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Abstract. We briefly review the spin-polarized positron annihilation experiments on some 

ferromagnets (Fe, Co, Ni, Gd, Co2MnSi, Co2MnAl and NiMnSb) using positron beams generated 

with 
68

Ge-
68

Ga sources. The differential DBAR spectra between majority and minority spin electrons 

are well interpreted by the first principles band structure calculation. This further provides 

information about the half-metallicity of the Heusler alloys. The surfaces of Fe, Co and Ni are more 

negatively spin-polarized, that is, there are more majority than minority spin electrons. To explain the 

observed spin polarization quantitatively, detailed theoretical calculations and further experiments are 

required. 

Introduction 

After the discovery of parity non-conservation in the weak interaction, spin-polarized positron 

annihilation spectroscopy (SP-PAS) based on angular correlation of annihilation radiation method 

has been used for the study of ferromagnetic band structure [1]. We recently demonstrated that the 

Doppler broadening of annihilation radiation (DBAR) can also be used for the same purpose [2, 3]. 

To examine the differential DBAR spectrum between majority and minority spin bands, like the 

magnetic Compton profiling, the spectra obtained in positive and negative magnetic fields should be 

renormalized to the spin-dependent annihilation rates. Although this issue had ever been pursued 

using three-gamma annihilation intensity [4], the further studies are still needed. 

In 1980, the spin polarization of Ni surface was determined through spin-polarized positronium 

annihilation experiment [5]. However, afterwards, no further researches have been made. Considering 

the recent progress in spintronics field, we revive this technique with its applications to giant 

spin-Hall systems, Rashba systems and topological insulators. But, there are still open questions 

about application of this technique [6-8]. For instance, the reasons for the significantly small surface 

spin polarization of Ni (only a few %) [5] have not yet been revealed.  

In the first section of this paper, we examine the differential DBAR spectra between majority and 

minority spin electrons from classical ferromagnets to some Heusler alloys with the first principles 

band structure calculation. In the second section, we summarize the results on the surface spin 

polarizations of Fe, Co and Ni determined by the positronium annihilation method.   

Doppler broadening of annihilation radiation 

In this section, we present the results on spin-polarized DBAR study on ferromagnets. The 

principle is as follows. The differential DBAR spectrum between majority and minority spin bands is 

given by 
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where N+(pz) and N_(pz) are the DBAR spectra in positive and negative magnetic fields, respectively, 

P+ denotes the polarization of positrons and λ⇑(⇓)
 is the total annihilation rate of spin-up (spin-down) 

positrons: 
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where λmaj(min) is the two-gamma annihilation rate of positrons with majority and minority spin 

electrons. These are determined from two-gamma annihilation rate in positive (negative) magnetic 

field (=1/τ±) given by  

2/)1(2/)1( minλλλ ++± +±= PP maj ∓ .         (3) 

We measured polycrystalline Fe, Co, Ni, Gd, Co2MnSi (CMS), Co2MnAl (CMA) and NiMnSb 

(NMS) samples with thicknesses of 1~2 mm and purities of 99.9~99.999%. These samples were 

electrochemically polished and subjected to heat treatment at 1200 
o
C (Fe, Co, Ni), 1100 

o
C (Gd) and 

at 800 
o
C (CMS, CMA and NMS). The x-ray diffraction 2θ measurement showed that the CMS 

sample was in a mixture of ordered L21 and M-S disordered B2 structures, the CMA sample was 

completely in M-A disordered B2 structure and the NMS sample was in ordered C1b structure. Using 

a Ge detector and a 
68

Ge-
68

Ga source, DBAR spectra were measured at room temperature in magnetic 

field of ±1 T. Positrons were longitudinally spin-polarized with polarization of 65 %. The sign of 

magnetic field is defined as positive (negative) when the field direction is the same as (opposite to) the 

polarization. Positron lifetime measurements were carried out using a conventional analog system and 

a 
22

NaCl source in a magnetic field of ±1 T. The source was sandwiched by the above samples and a 

well annealed Cu. Subsequently, the source-sample was put into a gap of two permanent magnets. By 

subtracting the Cu bulk lifetime from the first lifetime component, the bulk lifetimes of the above 

samples were obtained as τ±=2τ1-τCu (=115 ps). Subsequently, the spin dependent annihilation rates 

were obtained by Eqs. (2) and (3). All the above details are described elsewhere [2, 3, 9]. 

The differential DBAR spectra for individual bands were theoretically calculated. The electron 

wave functions were obtained from the ABINIT computation [10] with the projector-augmented- 

wave method [11]. The initial valence electron configurations were assumed to be 3s
2
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 (Gd). The positron wave function was calculated based on the two-component density 

functional theory. The Boroński-Nieminen enhancement factor was adopted [12]. The DBAR 

spectrum was obtained by double-integrating the momentum density with a Gaussian convolution 

having the full width at half maximum of 1.4 keV. The details were described elsewhere [2, 3]. 

The total annihilation rate of spin-up (spin-down) positrons were obtained to be λ⇑(⇓)
= 9.35 (8.47) 

ns
-1

 (Fe), λ⇑(⇓)
= 8.91 (8.48) ns

-1
 (Co), λ⇑(⇓)

= 9.71 (9.62) ns
-1

 (Ni),  λ⇑(⇓)
=6.49 (5.29) ns

-1
 (Gd), λ⇑(⇓)

= 

6.80 (6.58) ns
-1

 (CMS), λ⇑(⇓)
=6.76 (6.62) ns

-1
 (CMA) and λ⇑(⇓)

= 5.88 (5.53) ns
-1

. Thus, spin-up 

positrons annihilate faster than spin-down positrons. This may simply reflect the higher density of 

majority over minority spin electrons. The fractional differences between spin-up and spin-down 

annihilation rates, i.e., (λ⇑
-λ⇓

)/(λ⇑
+λ⇓

), were in agreement with those obtained by the density 

functional theory described above. For Ni, the sign of λ⇑
-λ⇓

 was opposite to the previous observation 

[9]. Since for Ni the difference between τ+ and τ- was only ~1 ps, the experimental determination of 

the sign might be somewhat problematic.  

Fig. 1 shows the differential DBAR spectra between majority and minority spin electrons for the 

Fe, Co, Ni and Gd samples with theoretical curves. As for the theoretical curves of Fe, Co and Ni, the 

indices are given for the bands composed of 3d and 4s electrons. For Gd, the indices correspond to the 

individual orbits. For the Fe sample, a bump at around p=0 m0c and a shoulder at around p=5~6 m0c 

are seen. For the Co sample, the intensity at around p=0 m0c is significantly lost as compared to the Fe 

sample. The overall intensity of the Ni sample is further reduced than those of the Fe and Co samples. 

The Gd sample exhibits only a peak centered at p=0 m0c. Agreement between experiment and theory 

is qualitatively good suggesting that the calculation is accomplished in adequate precision. Hence, the 

theory may be used to interpret the experimental results. For Fe, the positive polarization of the 4 th to 

6 th bands overcompensate the negative polarization of the 1 st to 3 rd bands. In the cases of Co and Ni, 

the negative polarization of the lower bands has more contribution than the positive polarization of 

the higher bands. Consequently, the intensity in low momentum region is sufficiently reduced. Wakoh 

and Yamashita explained such an effect as a consequence of the s-d hybridization [13]. In the case of 
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Gd, all the 5sp bands show nearly no polarization. 

Except for one, thirteen 4f bands are positively 

polarized since the minority spin bands have no 

states below the Fermi level. These 4f bands have 

only a small contribution probably because of less 

overlapping of positron and electron wave 

functions. One 4f minority spin band has states near 

the Fermi level and the corresponding differential 

spectrum is negatively polarized. Probably, 

positron wave function overlaps more with the 

wave function of this minority spin band because of 

the f-d hybridization. The Gd spectrum is 

composed mostly of 5d and 6s bands. 

Fig. 2 (Left) shows the differential DBAR 

spectra between majority and minority spin 

electrons for the CMS, CMA and NMS samples. 

First, we compare the CMS and CMA samples. For 

the CMS sample, a bump at around p=0 m0c and a 

shoulder at around p=10 m0c are seen. For the CMA 

sample, the intensity at around p=0 m0c is 

significantly lost. Contrarily to the CMS sample 

having L21 structure, the CMA sample is in fully 

disordered B2 structure. Therefore, one may 

consider that the reduced intensity of the CMA 

sample at around p=0 m0c is due to the B2 

disordering. Furthermore, the above difference 

between the CMS and CMA samples may be 

correlated with the general trend that CMS has a 

higher half-metallicity as compared to CMA [14]. 

However, the above argument is not true as 

explained below. The solid lines in Fig. 2 for CMS 

and CMA are theoretical curves assuming L21 structure. The blue (thin solid) and red (broken) lines 

represent positive and negative polarizations, respectively. Agreement between experiment and 

theory is good even if the CMA sample is in fully B2 structure. This indicates that the band structure 

and hence the electron momentum distribution is not dramatically changed between L21 and B2 

structures [15]. Actually, our calculation supported this assumption. The bump at around p=0 m0c and 

the shoulder at around p=10 m0c for the CMS sample is interpreted as that, the total intensity of the 

positively polarized 17 th to 19 th bands having sp-like dispersion and the 13 th to 16 th bands having 

d-like dispersion overcompensate the total intensity of the other negatively polarized bands. In the 

case of the CMA sample, the 13 to 16 th bands are similarly positively polarized, but, the 17 th to 19 

bands have nearly no states. Consequently, their total intensity does not exceed the total intensity of 

the other negatively polarized bands and hence the valley at around p=0 m0c appears. As seen from the 

calculated band structures in Fig. 2 (Right), CMS has theoretically better half-metallicity as compared 

to CMA. Thus, considering the above arguments, it is concluded that, (i) from the agreement between 

experiment and theory, the CMS sample has a higher half-metallicity than the CMA sample and (ii) 

the half-metallicity is robust for the disordering from L21 to B2 structures.  
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Fig. 1 Differential DBAR spectra between majority 

and minority spin bands for the Fe, Co, Ni and Gd 

samples and theoretical curves. 
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Fig. 2 Left: Differential DBAR spectra between majority and minority spin bands for the CMS, CMA and NMS 

samples and theoretical curves. Red (broken) and blue (thin solid) denote negative and positive polarization, 

respectively,  for each band. Thick solid curves are the totals. Right: Theoretical band structures of CMS, CMA and 

NMS. EF denotes the Fermi level. 

Comparing the CMS sample, the NMS sample exhibits a more pronounced broad peak centered at 

p=0 m0c. Again, the experimental is reproduced by the calculation. In the similar way as above, the 

experimental feature is explained in terms of the positively polarized 12 th to 14 th bands having 

sp-like dispersion that overcompensate the contributions from the other bands. Fig. 2 shows that NMS 

is theoretically good half-metal. The agreement between experiment and theory suggests that the 

NMS sample maintains half-metallicity which is as good as CMS [16]. 

Surface positronium annihilation 

In this section, we describe the determination of surface spin polarization based on positronium 

annihilation. A portion of positrons implanted into a metal diffuse back to the surface and is emitted 

as positronium into vacuum. When both positrons and electrons are polarized, the intensities of 

spin-singlet and spin-triplet positronium exhibit asymmetry upon reversal of the spin polarization of 

positrons or electrons. Let us consider three-gamma events of spin-triplet positronium in the energy 

spectrum of annihilation radiation, since two-gamma events are hardly distinguished from free 

positron annihilation inside. The increment of the intensity in the lower energy part below the  

511 keV peak from the background, denoted as ∆R, is proportional to the three-gamma annihilation 

intensity. Its asymmetry upon electron spin flip (+P_⇔-P_) is given by  
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Fig. 3 ∆R values obtained for the Fe, Co and Ni samples as a function of successive application of opposite magnetic 

fields. Filled and open circles denote negative and positive magnetic fileds, respectively. <∆R> denotes the average 

of ∆R values.  
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where ε(1) and ε(0) are the detection efficiencies of annihilation gamma-rays from m=±1 and m=0 

(m denotes the magnetic quantum number of Ps), respectively, ϕ is the angle between positron and 

electron polarization directions [6].  

Here, we prepared Fe(001), Co(001) and Ni(001) films of 500 nm thick on MgO(001) substrates 

by a physical vapor deposition in a vacuum chamber. From the reflection high-energy electron 

diffraction patterns and the x-ray diffraction 2θ curves, these samples are single crystals of bcc (Fe) 

and fcc (Co and Ni) structures. After transferring the samples to a UHV chamber (base pressure of 

less than 5x10
-8

 Pa) connected to a positron beam apparatus, the sample surfaces were cleaned by an 

Ar ion sputtering and heat treatment at 700
o
C. In the Auger electron spectroscopy analysis, oxygen 

and carbon peaks were sufficiently removed after the sputtering treatment. The samples were further 

put into the main chamber of the beam apparatus and in-plane magnetized by two Helmholtz coils 

placed outside the chamber. The magnetic field at the sample position was 20 mT. A transversely 

spin-polarized positron beam with energy of 50 eV and polarization of 47 % was generated using a 
68

Ge-
68

Ga source and conventional electrostatic beam system. Using a Ge detector, the value of ∆R 

was measured with repeatedly changing the field direction. The sign of magnetic field is positive 

(negative) when the field direction is the same as (opposite to) the positron polarization. 

Fig. 3 shows ∆R values measured for the Fe, Co and Ni samples in positive and negative fields. For 

the Fe and Co samples, the difference between positive and negative fields is significant, while it is 

very small for the Ni sample. From Eq. 4 and the observed ∆R, the surface spin polarizations were 

obtained to be -2.6% (Fe), -2.1% (Co) and -0.5% (Ni). The sign and magnitude of the above surface 

polarizations are consistent with the early experiment [5]. The negative spin polarization means that 

more majority spin electrons are detected. 

Considering a theoretical study about spin-polarized density of states (DOS) [17], at the first 

surface layer and at the Fermi level, minority spin electrons have more states than majority spin 

electrons. Therefore, the above results are hardly explained considering electrons only at the Fermi 

level. The positronium work functions for Fe, Co and Ni are -3.0 eV, -2.6 eV and -2.6 eV, 

respectively. If we simply integrate the theoretical DOS below the Fermi level with these energy 

widths, the spin polarizations for Fe, Co and Ni are roughly -30%, -10% and -5%, respectively. The 
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observed sign of spin polarization may be explained assuming that positrons pick up electrons located 

below the Fermi level. However, the order of magnitude of the observed spin polarization is still not 

explained. Positronium will be formed in the vacuum region at the surface, where the electron density 

is sufficiently reduced [18]. The theories suggest that, in such region, the spin polarization is further 

reduced [19, 20]. To fully explain the experiment, therefore, the positronium formation process 

should be revealed with detailed electronic and positronic states from the vacuum region to the bulk. 

Furthermore, new experimental techniques, such as spin-polarized positronium time-of-flight method 

that can provide spin-polarized DOS, need to be developed.  
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