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Spin-polarized surface positronium (Ps) spectroscopy is a new method
to characterize the spin-polarized electronic states associated with the top-
surface of solid. We have been developing this method based on the Ps
time-of-flight technique with a transversely spin-polarized positron beam
generated with a 22Na source. Although the spin-polarized density of states
(DOS) of Ni(111) and Co(0001) surfaces were successfully obtained, there
was still room for improvement in the energy resolution and count rate.
Subsequently, we inserted a Ps quencher (Kapton) at the detector position
so that more Ps atoms were captured in a reduced time (and hence energy)
window. Consequently, the energy resolution and count rate were improved
by an order of magnitude, giving rise to much better spin-polarized DOS
profile. In the future, to obtain further information about the band dis-
persion and the Fermi surface of solid top-surface, this method needs to
be extended to the angle-resolvable version. In this respect, we discuss the
possibility of positron emission tomography technology.
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1. Introduction

To settle the problems of current electronic devices, such as the energy
consumption and the plateau of performance, the so-called spintronics re-
search field has emerged in the last decade [1]. New concepts and principles
found in the fundamental solid-state physics, such as the novel spin phenom-
ena occurring at the surface and interface [2] and the discovery of a new class
of topological materials [3, 4] would be the foundation of technological in-
novation. Today, vast materials and phenomena related to spin generation,
manipulation, and transport are extensively studied [5].
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In the fundamental research of spintronics materials, the observation
of top-surface electronic states is an important task. Photoemission spec-
troscopy has been widely and successfully used leading to many outstanding
works. However, this method hardly observes the top-surface layer alone, be-
cause photoelectrons are emitted not only from the top-surface layer but also
from deeper layers. Due to this drawback, for example, the spin-polarization
induced into graphene via the magnetic proximity effect has not been fully
revealed by photoemission spectroscopy [6].

Surface positronium (Ps) spectroscopy reported here has an extremely
high surface sensitivity and might play a complementary role to photoe-
mission spectroscopy. Especially, the ‘spin-polarized’ version using spin-
polarized positron beam would be a precious method to determine the spin
state of the top-surface layer. The prototype was demonstrated by the Michi-
gan group already in 1982 [7|. However, afterwards to date, this method has
been neither used nor developed. We revived this old and new method [8-
13| considering the recent rapid progress of spintronics research mentioned
above. In this paper, we introduce the principle of this method, some of our
achievements so far, and discuss the future prospects.

2. Principle of surface Ps spectroscopy

Ps is the hydrogen-like bound state of an electron and a positron. De-
pending on the mutual spin direction of the electron and positron, the spin-
singlet state (S = 0) and spin-triplet state (S = 1) are available. These
self-annihilation lifetimes in vacuum are 125 ps (S = 0) with two-gamma
decay and 142 ns (S = 1) with three-gamma decay. In many cases, three-
gamma annihilation events of long-lived spin-triplet Ps are used in the Ps
spectroscopy. With a few exceptions, Ps is not formed in the bulk of solid
due to the screening of the Coulomb interaction between a positron and an
electron [14-16]. Hence, the Ps formation can occur only at the top-surface
layer, where the screening effect is adequately reduced. Positrons implanted
into solid, after thermalization, diffuse back to the surface/vacuum interface
and a part of them are emitted into vacuum as Ps atoms by picking up elec-
trons at the top-surface layer as schematically shown in Fig. 1(a) [17, 18].
The prerequisite of spontaneous Ps emission is the negative Ps formation
potential given by &ps = ¢_ + ¢4+ — Ep < 0, where ¢_ and ¢4 are the
electron and positron work functions, respectively, and Ep is the Ps binding
energy in vacuum (= 6.8 €V). As shown in Fig. 1 (b), positrons can pick up
electrons in the occupied states from the Fermi level (Er) to the depth of
—®ps. The maximum and zero Ps energies correspond to these two electron
energy levels. Depending on the electron momentum, the emitted Ps atoms
may also have a certain angular distribution (Fig. 1 (c)). The Ps energy and
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Fig.1. Schematic representations of (a) surface Ps emission, (b) relationship be-
tween electron density of states(DOS) and Ps kinetic energy distribution, (c)
relationship between band dispersion and Ps angular distribution and (d) spin-

dependent surface Ps emission.

angular distributions might express the electron density of states (DOS) and
the band dispersion, respectively, although, even in the simplest case, these
are given by the golden rule formula including the positron and electron
wave functions and transition matrix under the energy and momentum con-
servations [19, 20]. When both positrons and electrons are spin-polarized,
generated Ps atoms are also spin-polarized. Hence, as shown in Fig. 1(d),
by reversing the mutual polarization direction of positrons and electrons,
the fractions of S = 0 and S = 1 states can be changed and thereby the
spin-polarization of surface electrons is determined as

1 2e(1) + €(0) Fyy (Eps) — Fiy(Eps)
Py 2¢(1) — €(0) Fyy(Eps) + Fyy(Eps)’

P_(Eps) = (1)

where P, denotes the positron spin polarization, Eps denotes the Ps energy,
Frt 41 (Eps) denotes the Ps fraction obtained under the parallel-antiparallel
spin conditions, and ¢(1) = 0.3 and ¢(0) = 0.4 denote the detection efficien-
cies for annihilation gamma rays from the Ps atoms with magnetic quantum
numbers of £1 and 0, respectively [21].

3. Current status of spin-polarized surface Ps spectroscopy

In this section, we first introduce the simplest spin-polarized surface
Ps spectroscopy without energy resolution and its application to the study
of magnetic proximity effect on graphene. Subsequently, we report on the
further development of spin-polarized surface Ps spectroscopy with energy
resolution.
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8.1. Spin-polarized surface Ps spectroscopy without energy resolution

In the case that the change in total positronium fraction upon spin rever-
sal is simply observed, the spin-polarization is given by integrating Eq. (1)
with respect to Eps. The Michigan group conducted such an analysis us-
ing annihilation lifetime measurement |7]|. Instead of this, we used the en-
ergy spectrum of annihilation gamma rays [22-26|. Figure 2 (a) shows the
schematic drawing of the apparatus. Transversely spin-polarized positron
beam with typical energy of ~ 10 keV is implanted into in-plane magnetized
sample. Figure 2 (b) shows the relative change in the Ps fraction upon rever-
sal of magnetization direction obtained for Fe, Co, and Ni polycrystals [27].
This result confirms the detection of spin-polarized surface electrons.
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Fig.2. (a) Schematic representation of the spin-polarized surface Ps spectroscopy
experiment: transversely spin-polarized positron beam (12 keV) is decelerated and
implanted into a sample magnetized by external coils. Annihilation gamma rays
of the emitted Ps atoms are detected by a detector (typically a pure Ge detector).
(b) Change in a relative Ps fraction (arb. units) upon field reversal obtained for
the Fe, Co, and Ni polycrystals.

We extended the above way to the detection of spin polarization of
graphene and h-BN on ferromagnets [25, 26]. Here, we pick up the re-
sults for graphene on Co(0001), Ni(111), and CogFe(GaGe)5(001). The
lattice matching of graphene with Co(0001) and Ni(111) are exceptionally
good and hence graphene is coherently bound on these surfaces. Whereas,
due to the bad lattice matching, graphene is only weakly bound on the
CogFe(GaGe)( 5(001) surface mainly via the van der Waals force. Figure 3
shows that graphene is well spin-polarized by Co and Ni, while almost null
spin-polarization is induced from CosFe(GaGe)ys to graphene. Our theo-
retical calculation indicated that graphene is well spin-polarized by Co and
Ni due to the strong m—d hybridization between graphene and these metals.
One concern is that due to the strong hybridization, the Dirac cone disper-
sion which is the inherent characteristics of graphene is lost [25]. Also, weak
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hybridization between graphene and CooFe(GaGe)o5(001) was shown to be
insufficient to induce spin polarization into graphene, while the Dirac cone
dispersion of graphene is predicted to be preserved [26].
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Fig.3. Spin polarizations for single layer graphene on the Co(0001), Ni(111), and
CooFe(GaGe)g 5(001) surfaces obtained by spin-polarized surface Ps spectroscopy.

Thus, spin-polarized surface Ps spectroscopy revealed the above-men-
tioned picture about the magnetic proximity effect on graphene, thanks to
the extremely high surface selectivity, and will complement the results ob-
tained by photoemission spectroscopy.

3.2. Spin-polarized surface Ps spectroscopy with energy resolution

The obtained spin polarization described in the preceding subsection
is only an average of all electrons picked up by positrons. To obtain spin-
polarization depending on the electron energy level, i.e., spin-polarized DOS,
we further developed a Ps time-of-flight measurement system as shown in
Fig. 4 (a) [13]. Transversely spin-polarized positron beam is incident on in-
plane magnetized sample. The positron incidence is tagged by secondary
electrons detected using the channeltron device. The annihilation gamma
rays from the Ps atoms generated at the sample surface are detected by
Nal scintillation detectors through a narrow lead slit. From the time differ-
ence between positron incidence and Ps annihilation events, the Ps time-of-
flight spectrum is acquired. The estimated energy resolution was 0.8 eV at
FEps = 3 eV and the count rate was measured to be ~ 0.1 cps with the ge-
ometry of Fig. 4 (a). Figure 4 (b) (upper panels) shows the P_(Eps) profiles
(see, Eq. (1)) determined for Co(0001) and Ni(111) surfaces as a function
of Eps + @ps. That is, Fy4(Eps) and Fy| (Eps) are the Ps energy spectra for
positive and negative magnetization directions, respectively, as defined in
Fig. 2 (a). The horizontal axis is directly comparable to the electron energy
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Fig.4. (a) Schematic representation of the time-of-flight-based spin-polarized sur-
face Ps spectroscopy apparatus. (b) (upper two panels) P_(FEps) as a function of
Eps + Pps obtained for the Ni(111) and Co(0001) surfaces with the apparatus in
(a), and (b) (lower two panels) the spin-polarized DOSs by the DFT calculation.
Dashed curves in the upper two panels are the P_(Eps) simulated with these DFT
profiles and system energy resolution function.

FE — Er. Large negative spin polarizations were observed below the Fermi
level (Eps + @ps < 0). These are in good agreement with the simulation
curves considering the spin-polarized DOS obtained by the density func-
tional theory (DFT) calculation in Fig. 4 (b) (lower panels) and the energy
resolution function of the system.

To improve both the energy resolution and the count rate, we further
modified the apparatus by inserting a Ps quencher (Kapton film) at the
detector position as schematically shown in Fig. 5 (a). Most Ps atoms pass-
ing through the slit region in the original configuration may be captured
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Fig.5. (a) Schematic representations of the original configuration (left) and modi-
fied configuration with Ps quencher (right) around the lead-slit detector section in
the apparatus shown in Fig. 4 (a). (b) Energy resolution estimated for the modi-
fied configuration in (a) as a function of Ps energy. (c¢) Spin-polarized DOS profile
obtained for the Ni(111) surface in the modified configuration in (a).



Spin-polarized Surface Positronium Spectroscopy — Current Status . .. 1-A4.7

by the quencher in a reduced time and hence energy windows. Figure 5 (b)
shows the estimated energy resolution as a function of Fpg. It is 0.3 eV at
FEps =3 eV and 5 meV at Epg = 100 meV. The count rate got to 1 cps. Con-
sequently, we obtained the P_(FEpg) profile for Ni(111) as shown in Fig. 5 (¢),
which is much better than the previous one (Fig. 4 (b)). (Though the energy
dependence of quenching rate is not clear, this effect is cancelled as seen in

Eq. (1).)
4. Future prospects

As mentioned above, the electron spin-polarization of the top-surface
layer depending on the electron energy level has been acquirable by spin-
polarized surface Ps spectroscopy. Nevertheless, the angle-resolved mea-
surement has not yet been established. The further improvement of energy
resolution and count rate should also be pursued for high-quality data ac-
quisition. As for the high-energy resolution measurement, the time-of-flight
measurement of Ps excited to the high Rydberg states by laser illumina-
tion was shown to be one potential way owing to the elongation of Ps life-
time [28, 29]. Apart from this, high-efficiency and angle-resolved measure-
ment might be feasible in the Ps in-flight annihilation measurement using
an omnidirectional detector system such as positron emission tomography
(PET). That is, the replacement of conventional lead-slit detectors in the
traditional time-of-flight system with the PET system with long enough
axial detectors as the J-PET developed by the Jagiellonian University [30—-
32|. Here, we discuss the feasibility, though based on rough and preliminary
estimation.

Figure 6 (a) shows the simulated annihilation event distribution of spin-
triplet Ps in an axial symmetric condition. A step-like positron energy dis-
tribution from 0 to 5 €V is assumed. The angular distribution is a Gauss
function with the half-width of 90 degrees. The beam profile is a two-
dimensional Gauss function with the half-width of 6 mm. From this simu-
lation, most annihilation events occur in the space shown in Fig. 6 (a) and
hence the inner diameter and length of the cylindrical PET detector of both
300 mm may be ample enough. The energy resolution was simply estimated

as AE = m[(:fiz//g)z - (2;2://22)2], where m denotes the electron rest mass,
r and t denote the flight length and time of Ps, respectively, and Ar and
At are the spatial and time resolutions of the total system, respectively.
We assumed Ar = 1 mm and At = 500 ps. The latter may be feasible
in the current PET systems using plastic and LSO scintillators. The for-
mer may not be feasible in conventional PET systems with large field of
view. However, Ar = 1 mm is probably crucial for maintaining a high-
energy resolution measurement. Hopefully, this prerequisite can be fulfilled

by reducing the sizes of scintillator and field of view. Figure 6 (b) shows the
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Fig.6. (a) Annihilation event distribution of spin-triplet Ps emitted from the sam-
ple surface simulated with Ps energy and angular distributions shown at the right-
hand side of the figure. The positron beam is incident on a sample as indicated by
the arrow. The beam profile is assumed to be a two-dimensional Gauss function
with the half-width of 6 mm. The sample surface is located at © = 0. (b) Energy
resolution estimated for various Ps energies as a function of minimum range of Ps
to be collected.
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estimated energy resolution for several Ps energies as a function of minimum
Ps range to be collected. The minimum range means the distance from the
sample surface, e.g., the minimum range of zero corresponds to the sample
surface. The maximum range is assumed to be 300 mm. The energy reso-
lution becomes better by collecting Ps annihilation events with longer flight
distance, while the amount of collected Ps (i.e., count rate and efficiency)
decreases. Assuming 20% efficiency, the minimum range varies from 30 mm
(Eps = 100 meV) to 140 mm (Eps = 3 €V). The angular resolution was also
simply estimated as Af = tan_l(AZt/ 2), where v denotes the Ps velocity.
Thus, the energy resolution and angular (momentum) resolution are 5 meV
and 0.66° (0.0013 A=1) for Eps = 0.1 eV, 17 meV and 0.22° (0.0014 A~1)
for Eps =1 €V, and 42 meV and 0.19° (0.0019 A_l) for Eps = 3 V. The an-
gular resolution is good enough for instance for the Fermi surface mapping.
Although the energy resolution is not as good as that of state-of-the-art
photoemission spectroscopy, it is comparable to that obtained in the laser
excitation-assisted Ps time-of-flight method and hence a lot of applications
of surface Ps spectroscopy may be possible.

5. Summary

We have demonstrated the superiority of spin-polarized surface Ps spec-
troscopy in the determination of spin-polarization of the solid top-surface
layer through some practical applications. We further demonstrated that
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the Ps time-of-flight method is able to observe the spin-polarized DOS of
the top-surface layer. For extending spin-polarized surface Ps spectroscopy
to both angle- and energy-resolved version, some innovation is necessary.
Considering the fact that the J-PET system is successfully used for the test
of symmetry in the electromagnetic interaction through the observation of
Ps annihilation events, we preliminary examined the feasibility of omnidi-
rectional measurement of annihilation gamma rays using the PET system.
At present, the spatial resolution as high as possible should be the key. The
further progress in PET technology may also open new applications in both
nuclear/particle physics and materials science.
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