electron
matrix element of dipole transition from the atomic 4 f-orbital
|mmy) to the continuum state |%ms). The factor U involves four
Clebsch-Gordan coefficients [36]

L S'J' Mymms CSMS JM; CJ’M}

LSJMJ E L M’ S'My Amy TLM SMs = L'M’ S'My> 2
MM (2)
MM

where [ = 3 for the f shell. By means of standard algebraic
manipulations [37], we obtain

L'S'J' Mymm, J+M' + k+1 A~k
Upsigy " = Mypes(=1)777 22:( D¢,

Im i 3 Ms
k(s2)
L S J
BT 3)

2

where we used a notation I,.. = /Qa+1)2b+1)---
The summation index in brackets means that the respective
sum contains only one term.

As a first step, we consider a Hamiltonian of an isolated
ion with Coulomb, spin-orbit and configuration interactions,
using the same methodology as in Ref. [38]. Spin-orbit in-
teraction leads to intermediate coupling by mixing different
LS states, while J and M; remain good quantum numbers.
Thus, the eigenstates are considered as the following linear
combinations:

M) =) Cls IwLSIM). 4)
wLS

By diagonalizing the Hamiltonian matrix, we obtain the en-
ergies and coefficients C/, ¢ and C7), , for the fV and fN~!
configurations before and after photoionization, respectively.
The parameters of the Hamiltonian can be found in Ref. [39].

When the atom is influenced by CEF and/or magnetic
field, J and M; cease to be good quantum numbers. However,
in view of the large 4 f multiplet splittings of RE ions it is a
common practice and a good approximation to consider only
one J term with the lowest energy, which is possibly split in
2J + 1 levels. Thus, for the initial state of the ion we truncate
the basis to a set of [M;) states. In this case, the eigenstates

are formed as the following linear combinations:
YA
M,

where v is the state number. The eigenvectors A" can be
obtained by diagonalizing the CEF Hamiltonian with possible
magnetic interactions [Eq. (9)]. In photoemission, CEF and
magnetic splitting in the final state are usually not resolved,
therefore, they can be neglected. Then, for the PE cross
section of transition between the initial state |v) and the final
states |J' M/, %mx) with all possible M and m, we obtain

O'J’v(]_é) = Z

msM);

> Ay Cos lWLSIM)),

wLSMj

2
Y Ay D@ (5)
m(My)

where we defined

mms / J J w'L'S' 77L'S'J M)mm;
IM JM’ =N Z : CwLSCw’L’S’QwLS ULSJMJ .

wLS
w'L'S

(6)

In the particular case when the influence of CEF can be
neglected and the moment of the RE ion (J) is oriented in
Z direction, the 4f states are the |M,) states (all Ay, are zero
except for one), then the Eq. (5) is simplified to

o () om@), ©)

mmg (M)

oy, (k) =

where o, (l_é) « |Dyy, (l;)l2 are one-electron differential PE cross
sections and D,, are the respective matrix elements. We used
Eq. (7) to calculate 4 f PE spectra for all trivalent lanthanides
in Ref. [39].

When multiple initial states participate in photoemis-
sion, the differential cross section will include temperature-
dependent occupancies u,(T') as

- - —Ey

op(k, T) =Y uy(T)oyy(k), u, oce®  (8)
where kg is the Boltzmann constant and the energy levels E,
are obtained from the 4 f Hamiltonian.

In order to describe the ground state of Tb ions in the
simulations of PE spectra of TbRh;,Si,, we considered the
following single-ion 4 f Hamiltonian with molecular field ex-
change interaction

3ksTQ(ge — 1)
T+ D(gs — 1)?

where J is the ground-state total moment, g, is the g factor of
electron, g; is the Landé€ factor, TC0 is an exchange interaction
parameter, which is roughly equal to the Néel temperature
in the absence of CEEF, S is the vector of spin momentum
operators Sx, Sy, Sz, and (§ ) is the vector of their thermally
averaged expectation values. The Hamiltonian (9) must be
diagonalized self-consistently. For this purpose we use an
iterative procedure; we start from a given (S) oriented in
the low-symmetry direction, find the eigenstates and calcu-
late the new (S) from them. This procedure is repeated until
convergence is reached. Performing this procedure for each
temperature, we obtain the temperature dependence of the
magnetic moment. The parameter TC0 is adjusted to obtain the
desired temperature of magnetic ordering (7).

H = Hcgr — 548, &)
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FIG. 1. Schematic view of the tetragonal AFM ordered TbRh,Si,
crystal and its Tb and Si surfaces. The Tb atomic layers are well sep-
arated from each other by the tightly-bound Si-Rh-Si trilayer blocks.
The 4 f magnetic moments of Tb are shown by arrows. Reorientation
of 4 f moments at the Tb termination is caused by the changes of CEF
at the surface (see discussion in text).

B. Photoemission spectroscopy analysis

Single crystals of TbRh;Si, cleave predominantly between
the Tb and Si atomic layers, resulting in two possible surface
terminations, which are shown schematically in Fig. 1. For
the Tb-terminated surface presented in the upper part, we will
refer to the surface Tb layer as well as the next subsurface
Tb layer as first and fifth Tb layers, respectively. For the
Si-terminated surface presented in the lower part, the two
Tb layers closest to the surface are referred to as fourth and
eighth Tb layers. The cleaved surface of TbRh,Si, usually
demonstrates a coexistence of Si- and Tb-terminated terraces,
which fortunately are usually larger than the spot size of
the synchrotron radiation [39] and can be readily identified
in ARPES measurements due to their remarkably different
photoemission spectra.

M

(a)

(c)I'"I"'I"'I"‘I"'I"'I'

Let us start by considering PE from TbRh,Si, at low tem-
perature when the crystal is in the AFM phase. Figures 2(a)
and 2(b) show ARPES maps of Tb- and Si-terminated sur-
faces, respectively. The Si termination can be easily identified
due to characteristic surface states (SS), which exist around
the M points, as well as a cone-like surface resonance (SR),
which is seen near the T point [25]. These bands are absent in
the case of Tb termination. Besides dispersing valence bands,
nondispersing 4 f states of Tb are visible in the binding energy
(BE) range of 3 — 12 eV. These states appear due to transition
from the ground 4f8 to the excited 4f’ configuration of Tb
ion. Although the 47 configuration exhibits 327 wLSJ states,
which produce a Tb 4f multiplet, only a few of them give
notable PE intensity.

Figure 2(c) demonstrates the PE spectra obtained from
the T point region. One can see a striking difference in the
lineshape of Tb 4f multiplet taken from the Si- and from
the Tb-terminated surfaces. Particularly, the 8¢ state situated
at ~3eV BE exhibits a high intensity in the spectrum taken
from the Tb-terminated surface. However, it can hardly be
identified among the valence states in the spectrum from the Si
termination. Similarly, the 6P and 7 states, which are intense
in case of the Tb termination, show rather weak intensity at
the Si surface. Moreover, the 4 f-derived spectral structure is
apparently more complex in case of the Tb termination. This
is due to the surface core-level shifts of the 4f emission,
which are a well-known phenomenon for lanthanides [40].
As expected, the spectral features from the first Tb layer are
found to be shifted to higher BEs relative to the spectrum from
the fifth Tb layer below the Tb surface as well as from the
fourth Tb layer below the Si termination. We illustrate this
observation for the *// PE peaks by dashed lines in Fig. 2(c).
This interpretation is further confirmed by the PED data and
their analysis, which will be discussed below.

In order to explain the observed large differences in the
intensity distributions of the 4 f multiplet components in the
spectra recorded from two distinct terminations, let us con-
sider an isolated Tb ion placed in a magnetic field aligned

E

2 -

Binding energy (eV)
Intensity (arb. u.)

Si termination

Tb termination

o
(1):14): ) 6
I

°G

@ Experiment

Calculation

valence band states

Si termination

53(1)

Tb termination

T T T T T
-10 0 10
Emission angle (°)

T T T T T L
-10 0 10
Emission angle (°)

Binding energy (eV)

Relative energy (eV)

FIQ. 2.7ARPES spectra taken from (a) Tb and (b) Si terminated surfaces of the AFM ordered TbRh,Si, crystal at 7 = 21K along the
M — I — M direction of the surface Brillouin zone (SBZ). (c) Normal-emission PE spectra obtained by integration over the angle range of

+5° from the data shown in [(a),(b)]. (d) Theoretical normal-emission 4 f PE spectra for different single-M, ground states calculated using
Eq. (7). The numbers in brackets denote atomic layers from which the signal comes.
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antiparallel to the Z axis. In this case, the ground state
is described by M; = J = 6. Then, for the Tb 8S7/2 term,
Eq. (7) is greatly simplified. The Clebsch-Gordan coefficients
in Eq. (3) keep momentum projection conserved as m + m; =
M; — M;. We further note that the 8S7/2 peak corresponds
to emission of one electron with m, having opposite sign
to the Mg = M, of the residual seven electrons of the 4f
shell. This is only possible when m; = —1/2, M, = 7/2 and
m = 3. Thus, for the 3§ term o o o3. The angular distribu-
tion of the o3 intensity is determined by the electric dipole
selection rules Al = 1 and Am = 0, 1. For/ = m = 3 the
photoelectron wave function is composed of partial waves,
which have angular parts described by spherical harmonics
Y22, Y42, Y43, and Y44. All these functions take zero values for
emission direction along the Z axis. This allows us to conclude
that when the ground state of the Tb ion is described by
|M;) = |6), there will be no 8§ emission along the direction
of the Tb magnetic moment for any polarizations and energies
of photons. The same is true for the magnetic state | — 6) and
PM state when the energy levels of the | &= 6) states coincide.

Note that for the AFM ordered TbRh,Si,, the 4f magnetic
moments of the Tb atoms lying in the fourth atomic layer
below the Si surface [25] behave similarly to the bulk and
have an out-of-plane orientation, i.e., parallel to the ¢ axis.
Thus, in this case a ground state close to |6) is rather expected
that explains readily vanishing of the 8§ peak intensity. Then,
a high intensity of the 3 feature at Tb termination implies a
strong canting of Tb 4f magnetic moments there. To verify
this point, we calculated PE multiplet intensities for different
|M;) ground states of an isolated Tb ion using Eq. (7). In our
calculations, we neglect PED effects, which, as we checked,
have a minor influence on the lineshape of the 4 f multiplet
in our case. The obtained results are shown in Fig. 2(d) with
vertical lines. The lengths of these lines are proportional to the
intensities. For the most intense lines, the corresponding term
symbols are given above. For comparison with experiment, we
simulated PE spectra as sums of Lorentzians with a half width
of 0.3eV. It can be seen that a good agreement with exper-
imental spectrum for Si termination is obtained at |M;| = 6,
while for Tb termination a good correspondence is achieved
for M; = 0. Summarizing the analysis of the 4f PE spectra
presented above, we may conclude that magnetic moments of
Tb experience strong reorientation at the Tb surface in com-
parison to those in the bulk. Namely, at the Tb surface, when it
is magnetically ordered, they become oriented in-plane, while
below the Si-terminated surface, the 4f moments have an
out-of-plane orientation like in the bulk.

In order to understand how the magnetic ordering influ-
ences the lineshape of the 4f multiplet, we traced how the
spectra change when the material undergoes the transition
from the AFM to the PM phase. Our observations suggest that
the normal-emission spectra remain almost unchanged. This
result was expected since the magnetically ordered states |6),
| — 6) as well as the PM state with | = 6) doublet have identi-
cal theoretical normal-emission spectra when excitation with
linearly polarized photons is considered. For the case when
circular polarization is used, the spectra will be notably differ-
ent. At this place, we should explicitly mention the importance
of existence of magnetic domains. Namely, the Si-terminated
surface always possesses magnetic domains, which reveal an

opposite orientation of Tb 4 f magnetic moments in the fourth
Tb layer due to the steps of the Si-Rh-Si-Tb terraces. If these
domains contribute on equal footing to the PE spectrum, then
it is hardly possible to distinguish the difference between
PM and magnetically ordered phases with any polarization
of photons used. We expect, however, that with the use of
spatially-resolved photoemission it should be possible to vi-
sualize the magnetic domains (to identify the regions with
different orientations of the 4f moments) and to disclose the
PM and FM phases based on the 4 f PE spectra.

Note that magnetic ordering can also be detected by tracing
the changes of the valence states. For the Si surface we can
readily establish whether the Tb 4f moments are ordered
below the Si-Rh-Si surface or not via observation of exchange
splitting of the surface states [25]. Unfortunately, there are no
such magnetically sensitive states at the Tb-surface. There-
fore, it is not so straightforward to conclude whether the Tb
surface is magnetically ordered or not. Our analysis of the 4 f
PE spectra recorded from the Tb termination only suggests
that the states with M close to zero dominate in the ground
state. Essentially, this is strikingly different from the bulk
properties and from the case of a Si-terminated crystal. We
suggest that the main reason of that are strong changes of
crystal-electric field at the surface, which force reorientation
of the Tb 4f moments. To verify and further explore this
assumption, we performed theoretical calculations of CEF for
different Tb layers.

C. CEF calculations

The TbRh,Si, crystal has a Dy, symmetry in the bulk
and a Cy, symmetry at the surface. For both cases the CEF
Hamiltonian takes the following form:

Hewe = BiCY + BiCy” + By (C” +C1)
+BSC + BY(C® + ), (10)

where B} are CFPs and C{*) are spherical tensor operators.

The first attempt to study CEF in the bulk of TbRh,Si, was
made in Ref. [41] by determining only the B(Z) parameter from
the magnetic susceptibility analysis. Later on, the bulk CFP
with notably smaller B% were estimated in Ref. [42] based
on the parameters for HoRh,Si,, obtained experimentally
from the temperature-dependent measurements of heat capac-
ity. In the more recent paper [43] it was shown that CFPs
obtained in Ref. [42] hardly reproduce the temperature de-
pendence of the magnetic susceptibility (x) and new CFPs
(B3 and Bj) were obtained by fitting the theoretical x curve
to the experimental one. The values of CFPs are given in the
bottom of Table I.

So far, all experimental methods applied for determining
the CFPs were mostly bulk sensitive and derived information
was discussed in connection with the bulk properties. For
elucidation of the surface properties and in particular those
related to magnetism, the information about CFPs can be
obtained from theoretical calculations. In this paper, we de-
termine the CFPs for the bulk and surface layers of TbRh;,Si;
by means of DFT calculations according to the procedure
described in Ref. [14]. In spite of the fact that this method
is best suited for insulators, it was also successfully applied
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TABLE I. Crystal electric field parameters B’; in meV for sequence of the surface-related Tb atomic layers calculated within DFT, and bulk
CEF parameters taken from literature as well as the values of molecular field parameter TC0 (K) obtained for each set of CFPs.

Tb layer B} B} B} B§ BS Y

DFT-nh 1 —108 —43.7 25.8 -9.7 23.0 69
4 57.8 —38.7 20.0 —17.0 26.3 42

5 0.8 -30.1 21.2 —14.8 25.1 95

8or9 11.7 -31.5 21.7 —15.3 24.9 74

bulk 11.5 —-35.7 20.4 —14.8 20.1 74

DFT + Si 3p 1 —87.9 —64.9 64.7 1.73 7.3 70
4 74.9 —-50.4 57.0 —16.4 19.0 39

5 20.5 —43.7 61.3 —144 17.8 67

8or9 30.3 —43.9 59.9 —15.9 18.6 56

bulk 24.0 —49.1 45.1 —16.2 18.2 59

Best fit bulk 36.83 —15.94 51
Literature bulk [41] 41 50
bulk [42] 18.60 —26.46 +5.75 64

bulk [43] 40.95 —25.34 48

to metallic RE compounds [4]. In this procedure, a local 4f
Hamiltonian, expressed in the basis of Wannier functions, is
expanded in the matrix elements of spherical tensor operators.
Wannier functions are obtained by transforming the Bloch
functions calculated by means of DFT. The major problem
in such approach is that DFT is not able to describe correctly
the physics of strongly correlated systems (the 4 f shell prob-
lem). In particular, hybridization between the 4 f and valence
states cannot be properly taken into account. This problem
can be partially overcome by using the computational scheme
proposed by Novdk [14]. On the first step, the 4f electrons
are treated as a spherically symmetric core shell to exclude
the influence of their potential on CFPs. Afterwards, the
charge density is kept fixed and the 4f orbitals are moved to
the valence basis set where they may hybridize with the other
valence states. However, this hybridization must be controlled
manually by selecting which states may hybridize with the 4 f
states and by adjusting the energy position of the 4f orbitals
relative to the valence states. Hence, this method contains an
adjustable parameter A, which is the energy shift applied to
the states. The case of the large energy separation between the
valence and 4 f states is the case of no hybridization (DFT-nh),
when only the Kohn-Sham potential affects the CFPs. We will
consider both cases with and without hybridization.

To determine which orbitals should be allowed to hybridize
with the 4f states and to estimate the value of A, we used
the CFPs obtained experimentally in Ref. [43] as a reference.
By comparing the overall CEF splitting of the ground state in
calculation and experiment, we have found that the best agree-
ment is achieved when the 4 f states are allowed to hybridize
with the Si 3p states of neighboring atoms and when the latter
are shifted by A = 0.18 Ry above the 4 f states. The obtained
CFPs are given in Table I and the respective energy levels
are shown in Fig. 3. It should be noted that the overall CEF
splitting for CFPs calculated without hybridization is signifi-
cantly lower than the experimental splitting in Ref. [43]. This
indicates the importance of taking hybridization into account.
The last column in Table I contains the exchange interaction
parameters TC0 that we have chosen. From the temperature-
dependent measurements of the exchange splitting of surface

states at the Si-terminated surface we have found that the 7¢
for the fourth Tb layer is nearly equal to the Ty of the bulk,
which is 94 K [44]. For the other layers, however, we do not
know the T values, therefore we assumed that they all have
a similar 7¢ equal to the bulk value. This assumption, indeed,
does not affect our conclusions. Thus, all TC0 values in Table |
were chosen to give the critical temperature equal to the Ty.

Using the model Hamiltonian [Eq. (9)] it is easy to find that
the CEF parameter B} plays a decisive role in orientation of
Tb 4f moments. Positive B} tends to align the moments
out-of-plane, while negative Bg leads to in-plane orientation.
Which of the [100] and [110] in-plane directions will be
preferred is determined mostly by the sign of the B} pa-
rameter. The CFPs calculated in this paper (with or without
hybridization) lead to the orientation of the 4 f moments along
the [001] (out-of-plane) direction for the Si termination and
along the [110] in-plane direction for the topmost Tb layer
of the Tb termination. According to the calculation, in the
magnetically ordered phase the ground state for the fourth Tb
layer below the Si termination is nearly equal to the state |6)
(or | — 6)), while for the first Tb layer of the Tb termination
the ground state by 86% consists of states |0) and | & 1). Thus,
the calculated signs of the B(z) parameters are in full agreement
with the conclusions drawn from the PE intensity analysis.

To illustrate the influence of CEF on the orientation of the
4f magnetic moment, we present a visualization of the CEF
potential, corresponding to the CFPs determined for the first
and the fourth Tb layers for Tb and Si surfaces, respectively.
Together with that, we also show the electron density distribu-
tion | ps| for the states |0) and |6). Figure 3(b) reveals the CEF
potential —Vcgr(R, 6, ¢) (with negative sign) as a function of
angles at the fixed distance R from the Tb site, corresponding
to the maximum in the radial charge density distribution of
the 4f orbitals. The energy of the 4 f state is determined by
the product of ps(7) and Vcgr(7). The energy minimum is
reached when the maximal density is located at the minimum
of potential. This is fulfilled when p; and V&g — Vgr are
most similar in their shapes. Hence, the CEF with maximum
in Z direction favors the ground state |0) as it is shown in
Fig. 3(b).
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(a) 60_: —=— DFT- nh —o— literature (bulk) (b)
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E ef. [42]
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FIG. 3. (a) CEF energy levels calculated for different Tb atomic layers (1st and 5th for the Tb surface, and 4th and 8th for the Si surface.)
The CEF states in respective sequences are shifted horizontally and connected with lines for better visual discrimination of degenerate and
closely lying states. (b) The deviation of the CEF potential from its maximal value (V&3 (R) — Veer(R, 0, ¢)) in real space for parameters
determined for the 1st Tb layer (Tb surface) and for the 4th Tb layer (Si surface) along with the electron density distribution (o) for the states

|0) and |6).

Another interesting result of the CEF calculation is a pre-
diction that CEF in the fourth layer on the Si termination is
notably larger than in the bulk, as it is evidenced by Fig. 3(a).
As we will show in the next paragraph, this prediction can
be confirmed experimentally with photoemission. It should be
noted that we also performed CEF calculations with unrelaxed
slabs and found that the surface structure relaxation does not
influence the CFPs much. Hence, the opposite sign of the
B} CFP for the first layer and the increased CEF splitting in
the first and fourth layers are caused mainly by the crystal
truncation.

D. Experimental analysis of CEF

Let us start with testing of the calculated bulk CFPs
by comparing the theoretical temperature dependence of
magnetic susceptibility x with the experimental one. We cal-
culated the magnetic susceptibility using LS coupling and
the following 4 Hamiltonian with Heisenberg term for two
sublattices:

3kp

2
H=Y Hegri—jii-B— —2_
2 Heeri ~ I JU+1)

i=1

X

J

2
(T it ) + T ditdy ) + T5Jeil ), (1)
=1
where fi; is a magnetic moment operator, B is an external mag-
netic field induction, 7} and T;; are molecular field parameters
for the in-plane and out-of-plane directions, respectively.
These parameters were fitted to obtain best agreement be-
tween theoretical and experimental dependencies x (7).
Figure 4 shows the magnetic susceptibilities for single
crystalline TbRh;,Si, along the [100] a axis (x,) and the
[001] ¢ axis (x.) of the crystal. The experimental data are
compared with the theoretical temperature dependencies for
different bulk CFPs. The CFPs from Ref. [43] were obtained
by fitting of the theoretical curves to the experimental ones in
the PM phase, hence, they provide good agreement above the

Ty . However, they poorly reproduce the behavior of x,(7T)
in the AFM phase. By fitting in the whole range of tem-
peratures, we determined the optimal parameters that nicely
reproduce the experimental dependence in both PM and AFM
phases. These CFPs are named as “best fit” in Table II. It was
sufficient to use an isotropic model with 7;7 = T} to obtain
good agreement with experiment. It should be noted that we
used only the B3 and B} CFPs since the other parameters
have minor influence on susceptibility and cannot be deter-
mined uniquely. The susceptibility curves obtained for our
DFT + Si 3p parameters do not give perfect agreement with
experiment, indicating notable uncertainties in the calculated
CFPs. This is not surprising, since the method that we used
is known to be precise for insulators, but not for metals. Nev-
ertheless, the qualitative predictions of the calculation agree
well with our photoemission data. One of these predictions is a
notably larger CEF in the fourth Tb layer on the Si termination

O Experiment
Theory:
—— Best fit, isotropic model
—— DFT+Si3p, anisotropic
—— Ref. [43], anisotropic

2.0

3
N
3]

1

-6

% (10” m”/mol)
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FIG. 4. Temperature dependencies of the magnetic susceptibility
x along the [001] and [100] crystallographic directions. Our experi-
mental data are compared to the calculated x for the CEF parameters
given in Table I and molecular field parameters from Table II.
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TABLE II. Optimized molecular field parameters.

CFP set T (K) T4 (K) T¢ (K) TS (K)
Ref. [43] 24.12 —24.34 17.93 ~30.53
Best fit 20.27 —30.66 20.27 —30.66
DFT + Si 3p 14.38 —44.66 29.47 —29.57

relative to the bulk. Let us discuss how this can be verified
experimentally.

As it follows from Eq. (8), the 4 f PE cross section includes
temperature-dependent occupancies u,(7") of the energy lev-
els split in CEF. Hence, the changes in the intensities of the
multiplet components as a function of temperature are depen-
dent on the CFPs of each near-surface RE layer contributing
to the overall photoemission signal. This fact allows us to
probe the energy splitting of the ground state by measuring
the temperature dependence of the 4 f PE spectra. To control
the sensitivity of spectra to different atomic layers, we have to
take into account the electron inelastic mean free path (IMFP)
and the effect of PED. Note that both depend essentially on
the kinetic energy of emitted photoelectrons. In this study,
we have chosen two different photon energies of 110 eV and
200 eV. It is important that both energies are rather far from
the Tb 4d — 4 f resonance at around 150 eV where the dipole
matrix element is not valid.

Figure 5(a) presents the ARPES data taken from
Si-terminated surface at 7 = 195K and Av = 200eV. Upon
cooling down the intensities of the individual components
of the 4 f multiplet show different temperature dependencies.
Figure 5(b) illustrates the changes in the intensity upon cool-
ing down to 21 K. The respective angle-integrated spectra
are presented in Fig. 5(c). The major changes are related to
the 4f multiplet, while the intensity of the valence bands
remains almost unchanged. Of course, the exchange splitting
of the M surface states emerges below the Ty [25], however
it is not well-resolved on the large energy scale presented
here. The difference plot allows us to unveil the temperature-
dependent 4f spectral features. Namely, we were able to
detect the presence of the 8§ peak, which is hardly visible
in Fig. 5(a) due to its rather low intensity and strong overlap
with the valence bands. The distorted shape of the S peak
in the angle-integrated difference spectrum may be a result of
hybridization between the 4 f states and the valence bands.
This conclusion is further confirmed by the large width of
the 85 peak that is about 0.55 eV in contrast to the other
multiplet components, which have the width of ~0.3 eV. This
broadening becomes obvious upon comparison with theoreti-
cal spectra in Fig. 5(f), where we set the width of 0.3 eV for
all multiplet components.

It is worth noting that for Fig. 5 we calculated the PE
spectra as a sum of signals from three Tb layers in the model
cluster. The interlayer distances in the cluster were taken from

hv =200 eV hv =110 eV
~ a T=195K T=21K 0.8 -
2 107 (@ (d) — all layers (9) ]
@ —— fourth layer CFP:
§ — bulk 3 0.7 — Ref. [43]
s E=S — DFT-nh
B 3.30 S — DFT+Si3p
€ 10 € 0.6
LLEJ 10 b
T T T T L T T T T 2
104 (b) 195 vs 21 K (e) T=21K & 057
o V7 — all layers
g —— fourth layer 0.4
c 04 — bulk T T T T T
9o 0 50 100 150 200
@ 8...15° v 2006V
2 v = e
510 (h)
T T T T T T T T — 06~ CFP:
” — Ref. [43]
_— —_ 2 —_ i
_ (c) 195 K (f) — 195K 2 DFT+Si3p
@ , — 21K 21K @ (5
5 Region 1 mm difference mm difference 2 8...15° 7
g . . < 33%bulk @
§ -15..15 -15...15 o 0.4
= g
2 = 3..3°
9] | 3.
g é 03 10% bulk
S <5
T T T T T T T T T T
10 8 4 2 0 0 50 100 150 200

Binding energy (eV)

Relative energy (eV)

Temperature (K)

FIG. 5. (a) Experimental ARPES data taken in the M — I’ — M direction of the SBZ from the Si-terminated surface of TbRh,Si, at
T = 195K using hv = 200eV. (b) Difference between the ARPES data measured at 195 K and 21 K. (c) The respective angle-integrated PE
spectra and their difference. (d,e) Calculated PE spectra at 21 K integrated over the polar angle ranges of 0 &+ 3° (d) and from 8 to 15° (e).
The intensity from the fourth Tb layer is shown separately from the signal of deeper layers denoted as bulk. (f) Calculated angle-integrated
PE spectra and their difference. The calculated spectra in [(d),(f)] were obtained with DFT + Si 3p CFPs. [(g),(h)] Measured temperature
dependencies for the ratio of 4f PE intensities in the regions 1 and 2 shown in (c) are compared with the theoretical curves obtained for
different CFPs. In the case of hv = 110 eV (g) the intensities were averaged over the angle range of O &£ 15°, while in the case of hv = 200eV
(h) we used two different angle regions: 0 & 3° and from 8 to 15°. Two sets of experimental data shown by differently colored circles in

(g) and (h) were obtained from two TbRh,Si, crystals.
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a DFT calculation of surface relaxation [25]. For each Tb layer
we computed the one-electron PE matrix elements D,, (l?) for
their further use in Eq. (5). To describe the initial states, we
selected the desired CFPs for each Tb layer. In Figs. 5(d),
5(e), and 5(f) we used the layer-dependent DFT + Si 3p
CFPs. We took into account the AFM ordering of moments
below the surface; however, it was assumed that the individual
Tb layers have only in-plane exchange interactions and no
interaction between different layers was considered. Hence,
for each layer its own Hamiltonian Eq. (9) was diagonalized
self-consistently. We also took into account the presence of
magnetic domains. In particular, for the Si-terminated surface
we assumed two possible orientations of magnetic moments
along the ¢ axis in the fourth and deeper Tb layers. For the
case of hv = 110eV we assumed the IMFP to be 5 A, while
for hv = 200eV we used 7.5 A.

Before analyzing the temperature dependencies, it is useful
to estimate the surface sensitivity of PE spectra since it may
notably depend on the emission angle due to PED. This is
illustrated by Figs. 5(d) and 5(e), where the spectral intensities
of the fourth layer and the other layers (bulk) are shown sepa-
rately for two different emission angle ranges at iv = 200 eV.
The calculation predicts that upon transition from the normal
emission (0 £ 3°) to the off-normal (8 — 15°) geometry the
contribution of the bulk layers to the multiplet intensity should
rise from 10% to 33% in the energy range excluding the 3§
peak. Thus, by changing the PE angle in a rather small range
one can vary the sensitivity of PE spectra to the selected
atomic layers using PED effects. Thus, we have chosen the
two aforementioned angle ranges for the further analysis of
temperature dependence at hv = 200eV.

Figures 5(g) and 5(h) depict the temperature-dependent
ratio of the 4f PE intensities of the two groups of multiplet
components, which fall into the spectral ranges 1 and 2 shown
in 5(c). The first region contains mainly the intensities of
the lines °p, °7, and °p, while the second region includes
the peaks °H and °G. The data were obtained from the Si-
terminated surface only, since the Tb termination was too
sensitive to contamination upon heating the sample. The data
taken at hv = 110eV were integrated in the angle range of
0 % 15°, while for hv = 200 eV we selected two angle ranges
with different surface sensitivity. It should be noted that we
applied correction factors of 1.05 and 0.9 to the calculated
intensity ratios in the case of 110 eV and 200 eV photons,
respectively, to achieve best agreement with experiment. This
indicates that the relative uncertainty in our PE intensity cal-
culations is about several percent.

In the modeling of the temperature-dependent PE spec-
tra we used different CFPs from Table I. In the case of
hv = 110eV, shown in Fig. 5(g), the bulk CFPs from
Ref. [43] used for each Tb layer give a poor agreement with
experiment. In this case, the model spectra show stronger
temperature dependence than in the experiment. This means
that the CEF-splitting of energy levels in the model is too
small, therefore the excited levels are populated too rapidly
with increasing temperature. Since the 4f PE signal mostly
stems from the fourth layer, we may conclude that the CEF
splitting there must be larger than in the bulk. One can see
that the agreement between theory and experiment improves
in the case of DFT-nh CFPs, for which the CEF splitting in the

fourth layer is larger than in the bulk, as it is shown in Fig. 3.
In the case of DFT + Si 3p CFPs the splitting becomes even
larger and these parameters provide a very good agreement
with experiment.

Rather similar results were obtained for the case of
hv = 200eV, shown in Fig. 5(h). For the highly surface-
sensitive angle range of 0 & 3° the bulk CFPs from Ref. [43]
give a bad agreement with experiment, while for the less
surface-sensitive angle range from 8 to 15° the agreement is
slightly better. This fact confirms that the bulk CFPs better
describe the eighth layer rather than the fourth. The best agree-
ment is again obtained with the DFT + Si 3p CFPs. Thus,
we may conclude that (i) the CEF splitting in the fourth layer
is notably larger than in the eighth layer or in the bulk and
(i1) taking the Tb 4f—Si 3p hybridization into account
in the CFP calculations improves agreement with the PE
experiment.

The obtained results are instructive and demonstrate that
classical 4f PE spectra contain a lot of information about
the CEF-split 4f states. They allow to trace how the CEF
changes at the subsurface and at the surface of rare-earth based
materials and how orientation of 4f magnetic moments is
affected by the modified CEF.

To make our study comprehensive, we decided to turn
further to the PED experiments, which allow studying the
structural properties of materials, surfaces and interfaces. For
this purpose PE from closed core shells is usually applied.
Our aim, however, will be to demonstrate that rich structural
information can also be derived from analysis of intensity
distributions of the individual 4 f multiplet components. At
the same time, we will verify the correctness of our PE
calculations by comparing the simulated and measured PED
patterns of the 4 f multiplet components.

E. Photoelectron diffraction analysis

In order to explicitly confirm the assignment of differ-
ent PE peaks in Fig. 2 to different atomic layers and test
the validity of Eq. (5) for PE modeling, we analyzed the
angular dependencies of 4f PE intensities (PED patterns).
The necessity of sample rotation during PED measurements
makes it challenging to obtain data from a single surface
termination. The data presented in Fig. 6 were obtained from
a mostly Tb-terminated crystal with small contribution of
Si-terminated areas, which we neglect. Figure 6(e) shows the
angle-integrated spectrum and its deconvolution in several
components. The peak °G", shown in Fig. 6(a), was modeled
using Eqgs. (8) and (5) as a signal from the 1st Tb layer in
the PM state, using the eigenvectors AS" of the Hamiltonian
(10). Satisfactory agreement between calculated and mea-
sured °G" PED patterns confirms our assignment of this PE
peak to the 1st Tb layer. It is worth noting that assuming the
ground state to be purely [M;) = |0), we obtained an almost
identical theoretical PED pattern, indicating that this is a good
approximation for PED analysis of the Ist Tb layer. Also,
FM ordering of this layer in the calculation does not change
the R factor much. However, when we calculated the PED
pattern assuming no CEF and magnetic splitting of the ground
state (in this case o & Zm O, Similarly to the emission from
a closed shell [45]) the main diffraction features remained,
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FIG. 6. [(a),(b),(c)] Experimental and calculated PED patterns in orthographic projection for several PE peaks shown in the spectrum (e).
Dashed circles correspond to the emission angle of 90°. (d) R-factor dependence on the distance d between the Tb and Si atomic layers on
the Tb-terminated surface. (e) Angle-integrated PE spectrum of Tb multiplet. The data were obtained from mostly Tb-terminated surface at
T ~ 30K and v = 110¢eV. In (b) and (c) the calculated patterns were smoothed to simulate experimental angle resolution of 1°.

but the R-factor increased by 36%. Thus, for PED analysis
it is important to take CEF splitting of the ground state into
account appropriately.

The neighbor peak °G®) demonstrates a very different
PED pattern, shown in Fig. 6(b). Taking into account that the
ground state in AFM phase is an almost pure state |M;) = |6)
and populations of excited states are close to zero, we modeled
this peak using Eq. (7). Good agreement with the experimental
pattern suggests that this peak was correctly assigned to the
5th Tb layer. The peak with the lowest BE in Fig. 6(e) is
formed by a superposition of the °P(1) and 7 PE signals
from different Tb layers. We modeled the intensity of this peak
by assuming the ground states to be |0) and |6) for the 1st and
5th Tb layers, respectively. The computed pattern exhibits a
good agreement with experiment, indicating that such com-
plex spectral structures as Tb 4f multiplet with surface BE
shift can be used for PED analysis. As an example of such
analysis we determine the relaxation value for the topmost
atomic layer on the Tb terminated surface.

For structural analysis of Tb termination we used the
6G™M PED pattern [Fig. 6(a)]. The relaxation value was op-
timized together with the inner potential and optimal values
were found to be d = 0.75£0.03 A and Vy = 16.5£2.5.
The R factor reached a value of 0.42, which is relatively
large. Besides uncertainty of spectral deconvolution, the prob-
able reason can be adsorption of residual gases, since the Tb
surface is chemically extremely active even at low tempera-
tures, while PED measurements are time-consuming. Never-
theless, the R-factor is very sensitive to the surface relaxation.
Figure 6(d) demonstrates its dependence on the distance be-
tween the 1st Tb layer and 2nd Si layer. We have found that
the distance where the R-factor minimum is reached perfectly
matches the value of 0.75 A predicted by DFT using the
FPLO code with LDA and OC approximations. Consider-

ing that the calculated Tb-Si distance in the bulk crystal is
1.19 A, the predicted relaxation is as large as 37%. This is
rather unexpected because typical relaxation does not exceed
15%. 1t is worth noting that the LDA and OC calculation using
the WIEN2k code gave a notably larger interlayer distance
of 0.86 A. Thus, DFT results are notably code-dependent in
this case.

IV. CONCLUSIONS

We have studied CEF and related phenomena in the in-
dividual atomic layers of Tb near the Si- and Tb-terminated
surfaces of the antiferromagnetic compound TbRh,Si, by
means of first-principles calculations based on DFT and 4f
ARPES measurements. The latter give rich information about
the 4f states and their properties through the analysis of
the 4f multiplet spectral shape. Moreover, the temperature-
dependent measurements of the 4f spectra allow estimating
the energy splitting of the 4 f states caused by CEF. Our results
conclusively demonstrate that CEF and related magnetic phe-
nomena at the surface of 4 f materials are rather different from
those in the bulk. We found that although the DFT-derived
CFPs are not perfect for quantitative description of bulk mag-
netic properties, they give correct qualitative predictions about
the changes of CEF in the near-surface region of TbRh,Si,.
In particular, for the first atomic layer on Tb termination the
DFT correctly predicts the inverted sign of the Bj parameter.
This inversion causes a canting of the Tb 4f moments by
/2 relative to their orientation in the bulk. Such canting
manifests itself in strong changes of 4 PE spectra observed
in the experiment. For Tb ions in the fourth atomic layer
below the Si-terminated surface, the DFT predicts notably
larger CEF splitting than that in the bulk. This prediction is
fully confirmed by temperature-dependent PE measurements.
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Finally, we have shown that PED patterns of individual com-
ponents of the 4 f multiplet can be used for structural analysis.
In particular, we have determined the interlayer distance for
Tb termination and found a giant inward relaxation of 37%,
which is in agreement with the DFT calculation. This relax-
ation, however, is not responsible for the opposite sign of
the B} CFP. The main reason of the modified CEF at the
surface is related to the truncation of the crystal. Finally, we
anticipate that strong modifications of CEF at the surfaces
and subsurfaces may occur in many rare-earth based materi-
als. Such modifications can dramatically change the magnetic
properties in these regions and lead to novel temperature
scales. We believe that the presented and tested methodol-
ogy will greatly facilitate the control of magnetic exchange
fields at surfaces and interfaces through magnetocrystalline
anisotropy governed by CEF. Many compounds studied in
the past can be re-examined using this method and many novel
layered and quasi-2D RE-based systems, heterostructures,
and nanostructures can be characterized on the respective
subject.
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