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ABSTRACT: Finding ways to create and control the spin-dependent properties of two- Two-dimensional electron
dimensional electron states (2DESs) is a major challenge for the elaboration of novel spin- &t the magnetic sllicon suriace
based devices. Spin—orbit and exchange—magnetic interactions (SOI and EMI) are two ©@Pc- N
fundamental mechanisms that enable access to the tunability of spin-dependent properties 2°a2

of carriers. The silicon surface of HoRh,Si, appears to be a unique model system, where +© | | L

concurrent SOI and EMI can be visualized and controlled by varying the temperature. The =~ ¢%0°
beauty and simplicity of this system lie in the 4f moments, which act as a multiple tuning 8~#o~
instrument on the 2DESs, as the 4f projections parallel and perpendicular to the surface & 33
order at essentially different temperatures. Here we show that the SOI locks the spins of the 30 o &\J/
2DESs exclusively in the surface plane when the 4f moments are disordered: the Rashba- %, ®

Bychkov effect. When the temperature is gradually lowered and the system experiences a"? ¥ I
magnetic order, the rising EMI progressively competes with the SOI leading to a 33 %3
fundamental change in the spin-dependent properties of the 2DESs. The spins rotate and

reorient toward the out-of-plane Ho 4f moments. Our findings show that the direction of

the spins and the spin-splitting of the two-dimensional electrons at the surface can be manipulated in a controlled way by using
only one parameter: the temperature.
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spin-polarized properties: spin—orbit and exchange—magnetic
interactions (SOI and EMI). The possibility to obtain spin-
polarized electron states without an external magnetic field and
solely due to spin—orbit coupling was first seen for bulk
semiconductors with zinc blende crystal structures and
explained by an absence of inversion symmetry in the crystal
structure.” Later on, it was shown by Rashba and Bychkov that
in two-dimensional (2D) systems like semiconductor quantum
wells or surfaces of solids, the spin degeneracy can be lifted as
well due to a lack of inversion symmetry at interfaces, which is
now known as the Rashba—Bychkov (RB) effect.”* This has
generated a lot of interest and a quest for more classes of
materials where similar properties can be envisaged and tuned
in a controlled way.” The pronounced effect was observed for
2D states present at surfaces of various metals, oxides, and
topological insulators.”™'* Besides, an analogous effect was
reported for the three-dimensional (3D) bulk states of systems
without bulk inversion symmetry, which coexists with the RB
effect of 2D states at their surfaces.””~'® Recent studies have
indicated the fascinating opportunities for spin-dependent
transport of the room-temperature ferroelectric semiconductor
GeTe, in which the coexistent RB-type surface state and a spin-
polarized helical bulk state at the Fermi level can be switched
and modulated in spin direction by nonvolatile control of the
ferroelectric polarization.'” ™'

Note that spin transport effects induced solely by SOI are
rather subtle and often detected only indirectly in electrical
transport measurements.”>>> To produce sizable spin transport
effects in RB systems, different strategies were proposed that
introduce spin-asymmetry involving exchange interactions. One
of them is to induce spin-mixing by applying an external
magnetic field in the direction transverse to the effective
magnetic field induced by RB effect.”” Another example of
exploiting exchange interaction to control the spin-polarization
in systems with a RB effect has been recently reported for thin
films of Ag,Bi grown on ferromagnetic Fe(110) substrates.”*
There, the concurrent lack of inversion and time reversal
symmetry due to an in-plane magnetic field gives rise to
asymmetric gap openings in the quantum-well states of Ag,Bi.
Model transport calculations reported in that study reveal the
importance of such asymmetries for spin-polarized transport.

The action of both spin—orbit and exchange—magnetic
interactions is responsible for many intriguing phenomena in
condensed matter. The prominent examples are the quantum
spin and anomalous Hall effects in topological insula-
tors.”»>>~** Magnetic proximity coupling with a ferromagnetic
(FM) or antiferromagnetic (AFM) insulator®™** or magnetic
impurity”” allows the surface states of topological insulators to
experience ferromagnetic interactions and makes it possible to
observe exotic phenomena like the predicted topological
magnetoelectric effect.”* The recently reported robust magnet-
ism at the interface of LaAlO5/SrTiO;' ' as well as discussable
properties at the surface of native SrTiOj; is a further curious
example.'”'* Another important class of materials where both
types of interactions play a crucial role are materials known as
“frustrated magnets” or “magnetic ferroelectrics” where
ferroelectricity is induced by magnetic ordering.” Just recently,
it has been shown for the multiferroic Ge;_,Mn,Te that the
spin helicity of the RB bands can be effectively switched to the
opposite by the magnetic field reversal as a consequence of
inherent entanglement of magnetic and spin—orbit order.’® All
these examples clearly demonstrate the huge potential of
materials where unusual electronic and magnetic properties are
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handled by SOI and EMI. At present, AFM materials seem the
most promising candidates for spintronic applications due to
their capability of producing large magneto-transport effects in
combination with robustness against perturbation by magnetic
fields and the absence of parasitic stray fields allowing for a
reduced power consumption and size of respective devices.”’

Here, we demonstrate that the spin properties of two-
dimensional electron states trapped at the Si-terminated surface
of HoRh,Si, are dictated by SOI and EMI and can be
controlled by temperature without the need of an external
magnetic field. Like in several other RERh,Si, compounds, the
magnetic structure of HoRh,Si, is composed of ferromagnetic
Ho layers in the ab-planes stacking AFM to each other along
the ¢ axis and separated by Si—Rh—Si trilayers. The unique
property of this antiferromagnet is that the in-plane and out-of-
plane components of the Ho 4f-moments order at notably
different temperatures. Together with the RB SOI, this results
in effective magnetic fields with different strength and
orientation, which act on the highly mobile two-dimensional
electrons locked within the outermost Si—Rh—Si trilayer,
leading to a temperature-dependent spin-polarization. Ap;plying
angle-resolved photoelectron spectroscopy (ARPES),”® we
show that in the paramagnetic (PM) phase, above ~29.5 K,
where the Ho 4f moments (further also referred to as 4fs) are
disordered, the spin-splitting of the Shockley 2DES is driven by
RB SOL It forces the spins of the Shockley electrons to be
aligned within the surface plane. When the temperature is
gradually lowered below the Néel temperature, the Ho 4f
moments create a ferromagnetic layer underneath the silicon
surface. First, the 4fs component perpendicular to the surface
becomes ordered. The long-range order increases the
magnitude of the exchange—magnetic interaction between the
4f moments and the itinerant surface electrons. Dominating
over RB SOIJ, the rising EMI leads to changes in the spin-
splitting of the Shockley state and to realignment of the spins. It
forces them to abandon their in-plane orientation and align
along the direction of the ordered Ho 4f moments. With a
further decrease in temperature, the 4f moments component
parallel to the surface plane becomes ordered. Consequently,
this leads to their tilting, modifying the effective magnetic field
at the surface and, as a result, the spin-dependent properties of
the Shockley state. Our experimental and theoretical results
allow us to disclose and show in detail how the combination of
RB SOI and EMI in one system allows manipulating the three-
dimensional direction of the spin and the energy of 2DESs in a
controlled way by changing only one parameter: the sample
temperature. This toy model system can be considered as a
promising playground for elaboration of novel electronic,
ferroelectric, and especially Si-based spintronic devices where
both spin—orbit and exchange—magnetic interactions can be
combined.**’

Properties of Two-Dimensional Rashba-like Electrons
in Internal Magnetic Fields: Out-of-Plane versus in-
Plane Orientation of 4f Moments. Our system is a silicon
terminated single crystal of HoRh,Si,, which exhibits
antiferromagnetic ordering at low temperatures with a rather
curious property, a so-called “successive component-separated
magnetic transition”.*' This basically means that the
components of Ho 4f moments that are parallel and
perpendicular to the surface plane order at different temper-
atures. HoRh,Si, possesses a layered structure of ThCr,Si, type
where Ho atomic layers are separated by strongly bonded Si—
Rh-Si blocks along the [001] direction.”
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Figure 1. ARPES intensity maps measured along the X—M—X direction for HoRh,Si, (a,c) and EuRh,Si, (b,d) above (a,b) and below (c,d) the
corresponding transition into the AFM ordered state. Insets on panels a and b show the second derivatives of the respective ARPES maps in the
vicinity of the M-point. The data for HoRh,Si, were obtained at 40 K (a) and 15 K (c), whereas for EuRh,Si, at 55 K (b) and 10 K (d). The insets at
the bottom left of panels ¢ and d show the corresponding unit cells with the direction of 4f moments on rare earth atoms indicated by arrows. Yellow

(red) balls correspond to Si (Rh) atoms.

In detail, the magnetic order of the system develops as
follows. The transition from the paramagnetic to a simple
antiferromagnetic state occurs in a two-step process with a
second order type transition at ~29.5 K followed by a first
order transition at a slightly smaller temperature ~27 K.*' The
intermediate phase is not well-studied and has been proposed
to be an incommensurate magnetic structure.” Below 27 K, the
magnetic structure is a simple commensurate one with
ferromagnetic ab-planes stacked as “+-+-“ along the -
direction.*"*® However, analysis of experimental results
indicates that at 27 K only the c-component of the 4f moments
orders.”*" In the following, we will refer to this phase as AFM-
I with the bulk Néel temperature, Ty, equal to 27 K. At 12 K
one observes a further, well-defined second order type
thermodynamic transition, with a large anomaly in the specific
heat.”"** Analysis of the experimental results indicate that this
transition corresponds to the ordering of the in-plane
component of the 4f moment.*"** This results in a tilting of
the staggered AFM moment away from the tetragonal axis, up
to an angle of about 28° at 4 K.*'"* We will refer to this
antiferromagnetic phase as AFM-II with a Ty, of 12 K. At low
T, the magnitude of the ordered moment, about 9.5 yy, is close
to the saturation moment of 10 uy expected for the Iy, J = 8
ground state multiplet of Ho.*® Thus, at 4 K, the c-component
of the 4f ordered moment amounts to about 8.3 uy, while the
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in-plane component is about 4.1 pz. Note that this property is
in remarkable difference to that of antiferromagnets EuRh,Si,
and GdRh,Si,, where the 4f moments lie exclusively in the ab-
plane.*>*

This kind of transition, which is also called “spin
reorientation transition” is quite common in heavy RE systems.
It results from a competition between low and high order
crystal electric field (CEF) parameters.”” At high T, the excited
CEF levels are thermally populated and therefore only the
lowest order CEF-parameter (BY) is effective. In case of
HoRh,Si), it forces the moment to order along the ¢
direction.”* With decreasing T, higher order CEF parameter
becomes more and more relevant. In case of HoRh,Si, the next
order CEF parameter (B}) promotes a tilting by 45°.
Competition of both CEF parameters leads to the observed
tilting angle of about 28°.*#*"

We will show now that this peculiar out-of-plane bulk
magnetic order in HoRh,Si, gives rise to surface magnetic and
electronic properties very different to those of its in-plane
ordered homologues, like EuRh,Si, or GdRh,Si,. Figure 1
shows ARPES intensity maps taken along the X—M-X
direction of the surface Brillouin zone (SBZ) of the Si-
terminated HoRh,Si, and EuRh,Si, systems for both the PM
and AFM phases. We begin with discussion of the ARPES data
in the PM case (Figures la and 1b) before looking at the
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Figure 2. Photoemission intensity for EDC at the M-point as a function of temperature for (a) HoRh,Si, and (b) EuRh,Si, and calculated energy
splitting of the tight binding model for an out-of-plane (c) and an in-plane (d) magnetic field. Red- and blue-colored lines correspond to electron-
and hole-like states at the M-point, respectively. The dashed white lines in panels a and b correspond to the center of gravity of the corresponding
split bands. Note that the temperature scale on the figures is not linear.

changes when the two systems are cooled into the magnetically
ordered state. The most prominent feature in the ARPES maps
is a Shockley surface state,® that is, a two-dimensional electron
state that is trapped at the silicon surface of these
compounds.”*® The estimation of the Fermi velocity suggests
that it is about 1.2 X 10° m/s in the Ho- and 1.7 X 10° m/s in
the Eu-based materials, indicating a highly mobile character of
these two-dimensional electrons. The Shockley state consists of
electron-like (S,) and hole-like (S,) partners located in the
projected bulk band gap centered at the M-point. Evidently, it
is found at a notably higher binding energy (BE) in HoRh,Si,
than in EuRh,Si,. This is a direct consequence of the trivalence
of the Ho ions (Ho®") as compared to the divalent Eu ones
(Eu®*) in EuRh,Si,, which raises the Fermi level to
accommodate the additional Ho 5d valence electron (see also
Supplementary Note ).

Close inspection of Figures la and 1b shows that at the M-
point the electron- and hole-like counterparts are well separated
by a noticeable gap of about 130 and 150 meV for HoRh,Si,
and EuRh,Si, systems, respectively. In addition to that, there is
also a notable k-dependent splitting of the S, and S, partners,
which disappears exactly at the M-point leading to a two-fold
degeneracy of the S, and Sy, states there. This can be explicitly
seen in the respective insets, where the second derivative of the
experimental ARPES data near the M-point is shown. The
observed energy splitting at the M-point together with the k-
dependent splitting of the S, and S, bands can be well
understood and explained as a result of two types of spin—orbit
effects acting on the Shockley electrons. Note that without SOI,
the spin-degenerate electron- and hole-like states would touch
each other at the M-point resulting in a four-fold degenerate
electron state, see ref 45 and Supplementary Figure Sla.

The first effect is a splitting of the states at the M-point by
pure or intrinsic SOI** (Supplementary Figure S1b), which lifts
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the four-fold degeneracy of the states at the M-point. The
second effect is the RB effect, which acts on the two-
dimensional electron state as a consequence of the breaking of
inversion symmetry at the crystals surface. It lifts the spin-
degeneracy of both bands except for the M-point where the
spin-split states cross as seen in Figure la and b (see also
Supplementary Figure Slc). Thus, SOI leads to strong k-
dependent spin-mixing in the vicinity of the crossing point M
(Supplementary Figure S1b). However, by moving away from
the high-symmetry point along the electron-like state and
coming closer to the Fermi level, the spin polarization of each
spin-split band increases. Moreover, because of the RB effect,
the spins of the Shockley state are locked within the ab-plane
(Supplementary Figure Slc). Thus, at the Fermi level the spins
of the Shockley electrons in both HoRh,Si, and EuRh,Si, will
be aligned exclusively within the surface ab-plane for temper-
atures where 4f-derived magnetism is not yet developed.

The properties of the two-dimensional electrons will be
significantly modified when both systems EuRh,Si, and
HoRh,Si, will become AFM ordered. We will see that below
the Néel temperature, the exchange—magnetic interaction has a
remarkably striking and rather different effect on the Shockley
state in these systems. Inspection of Figure lc and d allows to
conclude that first, the spin-splitting over the whole Brillouin
zone is increased for the 2DESs of both systems. This is
because of the exchange interaction of the Shockley state spins
with the ordered 4f moments of the corresponding RE ions.
The noticeably larger splitting in the EuRh,Si, relates to the
larger pure spin moment of Eu’* ions of about 7 "%
compared to about 4 g spin moment of Ho® ions in
HoRh,Si,.”>*"** However, while the spin-degeneracy of both
the electron- and hole-like parts of the Shockley surface states
at the M-point survives in EuRh,Si, (Figure 1d), it is fully lifted
in HoRh,Si, (see Figure 1c and Supplementary Figure S1d). As
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Figure 3. Spin-resolved surface band structure calculations along the X—M—X path in the SBZ of HoRh,Si, in the PM phase (a) and the AFM-I
phase (b) (the 4f moments are aligned along the surface normal). The red and blue color indicate the opposite in-plane S,,, spin-components. Yellow
and cyan colors stand for out-of-plane +S, and —S, spin-components, respectively. The width of the lines translates into the contribution of the first

four surface atomic layers Si—Rh—Si—Ho to the spin polarization.

a consequence, we observe a surface state split into four distinct
bands: two electron-like and two hole-like that can be clearly
seen in Figure lc. Note that band-structure modifications
similar to the EuRh,Si, case with remaining spin-degeneracy at
the M-point have been recently reported by us for the trivalent
compound GdRh,Si, in the AFM phase.*®

As known from bulk-sensitive measurements, the principal
difference of HoRh,Si, to its structural homologues EuRh,Si,
and GdRh,Si, is the alignment of the ordered 4f moments. In
HoRh,Si,, it is along the c-direction below the Ty, of 27.2 K*
that is, perpendicular to the surface, whereas in the Eu- and Gd-
based compounds it is exclusively in ab-plane.*>>*>*>*

Thus, the obvious question is whether the observed
differences in the band-structure modifications in HoRh,Si,
and Eu(Gd)Rh,Si, can be caused by different magnetocrystal-
line anisotropies.

For a pure RB SOI system, it has been known for several
decades that an external magnetic field transversal to the surface
lifts the spin-degeneracy at the parabolas crossing point.”>> A
similar effect of symmetric band gap opening has also been
recently reported for the surface states in topological insulators
due to Mn magnetic impurities magnetized perpendicular to
the sample surface.”” In addition, it has just recently been
shown that a collinear alignment of the ferroelectric polar-
ization and magnetization in multiferroic Ge,_ Mn,Te leads to
an opening of a Zeeman gap of up to 100 meV at the crossing
point of the RB bands.*

Qualitatively, the conserved spin-degeneracy near the M-
point in Eu system can be explained as follows. When the 4f
moments are disordered, then only the RB SOI defines the
spin-splitting of the Shockley states except at the M-point and
their spins are locked within the ab-plane. At the M-point, both
S. and S, bands remain two-fold degenerate due to the
vanishing RB field. Now, when an external, additional in-plane
magnetic field develops due to ordering of the 4f moments, it
simply adds to the effective RB field, still keeping the electron
spins within the ab-plane. Description of this 4f-derived
magnetic field can be added to the RB Hamiltonian. As a
consequence, two-fold degeneracy for both S, and S}, bands will
remain (Supplementary Figure S1).

For HoRh,Si,, the situation is principally different because
there is an exchange—magnetic interaction due to the c-directed
magnetic field. This interaction will lift the remaining two-fold
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spin degeneracy at the M-point and determine the EMI-derived
splitting of the S, and S, bands at this point.**° The latter can
be nicely seen in ARPES-derived spectral pattern shown in
Figure lc. We will later see that the observed band structure
modifications in HoRh,Si, are fully reproduced by ab initio and
model band structure calculations (Supplementary Notes 1 and
2; Figures S1 and S2).

To get further insight into the nature of the observed band-
splitting at the M-point in HoRh,Si,, we show in Figure 2 the
energy distribution curves (EDCs) of the photoemission
intensity as a function of temperature for HoRh,Si, (a) and
EuRh,Si, (b). A series of temperature-dependent measure-
ments spans the region around the Néel temperature Ty = 24.5
K in EuRh,Si,”’ and the first transition temperature of
HoRh,Si, Ty, at 27 K. Well above the transition temperatures,
in the PM phase, the situation is rather similar for both
materials: a pair of intensity maxima is observed, which
corresponds to the electron- and hole-like spin-degenerate
Shockley surface states at the M-point (Figure 2a,b). In the case
of HoRh,Si,, when the temperature lowers below ~25 K, a
Zeeman-like splitting can be clearly observed for both electron-
and hole-like partners and is captured as well by our model
calculation (see Figure 2c). The linear dependence of the
energy difference on the 4f magnetic moment can be derived
from our tight binding model calculations, see Supplementary
Note 4 and Figure S6. The measured onset of splitting in
HoRh,Si, is significantly lower than the bulk Ty, of 27 K
which can be understood in terms of weaker exchange
interaction due to smaller coordination numbers of magnetic
ions at the surface of the crystal.**>

The temperature-dependent data for EuRh,Si,, where the 4f
moments order within the ab-plane, that is, parallel to the
surface, reveal remarkably different behavior (Figure 2b). No
splitting is observed either for electron- or hole-like states
across the entire temperature range, while the energy gap
between the electron- and hole-like states increases with
decreasing temperature. In our tight binding model, the
electron and hole-like states show a similar behavior as a
function of the 4fs magnetic field and do not significantly split
(see Figure 2d). The difference between EuRh,Si, and
HoRh,Si, in the temperature evolution of the electronic states
at the M-point originates from SOI in combination with the
induced magnetization by the 4f moments field as well as the

DOI: 10.1021/acs.nanolett.6b04036
Nano Lett. 2017, 17, 811-820


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04036/suppl_file/nl6b04036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04036/suppl_file/nl6b04036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04036/suppl_file/nl6b04036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04036/suppl_file/nl6b04036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04036/suppl_file/nl6b04036_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.6b04036

Nano Letters

o

Binding Energy (eV)

(-3

Binding Energy (eV)

M r

projected bulk
bands

Binding Energy (eV) (3]

28 25

15 1
Temperature (K)

Q.

——————

Binding Energy (eV)
o
&

28 25 15 1
Temperature (K)

e B |B,-B,

—/ -
\

"

B(Tw)

B(Ty,)
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function of the strength as well as the direction of the magnetic field. The center of gravity is indicated by a gray dashed line.

surface potential, see Supplementary Figures S1, S2, S6 and
Note 4. In the Ho compound, the magnetic moments point
along the surface normal, parallel to the surface potential
gradient. By contrast, in the Eu compound, the magnetic
moments lie in the plane and are thus perpendicular to the
surface potential gradient. Since to first order L is the same in
both compounds, the effect of SOI, that is, L-S, in the
magnetically ordered phase has to be different, see Supple-
mentary Figures S1, S2, S6—S8, and Note 4.

To explain the experimental results above, we have
performed ab initio electronic structure calculations of the
(001)-surface of HoRh,Si, taking into account both SOI and
EML The calculated band structure along X—M—X is presented
in Figure 3. It can be seen that the band structure calculated for
the HoRh,Si, paramagnetic phase (Figure 3a) reproduces very
well the overall experimental band structure shown in Figure
la. Moreover, the calculated largest value of the spin-splitting of
the electron-like state S, of 35 meV agrees perfectly with the
experimental value of about 35 meV. In general, the band
dispersions obtained theoretically reveal RB-like behavior for
both electron- and hole-like states (S, and S;). This can be
clearly seen in the spin textures they feature: the positive and
negative spin branches are shifted in opposite k-directions, spin
vectors are lying within the ab-plane and are locked
perpendicular to the momentum in the vicinity of the M-
point. Close to the M-point, there is a deviation from the RB-
like effect. The SOI, which couples the electron- and hole-like
state, introduces a spin-mixing by manifesting itself in a
pronounced decrease of the spin expectation value as shown by
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the diminishing width of the red and blue lines in Figure 3a.
However, despite the spin-mixing, the spin moments still lie in
the ab-plane (except for the M-point). It is important to note
that at the M-point the spin polarization of both, the electron-
and hole-like states, have well-defined out-of-plane directions of
opposite signs as shown by vertical yellow and cyan arrows
(Figure 3a). This result straightforwardly implies that if an
external magnetic field was introduced perpendicular to the Si-
terminated surface of HoRh,Si,, the degenerate states would
split to first order in a Zeeman-like fashion, that is,
symmetrically with respect to the energy of unsplit states.”>*
This is exactly what we observe in the temperature-dependent
ARPES data for HoRh,Si, in Figure 2a. Thus, below the
temperature of 25 K, the Ho 4f moments in the subsurface layer
become ordered along the c-direction, that is, in the same way
as in bulk.

To theoretically interpret the ARPES image acquired for
HoRh,Si, at 1S K (Figure 1c), we have performed slab
calculations for the AFM-I phase in which the Ho 4f moments
are oriented perpendicular to the surface. The corresponding
results are shown in Figure 3b. In agreement with the
experiment, the spin-degeneracy of the Shockley states at the
M-point is lifted and the spin-splitting away from the point
increases with respect to that in the paramagnetic phase (cf.
Figure 3a). We note, however, that the calculation yields a
notably larger spin-splitting for the electron-like state at the M-
point — 87 meV against approximately 56 meV measured at 15
K. Analysis of the T dependence of the 4f entropy shows that a
large part of the CEF split states of the *I; J = 8 ground state
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multiplet are involved in the formation of the AFM state,
indicating the overall CEF splitting to be only slightly larger
than Ty;.""*" An extrapolation of the experimental splitting
magnitudes, obtained in the range from 40—15 K (Figure 2a),
down to 0 K by the Weiss mean-field magnetization curve with
total angular momentum J = 8,15 gives saturation values for
the splitting of about 65 + 4 meV, which is still significantly
smaller than the calculated value. In the next section we show
by our temperature dependent measurements down to 1 K and
slab calculations that the discrepancy at very low temperatures
is nicely lifted by assuming a tilt for 4f moments in the
calculation with respect to the surface normal.

Further, it should be noted that the calculations indicate the
drastic changes in the whole spin-texture of the Shockley states.
We observe a strong out-of-plane spin component for the
overall structure of the surface states up to the Fermi level
which are, in most of the cases, even overcome the absolute
value of the in-plane ones (Figure 3b). That leads to the
remarkable conclusion that as a result of the quite specific
combined action of concurrent SOI and EMI in HoRh,Si, the
spins of the 2DESs undergo rotations gradually turning out of
the ab-plane toward the direction of the surface normal as the
temperature goes down.

2DESs in a Tilted Magnetic Field. We turn now to the
discussion on how the temperature-separated order of the 4fs
projections perpendicular and parallel to the surface is reflected
in the spin-dependent properties of 2DESs. Note that in the
bulk they become ordered at 27 and 12 K, respectively. For
that, we have extended our temperature-dependent ARPES
measurements down to 1 K and precisely explored the
evolution of the spectral pattern along the [—M direction
focusing on the vicinity of the M-point. The respective results
are shown in Figure 4a—d. Our experiments allow us first to
detect the splitting of the projected bulk bands, which are
visible within the red-dashed ellipse in Figure 4b. The analysis
of its temperature evolution, shown in Figure 4c, indicates an
onset point as 27 K. This agrees well with the known bulk Ty,
determined from macroscopic bulk-sensitive measure-
ments.”"* The slab calculations along the T—M direction
also reveal a pair of the exchange-split surface resonances
located in the same energy and momentum region (Supple-
mentary Figure S3).

We focus now on the temperature behavior of the Shockley
state split at the M-point (Figure 4d). As we have discussed just
above, between 25 and 15 K, the splitting develops “symmetri-
cally” with respect to the maximum of PE intensity of the
unsplit band measured in the PM phase and marked by the
green dotted line. Note that the full-width at half-maximum of
the unsplit band S, above 25 K is almost constant and is slightly
less than those of the spin-split bands at T' = 15 K. This implies
that at temperatures higher than 25 K, the splitting should be
explicitly considered to be vanishing (or zero) in full agreement
with the analysis above. However, when the temperature
decreases below ~15 K, one can see a steady shift of the center
of gravity of the spin-split bands to higher energies, which is
shown by the dashed white line in Figure 4d. The asymmetry of
the splitting can be clearly seen. The maximum deviation of the
center of gravity from the position in the PM phase reaches a
value of 15 meV at 1 K. Curiously, such an evolution of the
HoRh,Si, electron-like surface state below 15 K is reminiscent
of that seen for the degenerate S, band of EuRh,Si, (Figures 2b
and 2d). There, the latter was explained by the occurrence of an
effective in-plane magnetic field due to the ordered Eu 4f
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moments. Thus, it is appealing to link the observed changes in
the Ho-based system to the onset of a nonzero in-plane
magnetic 4f moment. This means that the in-plane component
of the 4f moments becomes ordered, or in other words, the Ho
4f moments get tilted with respect to the surface normal already
at the temperature of 15 K. This marks the onset of an in-plane
effective magnetic field, which together with the much stronger
field perpendicular to the surface will affect the spin properties
of the Shockley state. Interestingly, this onset temperature is
slightly larger than the bulk Ty, &~ 12 K.*' Our interpretation is
further supported by ab initio and model calculations,
performed for different tilts of Ho>* 4f moments, see Figure
4e and Supplementary Figures S1, S2, and S4 and Note 2. For
the tilt angle of 28° out of the vertical axis, the first-principles
calculation yields a 14-meV-shift for the center of gravity of the
spin-split states S, at the M-point (Supplementary Figure S4)
with respect to the nontilted case, which agrees nicely with the
above given experimental value of 15 meV. Besides, the
respective saturated value of the spin-splitting of 72.5 meV
derived from the slab-calculations for the tilt angle of 28 degree
(Supplementary Figure S4) is in very good agreement with the
experimental value of 71.5 meV at T = 1 K. Note that the angle
of 28° was taken from the previously published neutron
diffraction data,” acquired at very low temperature (4.2 K), a
choice that enables a straightforward comparison of the
calculations with the experiment. The origin of the enhance-
ment of Ty, is not clear. One possibility is that for a FM layer
on the top of a bulk system with zero net magnetization the
shape anisotropy would favor an in-plane orientation of the
magnetization. A second possibility is that Ty, is very sensitive
to the magnitude of the B} and B} CEF parameters.** These
CEF parameters might be slightly different for the top Ho-layer
than for the bulk.

Conclusion. By studying by ARPES the magnetically active,
silicon-terminated surface of HoRh,Si, crystals, we have
unveiled the spin-dependent properties of the two-dimensional
electrons and demonstrated how their energy and spin can be
manipulated. The beauty of this system lies in the 4f moments,
which act as a multiple tuning tool, when their projections
parallel and perpendicular to the surface plane order at different
temperatures. Together with the RB spin—orbit interaction, this
results in effective magnetic fields at the surface with different
strength and orientation, which act in competitive ways on the
highly mobile itinerant electrons locked within the surface. We
found that when the temperature is high and the 4fs are
disordered, the RB spin—orbit interaction creates an effective
magnetic field, which lies exactly within the surface. It locks the
spins of the two-dimensional electrons exclusively in the surface
plane. A gradual decrease of temperature forces first the 4fs
component perpendicular to the surface to order. This activates
the exchange—magnetic coupling between the 4fs and the
itinerant surface electrons forcing their spins to be reoriented
toward the direction of the ordered 4fs. With further decrease
of temperature, the 4f component parallel to the surface plane
becomes ordered. Our experiments disclose how the temper-
ature-dependent competition between fundamental mecha-
nisms such as spin—orbit and magnetic exchange interaction
allow to manipulate the spin-dependent properties of electrons
by using only one parameter: the temperature. Of particular
interest hereby is how the inclination of 4f moments and the
resulting tilt of effective magnetic fields at the surface act on the
two-dimensional electrons in RB systems, which has important
implications for possible applications in spintronic devices.
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Methods. The temperature dependent ARPES experiments
down to 10 K were performed at the Swiss Light Source (SIS
XO09LA instrument) and at the 105 beamline of the Diamond
Light Source (DLS), while temperature range between 10 and
1 K was covered at the “I1-cubed ARPES” machine of BESSY-II
facility (HZB Berlin). The results measured at different facilities
demonstrate a high reproducibility. High quality single-
crystalline samples of HoRh,Si, were grown by a high-
temperature indium-flux method with similar parameters as
reported for GARh,Si,.” To achieve a better visualization of the
band-dispersion the data presented in Figure 2a and Figure 4d,
they were extracted from the 2D curvature plots®” of the initial
ARPES maps, measured along X—M—X direction at different
temperatures. The position of the center of gravity of the spin-
spit bands highlighted in Figure 4d by dashed white line was
derived from a fit to the experimental data with two Gaussian
profiles and a linear background.

Ab initio calculations were performed using the projector
augmented-wave method®® (VASP code’™*®) within the
generalized gradient approximation (GGA) to the exchange-
correlation potential.”’ The Hamiltonian containing scalar-
relativistic corrections and spin—orbit coupling was taken into
account by a second variation procedure.”” An energy cutoff for
the plane-wave expansion of 257.2 eV was used and the two-
dimensional Brillouin zone was sampled with a 12 X 12 X 1 k-
point mesh. To describe the Ho 4f and Rh 4d states, we used
the GGA+U approach® within the Dudarev’s scheme,’* in
which the effective on-site Coulomb and exchange interaction
parameters U and ] enter together in the prefactor U,z = (U —
J)/2 of the correction term of the GGA+U Hamiltonian
whereby only the U — ] difference is essential. Our test
calculations revealed minor variations of the valence band low
energy spectra of the bulk HoRh,Si, for the values of U — ] = 6,
7, and 8 eV applied to the strongly correlated Ho 4f states. The
value of 7 eV was eventually chosen for the surface band
structure calculations as it yielded bulk lattice parameters a =
4.016 A and ¢ = 9.851 A almost in perfect agreement with those
measured in our experiment (aexp =4.015 A and Coxp = 9-89 A).
As for the Rh 44 states, a complete set of calculations including
a full bulk crystal structure optimization, surface interlayer
spacings relaxation and the consecutive surface electronic
structure calculations were first performed using a U — ] value
of 2.9 eV, which has previously led to a good agreement
between the calculated and measured surface spectra for the
homologue GdRh,Si, compound.Ar6 Taking into account the
dominating contribution of the Rh 4d orbitals to the wave
functions of the surface states of interest,**® we then treated
the U — ] value for the Rh 4d states as a parameter varying it in
the physically meaningful range to reach a quantitative
agreement of the calculated binding energies with those
measured by ARPES. The best agreement was found when
no U — J correction is applied to the Rh 4d states. Thus, the
results presented in Figure 3a and b as well as in the
Supplementary Figures S3, S4, and S8 are obtained without
additional parameters for the Rh 44 states, but using the crystal
structure optimized with U — J = 2.9 eV. To model a
paramagnetic state in HoRh,Si,, the Ho 4f electrons were
placed in atomic core. The HoRh,Si, (001)-surface was
simulated by the 16- and 32-layer-thick asymmetric slabs with
the topmost (lowermost) surface terminated by Ho (Si).
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