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Abstract. In the summer school of PSD2024, focusing on spin-polarized positron annihilation
spectroscopy in materials science, I reported the historical background and its possibility concerning
current spintronics field, the basic principles, and prospects. Here, as a memorandum, I mainly
summarize the basic principles, which can be relatively well-formulated, with some remarks.

History and Current Motivation

In 1956, Yang and Lee proposed the need for some experimentation to confirm parity violation in
the weak interaction, given the lack of evidence of parity conservation [1]. In 1957, Wu and her
collaborators demonstrated that parity is broken in the B~ decay of ®®Co radioisotopes [2]. If this is
true, then the electrons/positrons emitted in § decay should be longitudinally spin-polarized. After
Wu, Hanna and Preston showed spin polarization of positrons in **Cu radioisotopes [3]. As a result,
a study of ferromagnetic band structure using spin-polarized positrons and angular correlation of
annihilation radiation (ACAR) spectroscopy was initiated [4,5]. This is the prototype of spin-
polarized positron annihilation spectroscopy (SP-PAS). In 1979, a spin-polarized positron beam was
developed [6]. At that time, surface physics was in a period of rapid development. The so-called
magnetic dead layer hypothesis was proposed in this context. [7]. Contrary to this expectation, the
SP-PAS study showed that the top surface of ferromagnetic Ni is in the magnetically living layer and
not in the dead layer. [8]. In 1987, the spin relaxation effect of positrons in diffusion process was
studied using ferromagnetic Fe. [9]. To date, SP-PAS has been used to study magnetic systems.

Today, the research field of spintronics has emerged to solve problems in electronic devices such
as energy consumption and performance limitations [10]. New concepts and principles found in the
fundamental solid-state physics, such as the novel spin phenomena occurring at the surface and
interface [11] and the discovery of a new class of topological materials [12, 13] would be the
foundation of next technological innovation. A vast array of materials and phenomena have been
extensively studied in relation to the generation, manipulation, and transport of spin [14].
Unprecedented experimental tools are always needed to reveal hidden new aspects of materials.

SP-PAS can respond to this offer because it can selectively detect electron spins at different
locations in the material, i.e., top-surface, interface, deep in the bulk, and atomic vacancies. The basic
principles of this approach are summarized below.

Basic Principles
(i) Parity violation in the weak interaction

B* decay involves the conversion of proton to neutron, and the emissions of positron (e") and electron
neutrino (ve). The term of weak interaction is because this reaction is mediated by weak boson. Both
positron and electron neutrino have spin 1/2 and hence the change in the nuclear spin after the decay
is —1. Positron and electron neutrino are emitted into a mutually opposite z-direction parallel to the
nuclear spin. In this case, as shown in Fig. 1, parity-transformed two processes, i.e., positron with
positive (negative) helicity and electron neutrino with negative (positive) helicity may be possible.
However, electron neutrino can take only negative helicity and only the upper emission type in Fig.
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1 is allowed. This is the parity violation and hence positrons are naturally and longitudinally spin-
polarized. Spin polarization is given by the helicity itself, v/c, where v and ¢ are the velocities of
positron and light, respectively.

B+ decay Table 1 Characteristics of various positron sources. Emax,

E> ,,,,,,,,,,,,, N and <E> are the endpoint and mean energies of positron.
v, - e + Iscl)zope Half-life E__/MeV <E>/MeV <v>/c

E @ 1 % 5 F 110 m 0.63 0.26 0.75

Helicity < 0 Parity  Helicity > 0 2Na 26y 0.55 0.22 0.72
transformation 26A] 740000 y 1.17 0.55 0.88

+ 27Si 42s 3.79 2.60 0.99

€ % @ Ve HTi-HSc 49y 1.47 0.64 0.90

. o , 64Cu 12.7h 0.65 0.28 0.76
Fig. 1 Rglatlonshlp btheen nuclear spin 58Co 708 d 0.48 0.21 0.71
and motions of positron and electron 8Ge-5Ga 271 d 1.90 0.84 0.93

neutrino in B*-decay.

(ii) Spin polarization of positrons from radioisotopes

Energy (velocity) of positron emitted from radioisotope is determined by the O value, which is the
excess energy of the whole decay process. This excess energy is distributed to the excitation of
nucleus, and kinetic energies of positron and electron neutrino, giving rise to a continuous energy
distribution of positron, N(E), from zero to energy endpoint, Emax. Normally nuclear spin is random
and hence positrons are emitted into 4 direction. Capturing positrons in a cone angle €, the energy-
and G-averaged spin-polarization is given by

<P>:@l+cost9: Ez\/1 1 2N(E)dE1+Cosg 1)

c 2 A\ [L+E/(med)] 2

with an appropriate energy window (£ and E>). Table 1 lists representative positron sources with
their half-lives, energy endpoints, mean energies and helicities of positron [15]. For example, the
energy-averaged spin polarization for ?Na is 72%. This further decreases to 36% with 6=7/2, i.e.,
collecting positrons emitted into forward direction. In *®Ge-?’Ga, these are 93% and 47%, respectively.
Thus, to obtain higher spin polarization, it is essential to use radioisotopes with higher energy
endpoint, selecting higher energy components in a limited cone angle and align nuclear spins. The
effect of energy selection will be discussed concerning spin polarization after moderation in sub-
section (ii1)-B. Method to determine spin polarization will be detailed in sub-section (iv)-C.

(iii) Change of positron spin polarization in various processes

A. Depolarization in slowing-down and diffusion: Positrons implanted into medium lose the kinetic
energy to be thermalized via elementary excitations within ~10 ps. The Bremsstrahlung, of which the
stopping power is proportional to £Z/800, may be less important in the energy region of radioisotopes.
Major part of positron energy will be lost via the electromagnetic Bhabha scattering with ionization
[16]. The spin-flipping probability in the Bhabha scattering was calculated as a function of positron
energy in relatively high energy region [17]. With this calculation result for positron energy of ~0.5
MeV, and assuming appropriate energy loss per scattering, for example, 500 eV for tungsten, the
spin-flipping probability may be of the order of 10, Further assuming 1000 times scatterings until
total energy loss, approximately 10% depolarization may be expected. The depolarization
probabilities accompanying the Mott scattering were calculated for electron in both elastic and
inelastic scatterings [18]. If the calculation for electron is somehow applicable to positron and
inelastic scattering is considered, the depolarization is likely less than 1%. Consequently, the net
depolarization during the slowing-down is estimated to be 10 % at most. In the above arguments, the
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depolarization during dielectric (e-h pairs and plasmons) and phonon excitations, that will occur in
the energy range from eV to keV, were not considered.

After thermalization, positrons diffuse in medium until annihilation. Spin (Larmor) precession and
thereby depolarization may occur due to both external and internal magnetic fields. This is especially
important in ferromagnets. Even in paramagnets where spontaneous field is absent, depolarization
may also occur due to influence of time-fluctuating electron spins. Positron spin relaxation [9] is
argued on the analogy of muon spin relaxation (rotation) [19]. Unfortunately, positron spin relaxation
process is hardly observed in the current time resolution of lifetime spectroscopy. If the time
resolution is improved to be ~10 ps or less, positron spin relaxation process will be directly observed
in age-momentum correlation spectroscopy enabling the trace of magnetic field along the positron
pass.

B=B” +BJ_

Fig. 2 Head-swinging motion of spin in magnetic field.

In transverse magnetic field B | with respect to the positron spin polarization, positron spin rotates
with angular frequency of @ = y B, where yis the gyromagnetic ratio, y=1.761x10'! rad/s/T. It takes
89 ps per /2 rotation in B1=0.1 T, where longitudinal spin polarization is fully lost. Transverse
relaxation, which is also called spin-spin or phase relaxation, also proceeds if the field is non-uniform.
Since Zeeman splitting energy (AE=hyB) is very small, e.g., ~0.1 meV even in B=1 T, initial spin
polarization in longitudinal field B), which is parallel to positron spin polarization, is eventually lost
at finite temperatures. Under both longitudinal and transverse fields, positron spin undergoes head-
swinging motion around the synthetic vector of B and B with w={B*+B1%)"? as shown in Fig. 2.
Time-dependent spin polarization is given by

P.(t) = P.(0)[cos’ & +sin” O cos(wt)], (2)

where cos’@=B*/(B*+B1?) and sin’@=B|%(B/+B1°). As known in nuclear magnetic resonance
(NMR) theory, time-fluctuation of B, further induces longitudinal spin relaxation [9,20]. The
relaxation function, which is the time-dependent spin polarization, is given by

G.(t)=exp(-t/T), 3)

TC
/T, =(yB,,.) T (4)

c

where 7. denotes the correlation time (roughly speaking, time scale of fluctuation) and w=yB). For
=1/, 1/T takes maximum.

Ordinary SP-PAS measurement discussed in subsection (iv)-A is conducted with longitudinally
spin-polarized positrons in external field parallel to positron spin polarization. Effective magnetic
field is given by

Beff =B, +B +B

demag Lorentz

+B,+B, (5)



42 Positron Studies of Defects: Summer School Alfredo Dupasquier

where individual components in the right hand side are external, demagnetization, Lorentz, hyperfine
and dipole fields, respectively. Bemag, Broren- and By are parallel to Be.. Demagnetization and
Lorentz fields are given by Be,e=NM and By,,.,.~47M/3, respectively, where N is sample shape-
dependent factor and M is the magnetization. The exact form of hyperfine field for positron has not
yet been determined theoretically. On the analogy of muon spin relaxation, it may be written as

B, = 8mu, / 3)I[nf (r)-n' (r)} n, (r)y,[n_(r)ldr in cgs unit, where w5 is the magnetic moment of

electron, n_*(r), n_'(r) and n+(r) are the densities of majority and minority spin electrons, and positron,
respectively, and y.[n(r)] is the enhancement factor. If this is valid, then, the sign of By for positron
is positive in many cases, because it is same as the sign of difference in annihilation rates between
spin-up/down positrons given by Eq. (15). That is, the annihilation rate of spin-up positron is normally
larger than that of spin-down positron reflecting that the number of majority spin electrons is more
than that of minority spin electrons. Whereas, the sign of B for muon is negative in many cases
because of the negative spin polarization at the interstitial sites where muon prefers to stay. Further
studies, especially theoretical studies, are required to clarify the sign and magnitude of By for positron.
B, generally has both parallel (Bup,) and transverse (Buip, 1) components to Be... Again, the
theoretical form of By for positron has not yet been established. On the analogy of muon, it may be
written as the summation of all dipole fields created by the magnetic moment of i-th band electron,
that are further space-averaged with positron density. In muon spin relaxation, it is thought that B
vanishes in FCC metals because of cubic symmetry of interstitial sites where muon is located, while
Buip) and Buip,| are finite in both BCC and HCT metals depending on crystal orientation with respect
to external magnetic field [19]. However, these arguments may not be necessarily valid for positron
because of the widely spread wave function in interstitial space, which is different from rather
localized muon. To evaluate Buj, for positron, positron spin relaxation measurement should be carried
out if it is possible, otherwise, we need to rely only on ab-initio calculation as once attempted [21].
Anyway, we have

Begs = Bext + Baemag + Brorentz + Bir + Baip,» (6)

Be[f',J_ = Bdip,l_ . (7

It is worth noting that the Stuttgart group pursued the effect of positron spin relaxation in
ferromagnetic iron under the condition that a finite Baijp, | was expected [9]. However, their results
showed significantly small depolarization against initial expectation, implying much weaker Bajp, | as
compared to that determined in muon spin relaxation study. At present, again, we have no promising
ways to predict depolarization amount during positron diffusion. We can only say that positron spin-
polarization survives in some level as long as polarization effect is observed. Further studies are
necessary.

B: Spin polarization after moderation: In the evaluation of survival spin polarization after
moderation, before considering the above depolarization effect, the positron energy selection should
be considered [22]. It may occur in (1) source material itself, (2) absorber and (3) moderator. The
energy distribution of positrons emitted from the source may be given by

Ny(B)= (112" Ny(E) A=)/ ATy (E,2)dz (®)

where No(E) is the intrinsic energy distribution of radioisotope, T(E, z)=exp(-(z/zo)™) is the positron
transmittance with zo=AE"/[ pI{1+1/m)], the density p and 4=4.0 mg cm2keV™, A(z)/4 is the source
activity distribution with the normalization factor 4o, and ds, is the source thicknesses.

Similarly, after the absorber with the thickness of dy4, the energy distribution is given by

NA(E):NS(E)TA(E’dA)' ©
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Finally, the energy distribution of positrons that can be moderated in the moderator and emitted from
the surface is given by

N(E)=Ny(E),(E,d))e,(E,d,,), (10)
where d) is the moderator thickness and eu(E,du) is the moderator efficiency, which is given by

e ,(E,d,)=P, jodM p(E,z)sinh(z/ L)sinh(d,, / L)dz (11)
for transmission type moderator and

e, (E,d,)=P, jo”"” P(E, 2)exp(~z/ L)dz (12)

for reflection type moderator with branching ratio, Pen, positron implantation profile p(E, z) and
positron diffusion length, L [23]. Positron spin polarization after moderation may be estimated with
the energy distribution of Eq. (10) by multiplying the geometrical factor of (1+cos8)/2 with G=7/2.
For instance, assuming ?NaCl source with ds=0.1 mm, transmission W moderator with dy=1 um and
without absorber, the intrinsic spin polarization 36 % will be enhanced to 41 %.

Depolarization due to backscattered positrons in the source may be given by its coefficient,
R=0.342log(Z)-0.146 determined empirically [24]. For source tray made of carbon (Z=6), R and
therefore depolarization is approximately 10%. As mentioned in the sub-section (iii)-A,
depolarization during slowing-down may be approximately 10%. Consequently, ultimate spin
polarization of slow positron beam may be ~30% at most. Depolarization due to spin precession may
be important in magnetic (re)moderators such as Ni. Relaxation function is simply given by
G-(t)=1/3+(2/3)cos(wt) for random magnetic domain system and G-(¢)=cos(wf) for homogeneously
and transversely magnetized system. To estimate depolarization due to spin precession, the time spent
in diffusion until emission and effective magnetic field for positrons should be known. Roughly
speaking, approximately 10% depolarization is expected with 30 ps diffusion time and B1=0.1 T.

(iv) Spin-dependent positron annihilation

A. Bulk system: SP-PAS measurement in
magnetic field is conducted in longitudinal
geometry, 1i.e., magnetic field and spin S=0 S=1, Mc=0 |S=1, Mc=+1
polarization are parallel/antiparallel. The spin- T o o 1. o = -
dependent  positron  annihilation =~ was tet SAw | AT =S Aw | AT =Aw,
systematically modeled by Berko [25]. Here, the S=0 S=1,M=0 |S=1, M¢=-1
essence 1s summarized. Electron-positron 1

Table 2 Annihilation rates of spin up/down positron
with electron in different spin states.

2y _
PRESS

2y _ T ¥3y 1 3y
momentum densities of majority (]) and Yer |4 _Elswf 4 _EATWI'T A5 = g
minority (1) spin electrons with the band index i
are given by
W —ipr a ?
PV (p) =|[e D (r)r (e (13)

where %i(r) and ¥(r)*(" are positron and electron wave functions, respectively. 1D-ACAR spectrum
is given by N*D(p-)=[f,0:(p)" Vep:dp,. Overlap between positron and i-th band electron is given by

WO =[N (p)dp, (14)

Annihilation rates between spin up/down positron (4,4) and electron are listed in Table 2, where S
and My denote total spin and magnetic quantum number, respectively, As=4m.*c and Ar= As/1115.
Total annihilation rates of spin up/down positron are

AT — %Z[zswjm 20D 12w, (15)

i=l1
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where the summation goes over all occupied bands. 1D-ACAR spectra in positive and negative fields,
and their difference and sum are given by

&| (1= P)N,* L(FP N (p.)
i=1 /1 /1
AP &S| N N
AN =N, (p) N (p)=2sb 5 Motp) N p) (17)
2 T 4 A
A & N N/
EN =N, (p)+ N (p) =223 | o) K (p) | (18)
2 i=1 //L /1
respectively. Difference spectrum between majority and minority spin electrons is given by
AT+ AT A=Y
N (p.)-N'(p.) |[==———|AN+P. 3N |, 19
PIRACAREAC] 7 { T (19)

which may be physically more meaningful than Eq. (17) and comparable to magnetic Compton profile

[26]. Thus, to get this difference spectrum, A*® need to be determined in independent experiments.

Approximating AT®~Asw:*(/2, mean positron lifetimes in positive and negative fields are given by
1+ P I+ P,

A=—=2"1
0 2

Sy (20)

and thus A'® may be determined with known P;. Differences between A1* predicted for Fe, Co and
Ni are only 1.1, 0.3, 0.4 ns!, respectively [27,28]. Therefore, to determine A*® experimentally,
lifetime measurement system with high stability, sufficient time resolution (~100 ps or less) and
tolerance to magnetic field need to be developed. The above formulas are general and applicable to
both perfect bulk and vacancy systems.

B. Surface system: Surface spin-polarization of electrons is detected through the observation of
positronium (Ps) annihilation fraction depending on the mutual direction between positron and
electron spin polarizations [8]. Ps is characterized by |S, Ms>=|00>, [10>, [I-1> and |[11>. The first
one is called para and the rest three are called ortho. Apart from the details of electronic state, the
fractions of individual Ps states are generally given by

‘00 =(1-PP cos¢)/4, @D
‘10 =(1-PP cos¢)/4 (22)
FM:(1+P++P_cos¢+P+P_COS¢)/4’ (23)
‘1 ) =(1-P —P cosp+PP cos¢)/4 (24)

where ¢ denotes the angle between positron and electron spin polarizations. Two-gamma and three-
gamma fractions are given by
F,” =F

Ps \00) °

(25)

=) Fy + Fyy) 6O, o6
where &(Ms) denotes Ms-dependent detection efficiency [29]. Asymmetries of Fps*” and Fp,®” on spin

reversal are given by
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2y _ 2y
S = FPs2 (+P) FPs2 =£) =PP cosg, (27)
F, 7 (+P )+ Fp 7 (=P)

o B GRIZBYCP) 260=20)
. (+P)+F,7(-P)  2&()+#(0)

(28)

Here, £P- means parallel and antiparallel spin polarization of electrons with respect to spin
polarization of positrons. Though asymmetry should exist both in two-gamma and three-gamma
processes, in many cases, the former is difficult to be distinguished from free annihilation of positrons
inside medium and/or the surface state. Hence, practically, three-gamma process is used for the
determination of electron spin polarization. Fps*” is determined as the intensity of 142 ns-component
in lifetime spectrum (Fps>’=l142ns). While, in gamma-ray energy spectrum, it is determined from the
intensity (P) of 511 keV photo peak and the intensity (R) below 511 keV as

-1
F;Z =1+ Bows Rioy, =R , (29)
l B, R=Ry,

where subscripts 0% and 100% denote Ps emission probabilities [30].

At solid surface, there are several Ps formation channels, such as direct emission with negative
formation potential, surface-positron-mediated emission and dynamical neutralization of energetic
positrons upon scattering. In the present discussion, the first one is relevant. Ps emission occurs when
the formation potential is negative, i.e., @p=@++@—Ep<0, where ¢+ and ¢ are the positron and
electron work functions, respectively, and E3 is the Ps binding energy (=6.8 eV in vacuum). In the
energy conservation, positrons can pick up electrons located at the energy level E=EFr to E=Er+qps,
where Er is the Fermi level. The corresponding Ps energy is Eps—=—gp; to zero. Furthermore, from the
momentum conservation, pickable electron wave number parallel to the surface is limited to be

|k < \/4m(E —E.—@,)/h . Therefore, in the practical Ps spectroscopy, the electron spin
polarization P- in the above formulas should be replaced with P(E) defined at Eft+@p<E<Er and
|k, |< \/4m(E —E,. —¢, )/ h, furthermore, taking into account of overlap between positron and

electron densities (if more rigorously, evaluation of transition matrix should also be necessary).
Defining such an electron-positron density of states, Dey(E), we may have

D} (E)-D;,(E)
D} (E)+D,(E)

P(E)= (30)

If Ps emitted into vacuum is simply observed without energy selection, an average P- in the energy
range of Ert@p<E<EFr is obtained, and it is theoretically given by the energy-integral of Eq. (30).
The experiment done by the Michigan group corresponds to this type [8]. In principle, negative spin
polarization of Ni surface just below the Fermi level was not observed. If energy-resolved Ps
spectroscopy is available, P-(E) is determined by the energy-dependent A°*/(E) of Eq. (28), and it is
directly compared with theoretically calculated Eq. (30). This was demonstrated using spin-polarized
Ps time-of-flight spectroscopy and negative spin polarization below the Fermi level of both Ni and
Co has been confirmed [31].

C. Ps annihilation in magnetic field for polarization measurement: Magnetic quenching of Ps
observed in media is useful in determining average spin polarization of positrons emitted from
radioisotopes and also positron beam. Here, the fundamental formulas are summarized [32]. In
magnetic field, |00> and |10> states are mixed and new states termed |00>" and |10>" are formed,
while |11> and |1-1> states remain unchanged. Fractions of these new states are given by



46 Positron Studies of Defects: Summer School Alfredo Dupasquier

_ (1=’ (=P cosg)(1+P)+(1+y)’(1+P, cosg)(1-P)

Flony = 8(1+»%) Gh
o _(+y) (=P cosg)(+P)+(1-y)*(1+ P, cos$)(1-P)
10}’ 8(1+y2) , (32)

where y = x/ [V1+x* +1] and x =4u,B/AE with the hyperfine interaction energy, AE=8.4x10* eV.
Fractions for |11> and |1-1> states are given by Eqgs. (23) and (24), respectively. Annihilation rates
are given by

MP Ky ’ X’o

ﬂWooy - 1+y2 + 1+y2 +ipickﬂzﬁ” (33)
2
Ky°'A, KA
= +—2 4+ 1 hoff
/HIO> 14y 1+ pick ff’ (34)
A}ll> = ﬂ}l—l) = Kﬂ‘o +/1pick—off , (35)

where A, (0.0704 ns') and A, (8 ns') are the intrinsic annihilation rates of ortho- and para-Ps,
respectively, Apick-of is pick-off annihilation rate and x is the contact density, | %,(0)[%/| %(0)?>, where
¥,.» denote the Ps wave functions in medium (m) and vacuum (v). Fps*! and Fp,’7 are given by

E . ( KA E (x4 A
F, 7 = o (—p+ﬂpickaﬁ'j+ IO>( > p+2’pickqﬁ’j+(Fll>+Fll>)%’ (36)

T Ay U7 Aoy \ 1457 Ay (= Ay
3y _ F"00>' K//l’oy2 F‘VIO>' Kﬂ’o F ’d’o F ’d’o
Ps T 1+ 2 + 1+ 12 + [11) + [1-1)
A}ooy y ﬂ}m)‘ y ﬂm) 11171> , (37)

respectively. In the determination of spin polarization, the Michigan group observed three-gamma
annihilation lifetimes of |10>’, and |11> plus |1-1> of Ps formed in the pores of microchannel plate
placed in magnetic field by rotating positron spin [6]. Using the second to fourth terms of Eq. (37)
and assuming P =0, k=1 and Apict-of=0, the three-gamma lifetime spectrum including annihilation
events of unperturbed and perturbed ortho-Ps is given by

dN(t KA, KA, Fov 1
@) ool By ——+F_y—= |4 exp(—ﬂot)+ﬂ—”22m>, exp(—4,4,2)
dt Ay Ay Aoy 1Y

oc 24, exp(=A4,t) + (1 —cos ¢

(3%)

2yP,
1+ yz jﬂuo)' exp(—ﬁmwl)

From the angular dependence of this intensity, P+ is obtained. The Tokyo University group observed
the field dependence of two-gamma annihilation of Ps by the Doppler broadening of annihilation
radiation (DBAR) spectroscopy [33]. S-parameter is written as

S=(Sp— SSio2 ) (B)+ SSiOZ
Fop 2, Froy 63°2, ] ° (39)
5i0,

P

/1100>, 1+’ 410>' 1+y°

where Sp; is the S-parameter for |00>’ plus [10>’, Ssio» is the S-parameter for all the other two-gamma
annihilation processes, and /(B) is Eq. (36) with neglecting Ayict-o. From the field dependence of S-
parameter with known x, P+ is determined.

=(Sp, — SSio2 ){
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Summary and Prospects

Spin-polarized positron annihilation spectroscopy may be a precious tool to study spin-related
phenomena of solid materials concerning current spintronics. This owes to the natural spin
polarization of source-based positrons, which is the gift of the parity non-conservation in the weak
interaction. Position selectivity of this method would also be a remarkable feature. Using energy-
tunable positron beams and conventional sources, electron spins at the first surface layer, buried
interface in thin film layer, and in deep bulk region can be detected selectively. About detection of
spins at atomic vacancies, there seems to be no potential and competitive methods.

In the study of bulk spin polarization, 2D-ACAR spectroscopy has been traditionally used
concerning the Fermi surface mapping. DBAR and annihilation lifetime spectroscopies may also be
used for detecting electron spins. Differences in annihilation lifetime and ACAR/DBAR spectrum
between positive and negative magnetic fields are basically not much pronounced. Highly precise
and stable measurements and also the further improvements of time and energy resolutions are
required. As mentioned above, positron spin relaxation (rotation) spectroscopy abbreviated as e'SR
1s currently not really practical as for the direct observation of time-dependent spin precession process.
In this respect, development of lifetime measurement system with extremely high time resolution,
1.e., less than 10 ps, is also an unavoidable element. Conversely, such a technological innovation will
enable the observation of internal magnetic field by positron which may be different from that by
muon.

In the study of surface spin polarization, the role of Ps spectroscopy may be very significant
since Ps 1s formed only at the first surface layer except some special cases and hence obtained
information is assured to be associated with the first surface layer. This may cover the drawback of
photoemission spectroscopy. Although energy-resolved surface Ps spectroscopy has been developed
so far for observing spin-polarized surface density of states [31,34], the further improvement to angle-
resolved version is waited for to determine the spin-polarized band dispersions as well.

Lastly, it should be noted that to amplify spin-related signals in SP-PAS, positron spin-
polarization should be as high as possible, ideally 100%, with less degradation of intensity. In this
respect, the development of efficient positron filter may be an intriguing topic. Facility-based highly
spin-polarized and intense positron source/beam is also strongly desired for the further advanced
studies.
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