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Abstract

®

CrossMark

The electronic structure of (1 1 1) Sm;_,Gd,Al,, a zero-magnetization ferromagnet, is
investigated by angle- and spin- resolved photoemission spectroscopy. An intense electron
pocket strongly localized around ' and close to the Fermi level is observed and analyzed in
detail. Its various characteristics, combined with electronic structure calculations, reveal a
resonant surface state of 5d character and A; symmetry, likely built on bulk states developing
around L points. It exhibits moreover a low temperature positive spin polarization at the
Fermi level, of strong interest for spin-dependent transport properties in Sm;_,Gd,Al,-based

spintronic devices.

Keywords: electronic band structure, zero-magnetization ferromagnet, angle- and spin
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1. Introduction

Surfaces and interfaces are peculiar regions in a material
because of the reduced number of neighboring atoms com-
pared to the bulk and the consequent symmetry breaking.
This may give rise to specific magnetic or electronic surface
properties. The number of surface atoms is often negligible
compared to those in the bulk, but these cannot be ignored
(i) when considering any exchange between the material and
the outside (ii) when dealing with thin films and nanosys-
tems where the surface to bulk ratio greatly increases. In this
latter case, electronic and magnetic surface/interface proper-
ties have shown to be especially critical for the understanding
of spin-dependent transport in spintronic devices, such as
spin valves [1], magnetic tunnel junctions (MTJs) [2-5] and
spin—orbit (SO) torque based systems [6]. The Fe(00 1) sur-
face states are for instance responsible for specific features in
the spin-dependent transport across the interface with GaAs:

1361-648X/18/435501+7$33.00

tunneling anisotropic magnetoresistance or variation of tun-
neling current spin polarization with applied bias [4]. An
intense research activity is thus focused on electronic surface/
interface properties of conventional magnetic 3d transition
materials but also of some challenging strategic materials for
spintronics such as Heusler alloys [7] or topological insula-
tors [8].

Among unconventional strategic materials for spintronics,
the rare earth (RE) dialuminide Sm;_,Gd,Al, (SGA) exhibits
very peculiar and original magnetic properties. It can be con-
sidered as a zero-magnetization ferromagnetic material, as it
has been proved first in bulk by various techniques [9-15].
Because the spin and orbital magnetic contributions are
antiparallel and exhibit different temperature dependences,
there exists a so-called compensation temperature, where
the compound exhibits a long range ferromagnetic order of
spin contributions, together with a zero magnetization. This
characteristic makes SGA an original compound with rich
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properties, as it has been explored by several authors around
the compensation point [16—18]. It is especially well suited for
use in spintronic devices since, despite a uniform spin polari-
zation, it does not perturb the motion of charged particles due
to the absence of stray magnetic fields. Zero-magnetization
spin-polarized electrodes for MTJs are also very attractive
since magnetic dipolar coupling issues from the reference
electrode should be eliminated when scaling down device
size. This motivates researches on SGA thin films’ growth
and magnetic/electronic properties. The successful growth of
high quality epitaxial SGA films [19, 20] permitted to con-
firm the zero-magnetization ferromagnetic character in these
low dimension systems [21, 22] and to eventually build SGA-
based MTJ’s [23, 24]. Their transport properties however ulti-
mately depend on the spin polarization and on the electronic
states of the SGA/insulator interface, which remain largely
unknown. Although Laubschat er al investigated RE-Al,
electronic properties thirty years ago [25], they mainly ana-
lyzed the stability of the RE 4f configurations, and except
for a recent 3D angle resolved photoemission spectroscopy
(ARPES) study of YbAI, [26], the RE-Al, band structure has
been up to now exclusively described via electronic band
structure calculations [27-31].

The present study aims to investigate the electronic sur-
face properties of (1 11) SGA epitaxial thin films and to con-
tribute to a better understanding of surface/interface electronic
properties in strategic materials for spintronics application. In
this paper, we report on the first results of synchrotron based
3D-ARPES and spin resolved PES (SRPES) performed on a
(111) SGA epitaxial film. Several dispersive electronic states
are observed despite the occurrence of relatively intense Sm
4f divalent multiplets. An electron pocket, close to the Fermi
level and strongly localized around the T’ point is especially
analyzed. Its various characteristics reveal a spin-polarized
resonant surface state, likely built on bulk states, as this is sup-
ported by electronic structure calculations. The occurrence of
such a spin-polarized resonant surface state is highly relevant
for spin-dependent transport properties in SGA-based spin-
tronics devices, as this has been highlighted in other magnetic
materials.

2. Experimental details

A 300 nm-thick (111) Smg975Gdg5Al epitaxial film was
first grown by MBE [22] at the Institut Jean Lamour (IJL)
laboratory in Nancy. The co-deposition of Sm, Gd and Al
atoms was performed at 510 °C on a (110) Nb buffer cov-
ering a (1 120) sapphire substrate. A 25nm thick Nb capping
layer was then deposited at room temperature to protect the
compound from oxidization in air. The structural and magn-
etic properties have been described in previous studies on
(111) SGA thin films, in particular the giant coercive field
exceeding 7 T below the compensation temperature (88 K in
this film) [22, 32].

The surface preparation, ARPES and SRPES measure-
ments were carried out on the CASSIOPEE beamline setup
at the SOLEIL synchrotron. The surface preparation of PES

samples is a crucial step for such surface sensitive analysis.
A two-steps specific preparation process has been developed
in the CASSIOPEE MBE chamber to recover a high quality
(111) SGA surface. First, the Nb cover layer is removed by
Ar sputter etching; RHEED analysis confirmed that the (1 1 1)
SGA crystal order is preserved after the etching process. The
second step is the annealing of the SGA surface; a ‘flash
heating’ at high temperature (above 550 °C during 15min)
desorbs residual impurities, rearranges and smooths the sur-
face, as attested by more continuous RHEED streaks. XPS
measurements of the Al 2p contributions confirmed that, for
optimal preparation conditions, only the 2p,/, and 2p3; lines of
metallic Al are observed, separated by a SO coupling of 0.4 eV.
The process of fast etching and annealing has been repeated
before each ARPES acquisition in order to recover the initial
quality of the SGA surface which is naturally unstable, due to
the high affinity of Sm and Al to oxygen. It was nevertheless
stable enough for 4-5h ARPES measurements.

Electronic properties have been explored along different
directions of the (111) SGA surface Brillouin zone (SBZ)
and of the bulk Brillouin Zone. High symmetry directions
of the SBZ are (TK) and (TM) with |TK| = 0.74 A" and
ITM| =0.64 A~'. More details about the (111) SBZ of fec
lattice can be found in [33].

3. Experimental results

The ARPES results obtained at 5K along 'K and T'M, for an
incident photon energy of 32eV and p-polarization, are pre-
sented in figure 1 (raw data on the left).

In addition to several dispersive contributions, discussed
in the following, two non-dispersive contributions, localized
around —0.6eV and —1.6eV, are observed for both direc-
tions. Their positions relative to the Fermi level, as well as
complementary resonant photoemission experiments, permit
us to identify these as Sm 4f divalent multiplets, °H and °F
respectively. These have been previously observed for Sm
metal and several Sm-based compounds, including SmAl,,
and are attributed to the occurrence of divalent Sm atoms at
surfaces [34-36]. To emphasize the other dispersive contrib-
utions, each energy dispersion curve (EDC) in the ARPES
image was normalized to the angle-integrated spectrum, as
proposed by Matsunami et al [26]. The resulting maps are
shown in figure 1 (right part). Three main features are then
observed along both directions: @ an intense electron pocket,
close to the Fermi level and strongly localized around the
T point, ® two downwards dispersive bands observed for
binding energies up to —0.8eV, and ® one dispersive band for
larger binding energies with a minimum around —3eV.

From in-plane dispersion curves (figure 2(a)) obtained
by fitting the momentum dispersion curves (MDC) and
adjusted using the nearly-free electron model approximation,
we extract the effective mass m* for the different dispersive
contributions. The fitted values of m* and the binding energy
at the T’ point (E) are reported on the side of the curves. The
electron pocket @ and the electronic band ® have similar
positive m*/me_ ratio which may suggest a similar origin. The
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Figure 1. I(Eg, k/,) maps along the high symmetry directions TK and T'M. Left: raw data. Right: data after normalization to the angle-
integrated spectrum; dotted lines are guides for the eyes. Measurements were performed at 5 K, for a photon energy of 32eV and

a p-polarization.

contributions @ present a slightly larger negative m*/m,. ratio
related to the downwards energy dispersion. Iso-energy (k, k)
maps for increasing binding energies across the electron
pocket @ (figure 2(b)) clearly reveal in-plane isotropic prop-
erties, with the occurrence of a well-defined ring around the
T point of the SBZ. This shape of a paraboloid of revolution
is similarly observed for other contributions @ and ® (figure
2(c)). It points out similar effective masses along &, and k,,
and the localization of these electronic states far from zone
boundaries.

The dependence on the perpendicular component of the
momentum k, was explored by varying the incident photon
energy. It appears that the various contributions exhibit rea-
sonable spectral weight only in a very narrow energy range
(approx. 30-39eV) with a strong dependence on the photon
energy and a maximum around 34eV. This makes the anal-
ysis difficult since the available range to determine the inner
potential V{y and to calculate k; is limited. Vj, is known to be
comprised between 11eV and 15¢eV, a value of 13.7eV being

reported for YbAI, [26]. Whatever the inner potential in this
possible 11 eV-15eV range, the variation of binding energy
is extremely weak, approximately 125 meV A~ ie. 10 times
smaller than what is measured in the (k,, k,) plane.

A value of Vy = 15eV, in reasonable agreement with pre-
vious reports for dialuminides [26], is used to compare Fermi
surface mappingin the (k, k;) and in the (k,, k) planes (figure 3).
For this V| value, the maximum intensity (at 34eV) occurs
around a L point in the fifth BZ (k, =5 [TL| = 3.425 A~").
Vertical straight features are visible at k, = 4-0.09 A~"in the
(kz, ky) plane (figure 3(b)), in contrast with the ring observed
in the (ky, k) plane (figure 3(c)). Additional experiments with
higher photon energy could be envisioned to explore another
BZ and to analyse further the dispersion along the k, direction,
but this first result is already a strong indication of the 2D
character of this electronic state.

The symmetry of this 2D state is investigated by var-
ying the incident photon beam polarization (s- or p- type).
For s-polarization, the electric field is perpendicular to
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Figure 2. (a) Energy dispersion curves along &, for the different contributions identified in figure 1 (open circles). The dot red curves are
parabolic fits using the free electron model approximation. The extracted values of m* and E, are given next to the curves (m*/Ep). (b) and
(c) iso-energy (k,, k,) maps for different binding energies across the various contributions identified in (a). Measurements were performed

at 5K for an incident p-polarized photon beam of 32eV.

the incidence plane, i.e. parallel to the sample surface. For
p-polarization, the electric field is in the incidence plane. EDC
curves measured at the I’ point for both p- and s-polarizations
are presented in figure 4(a) after subtraction of the divalent
contributions. The contributions close to the Fermi level and
for binding energies above —2.5eV obviously vanish when
switching to s-polarization. The remaining spectral weight in
the vicinity of —0.6eV and —1.6¢eV is likely due to residual
divalent parts, not fully subtracted as it is also seen for the
p-polarization. As a result of the optical transitions for the
photoelectron governed by Fermi’s golden rules, only the ini-
tial states with the same symmetries as the electromagnetic
field E can be excited in photoemission. Following the devel-
opment proposed by Hermanson [37] for cubic crystals, the
dipole-allowed initial symmetries for a (1 11) crystal face and
for normal emission are either A; (for electric field parallel to
(111})) or Aj (for electric field in the (111) plane). One can
therefore conclude that both © and ®@ contributions identified
in figure 1 exhibit A; symmetry.

Spin-resolved photoemission spectroscopy measurements
have been performed at 30K in the magnetic remanent state.
For this purpose, we used a hemispherical analyzer SCIENTA

4.5
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Figure 3. (a) Bulk BZ of SGA in which k;, corresponds to the [111]
direction of the fcc BZ. The blue and red areas correspond to the
measured areas presented on the right (b) and (c) Fermi surface
mapping in the (k,, k,) and (ky, k,) planes (measured at 5K with

a p-polarized photon beam).
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Figure 4. (a) Angle-integrated EDC curves around the I" point after
subtraction of the divalent contributions for p- (green circles) and
s-(black squares) polarization. Measurements were performed at
5K and for a photon energy of 32eV. The red curves correspond to
the fits using three Lorentzians multiplied by the Fermi function.
(b) Perpendicular to the plane spin polarization measured at 30 K
(hv = 32eV, p-polarized photon beam).

SES 2002 coupled to a Mott detector for the spin analysis
through a horizontal slit with an acceptance angle of +8°
without angular resolution. In order to get rid of possible
differences between detectors, measurements have been col-
lected for two opposite orientations of the sample magnetiza-
tion. Because of the huge coercivity observed in SGA films
[32], the magnetization cannot be reversed in switching the
magnetic field at low temperature. The two opposite mag-
netization states have thus been prepared in successively
field-cooling the sample from above Curie temperature
under 41200 Oe and then —1200 Oe (maximum field applied
in the experimental setup). A positive polarization of approxi-
mately 13% (figure 4(b)) has been extracted in the vicinity of
the Fermi energy, i.e. in the energy range corresponding to the
above-mentioned electron pocket.

4. Discussion-calculation

Experimental observations from the localized states close to
the Fermi level are typical for surface states developing at
the (111) surface, for example in noble metals [38, 39]. It
especially exhibits very limited dispersion along k, compared
to isotropic parabolic dispersion sheets in the surface plane.
Moreover, we have observed that this state is strongly affected
by the surface preparation and by the surface quality/contam-
ination. The peak amplitude of the electron pocket, as well
as of the divalent contributions, indeed strongly decreases
in time (reduction by a factor of approximately 6 after 12h),
likely due to some surface contamination despite the low base
pressure (in the 10~'° mbar range) inside the photoemission
chamber. This proves that the divalent contributions and the
electron pocket exhibit similar behavior and are both very sen-
sitive to the surface.

The combination of these points strongly suggests the pres-
ence of an electronic resonant surface state. The maximum
intensity measured for incident photon energy close to 34eV

is by the way consistent with a d-character, as expected from a
5p — 5d resonant process enhancing 5d emission [40].

The occurrence of a surface state is a common property
of lanthanide metal surfaces and has been observed for Gd
[41,42], Lu [43], La [43], Tb [44], Tm [45], Yb [45], Sm [46].
To our knowledge, no surface state has however been reported
up to now for SmAI, or more generally for RE-Al, com-
pounds. For polycrystalline RE-Al,, Laubschat et al [13] only
identified divalent contributions as surface features and did
not observe any additional contribution at the Fermi level, cer-
tainly due to the higher incident photon energies (70-75eV).

In order to strengthen our experimental results and anal-
ysis, electronic band structure calculations have been under-
taken. Following the approach developed by Gotsis et al [31],
the local spin-density approximation (LSDA) incorporating
the Hubbard parameter and the SO coupling (LSDA+U-+S0O)
has been chosen, in order to properly locate the occupied
and unoccupied 4f states. The Wien2k code, based on the
full potential linearized augmented plane waves (FP-LAPW)
method, was used. Calculations have been first performed with
a bulk cell crystallizing in the Fd3m symmetry space group
and with lattice constants equal to 7.912 A. The Hubbard
(U) parameter and the SO coupling have been chosen to get
proper localization of the 4f trivalent contributions compared
to the experiment and satisfactory values for spin and orbital
moments (Mo, = —3.23 pp and mgpin = 2.95 up). The calcu-
lated electronic band structure for bulk SmAl, is presented in
figure 5(a) along WLK directions of the bulk Brillouin Zone.
Note that the 4f Sm>* bulk contributions do not appear in
figure 5(a) since they are located out of the energy range, at
approximately —7eV and slightly above 1eV. Moreover, this
calculation performed using a bulk cell cannot describe the
surface Sm?>* 4f divalent multiplets (°H and °F contributions).

The calculated electronic band structure can be compared
to experimental data since the LK and LW bulk directions are
probed via in-plane measurements along k, and k, respec-
tively. Several features appear to be in good qualitative agree-
ment with experimental observations around the bulk L point,
i.e. the surface I point (figure 1):

(i) two close dispersive bands (purple/orange) with posi-
tive effective mass appear with a bottom energy at approxi-
mately —3.2eV, similar to the contribution @ in figure 1 (ii)
two dispersive bands (pink/green) with negative effective
mass appear with minimum binding energies around —0.4eV
and —0.2eV, similar to the contribution @ in figure 1 (iii) a
contribution with positive effective mass (red) appears close
to the Fermi level with a minimum around —O0.1 eV, similar to
the contribution @ in figure 1.

Calculations have been then extended to a different super-
cell with a tetragonal symmetry to simultaneously simulate the
three possible environments for Sm: in the bulk of the layer,
at the surface, or below the surface when this is terminated
with Al atoms. No differences between these environments
have been extracted in the f~-DOS, nor in the d-DOS between
bulk and ‘below surface’ Sm atoms. However, a significant
difference has been observed in the d,, projected part of d-
DOS close to the Fermi level between bulk Sm and Surface
Sm atoms (figure 5(b)). The enhancement in the surface d,,
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Figure 5. Electronic structure calculations performed in
LSDA+U+SO (Wien2k code): (a) band structure for bulk SmAl,.
The color dots are guides for the eyes. (b) Density of states
projected on dy, orbitals for Sm atoms located in the core of the
layer (black) and at the surface (red).

majority DOS close to the Fermi level is consistent with the
occurrence of a positively polarized resonant surface state.
The question whether this calculated d., resonant surface state
actually exhibits A; symmetry as observed experimentally is
however particularly complex to address, mainly because of
the tetragonal symmetry used for the supercell.

These calculations performed for bulk and sub-surface Sm
atoms thus strongly support the experimental observations
and the assumption that the localized electron pocket around
T is a resonant surface state, likely built on the bulk state close
to the Fermi level.

5. Conclusion

ARPES and SRPES measurements provide the first overview
of the surface electronic band structure and bring important
insights in the electronic properties of (111) Sm;_,Gd,Al,
epitaxial film. Despite the difficulties related both to the sharp
resonance over a narrow energy range and to the analysis of
a complex compound initially prepared in a different MBE
chamber, experimental observations reveal the occurrence of
a resonant surface state. Built on a bulk state, with A; sym-
metry and d-character, it appears as a strongly localized elec-
tron pocket around I in the SBZ. First SRPES measurements
show a low temperature positive spin polarization of this
state at the Fermi level. Those results are supported by DOS
calculations performed for a supercell taking the different Sm
atoms’ environments into account.

The observation of a polarized surface state in this uncon-
ventional material of interest for spintronic applications is an
important step towards the development of new spintronic
devices. Surface/interface electronic states are namely key
parameters to govern transport and magneto-transport proper-
ties, as highlighted in more usual systems. An interesting fea-
ture revealed by DOS calculations in this complex compound
is the existence of a surface state, specifically in the case of
surface Sm atoms. The accurate control of the topmost atomic
layer, although a challenging task, could be thus an efficient
lever to manipulate the surface state and consequently to tailor
magneto-transport properties.

In the field of spintronics where surfaces/interface proper-
ties always raise interest, we now hope that these results will
motivate further theoretical and experimental work on new
devices based on unconventional magnetic materials.
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