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Doppler broadening of annihilation radiation measurements on 3d and 4 f ferromagnets
using polarized positrons
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We measured the Doppler broadening of annihilation radiation (DBAR) spectra of 3d (Fe, Co, and Ni) and
4f (Gd, Tb, and Dy) ferromagnets under a magnetic field by using spin-polarized positrons from a 68 Ge68
Ga source. The results showed that the DBAR spectra of these metals have notably different magnetic-field
dependences. The differences among Fe, Co, and Ni reflect that the upper minority spin bands of Fe and Co
are nearly empty while those of Ni are still mostly occupied. For the rare-earth metals instead of the inner 4f
electrons, 5d electrons that mediate the exchange interaction of the 4f electrons are primarily responsible for
the magnetic-field effects on the DBAR spectra. Furthermore, the magnetic-field effects on the DBAR spectra of
Gd, Tb, and Dy vanished above the Curie temperatures of the magnetic-phase transition for these metals.
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I. INTRODUCTION

II. PRINCIPLE OF SP-DBAR

The angular correlation of annihilation radiation (ACAR)
is one method of positron annihilation spectroscopy (PAS)
that provides an electron-momentum distribution. The ACAR
method has been used extensively for the study of Fermisurface topology. By using longitudinally spin-polarized
positrons emitted from radioisotopes, polarized band structures of ferromagnets have also been studied.1–18 Recently, we
demonstrated, by using highly spin-polarized positrons from
a 68 Ge-68 Ga source, that the technique of Doppler broadening
of annihilation radiation (DBAR) can also provide knowledge
on polarized electrons.19
Spin-polarized positron annihilation spectroscopy (SPPAS) has several attractive points. Low-energy spin-polarized
positron beams20–23 are useful to study the magnetism and
spin-related phenomena occurring at surfaces and interfaces
and in thin films. Considering that positrons are trapped by
vacancy defects, SP-PAS can also be used in studying vacancyinduced magnetism.24 In this respect, to detect excess electron
spins at vacancy defects, positron-annihilation-lifetime measurements using spin-polarized positrons are also an intriguing
experiment.
To establish the SP-PAS method as a probe for ferromagnets
and spin-related phenomena, further fundamental studies are
needed. In our previous work, we found that the amplitudes
of the differential DBAR spectra of Fe, Co, Ni, and Gd are
related to their electron polarizations. However, we observed
no major differences in their spectral shapes that should reflect
the different band structures. Since at that time we focused
only on the change in the DBAR spectra upon field reversal,
detailed changes of the spectral shapes depending on the
magnetic field would have been overlooked. Here, to find
structures of DBAR spectra reflecting polarized electron states,
we investigated magnetic-field dependences of the DBAR
spectra for the above metals. To confirm the effect of the
ferromagnetic-phase transition on the DBAR spectra, we also
measured the temperature dependences of the DBAR spectra
for 4f (Gd, Tb, and Dy) ferromagnets having lower Curie
temperatures.

Before describing the experimental details, we briefly
summarize the principle of SP-DBAR. Denoting the majority
spin band by ↓ (magnetic moment is up) and minority spin
band by ↑ (magnetic moment is down), the positron-electronmomentum densities for the ith majority (and minority) spin
↓(↑)
bands ρi (p) are given by

2



↓(↑)
↓(↑)
ρi (p) =  e−ipr + (r)i (r) γ [n− (r)]dr , (1)
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↓(↑)

where + (r) is the positron wave function, i (r) is the electron wave function, and γ [n− (r)] is the enhancement factor.25
↓(↑)
The corresponding DBAR spectrum Ni (pz ) is given by
the convolution of the apparatus resolution function and the
double integral (dpx dpy ) of the above ith electron-positronmomentum density. This expression is valid for a single crystal.
For a polycrystal, the DBAR spectrum should be given by a
weighted average between those in different momentum axes.
↓(↑)
↓(↑)
In this case, Ni (pz ) is simply replaced with Ni (p) =
↓(↑)
↓(↑)
↓(↑)
αNi (px = p) + βNi (py = p) + γ Ni (pz = p) with
13
appropriate coefficients.
Two DBAR spectra, N+ (pz ) and N− (pz ), measured using
longitudinally polarized positrons under a magnetic field that
is parallel (+) or antiparallel (−) to the positron-polarization
vector (see Fig. 1), are given by

occ 
↓
↑
λS  (1±P )Ni (pz ) (1∓P )Ni (pz )
, (2)
N± (pz ) =
+
4 i=1
λ⇑
λ⇓
where the summation is over all occupied states; λS = 4π re2 c,
where re is the classical electron radius; P is the longitudinal
polarization of positrons; and λ⇑(⇓) is the total annihilation
rate of spin-up (spin-down) positrons
1
↓(↑)
↓(↑)
↑(↓)
[λS wi + λT (wi + 2wi )].
2 i=1
occ

λ⇑(⇓) =

(3)

↓(↑)

Here, λT = λS /1115, and wi is the overlap integral between
the positron and ith majority (minority) spin-band wave
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examine the difference between two DBAR spectra in different
field conditions, both experimental and calculated spectra are
simply normalized to unity, and differential DBAR spectra are
obtained.
III. EXPERIMENTAL METHODS

FIG. 1. Experimental setup for spin-polarized DBAR measurements. Positrons emitted from the source are implanted in the
sample. Positrons are longitudinally polarized in the direction of
the polarization vector. An external magnetic field from −1 T to
+1 T is applied with the electromagnet. Annihilation radiation from
the source is shielded by lead blocks.

 +∞ ↓(↑)
functions, equaling −∞ Ni (pz )dpz . Equation (2) suggests
that the DBAR spectrum exhibits the characters of more
majority and more minority spin bands under positive and
negative fields, respectively. Their difference is given by

occ  ↓
↑
λS P  Ni (pz ) Ni (pz )
. (4)
N+ (pz ) − N− (pz ) =
−
2 i=1
λ⇑
λ⇓
Thus, the differential DBAR spectrum is not a simple summa↓
↑
tion of partial differential spectra [Ni (pz ) − Ni (pz )] unlike
the case of the magnetic-Compton-profile measurement. Berko
and Mills7 proposed that by using field-reversal asymmetry
of the three-gamma-annihilation probability, the following
relation is obtained:
occ

↓
↑
[Ni (pz ) − Ni (pz )] ∝
i=1

≈

N(pz ) + P

λ⇑ − λ⇓
N (pz )
λ⇑ + λ⇓

N (pz ) + P 3γ N(pz ),

(5)

where
N(pz ) = N+ (pz ) − N− (pz ),
N(pz ) = N+ (pz ) +
3γ
3γ
3γ
3γ
N− (pz ), and P 3γ = (N+ − N− )/(N+ + N− ). Therefore,
either through Eq. (4) or (5), one can extract the components
related to magnetic electrons. In the present experiment, to

The samples used in this study were polycrystalline, Fe
(4N), Co (5N), Ni (5N), Gd (3N), Tb (3N), and Dy (3N),
with dimensions of 10.0 mm × 12.5 mm × 2.0 mm. The
samples were mechanically and electrochemically polished
and subjected to heat treatment at 1100 ◦ C for 2 h in a
vacuum. Through the nuclear reaction of 69 Ga(p,2n)68 Ge
induced by 20-MeV proton irradiation of a GaN substrate
(φ8 mm), a positron source (68 Ge-68 Ga, 20 MBq) was
produced (total fluence: 9 × 1017 protons). Through the
magnetic-field dependence of the S parameter related to the
self-annihilation of spin-singlet (para-)positronium in α-SiO2 ,
the longitudinal spin polarization of positrons emitted from
the source was determined to be 0.7.26 Basically, in the
longitudinal condition, the positron polarization is not lost
so much since the polarization vector and magnetic field
are parallel (or antiparallel). Nevertheless, depolarization
will occur during the thermalization and diffusion processes
because of inner magnetic fields.27 To preserve the positron
polarization as much as possible, it is important to use a source
emitting highly polarized positrons. The samples and the
source were placed at the center of a gap in an electromagnet
(with a magnetic-field variable up to 1 T), maintaining a
distance of 7 mm. The sample temperature was changed from
5 K to 315 K. To detect annihilation radiation from only
the samples, the source was shielded by lead blocks. The
experimental arrangement is schematically shown in Fig. 1.
DBAR spectra were measured by using a high-purity-Ge
detector with an energy resolution of 1.4 keV at 511 keV. Here,
the photon energy of Eγ = 1 keV corresponds to an electron
momentum of p = 3.92 × 10−3 m0 c (0.54 a.u.). In each spectrum, more than 106 events were accumulated. To compare the
differences in spectral shapes under different field conditions
in detail, all the spectral area intensities were normalized to
unity.
IV. RESULTS AND DISCUSSION
A. Magnetic-field dependence

Figure 2 shows the DBAR spectra of the Fe sample
obtained under positive and negative fields (B = ±0.8 T)
and the differential spectrum N+ (p) − N− (p). We call the
finite differential spectrum the field-reversal asymmetry. The
momentum resolution of DBAR is poorer than that of ACAR.
Nevertheless, such field effects are observable. The positive
intensity of the differential spectrum at |p|  5 × 10−3 m0 c
was attributed to the enhanced (reduced) annihilation between
spin-up positrons and spin-down (spin-up) 3d electrons having
broader momentum distributions under a positive (negative)
field. The negative intensity at |p|  5 × 10−3 m0 c was
explained as the relative decrease of low-momentum components. In our previous work, the shapes of the differential
spectra [N+ (p) − N− (p)] for Fe, Co, Ni, and Gd were
similar to each other. No further fine structures reflecting
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FIG. 2. (a) DBAR spectra obtained for the Fe sample at B =
±0.8 T and (b) the differential spectrum. These spectra are folded at
p = 0 to enhance the statistics. Shaded areas denote the windows of
the W parameter.
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positrons with polarized 3d electrons having higher momenta
are enhanced under positive fields and reduced under negative
fields. For the Co sample, a similar tendency is seen, but the
linearity seems to be a little lost under negative fields. In
the case of the Ni sample, the deviation from the linear
dependence is more pronounced to be somewhat concavedown-parabolic in shape, that is, in both positive and negative
fields, the annihilation probabilities of positrons and polarized
electrons having higher momenta seem to be enhanced though
the amounts are different. As for the the Gd sample, the field
dependence is again parabolic, but it is concave up, implying
that the annihilation probabilities of positrons with polarized
electrons having lower momenta are enhanced under both
positive and negative fields. The above results imply that the
changes of spectral shapes from those at a zero field reflect the
different band structures of these metals.
Figure 4 shows the DBAR differential spectra from a zero
field [N+/− (p) − N0 (p)] for the Fe, Co, Ni, and Gd samples
at B = ±1 T. Under a positive field [N+ (p) − N0 (p)], the
Fe, Co, and Ni samples exhibit similar features. Under a
negative field [N− (p) − N0 (p)], the spectra of the Fe and Co
samples have negative intensities at |p|  3 × 10−3 m0 c and
10 × 10−3  |p|  20 × 10−3 m0 c, respectively, and positive

the differences in the band structures of these metals were
observed. As shown below, the line-shape parameters exhibit
somewhat different field dependences.
Figure 3 shows the so-called W parameter, which is defined
as the area intensity in the higher-momentum region as shown
in Fig. 2, as a function of the magnetic field. In the case of the
Fe sample, the W parameter behaves nearly linearly with the
magnetic field, indicating that the annihilation probabilities of
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FIG. 3. W parameters as a function of the magnetic field at room
temperature obtained for the Fe, Co, Ni, and Gd samples. Solid lines
are guides for the eye.
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FIG. 4. Differential DBAR spectra between positive or negative
and zero fields [N+/− (p) − N0 (p)] for the Fe, Co, Ni, and Gd samples
at room temperature (B = ±1 T). These spectra are folded at p = 0 to
enhance the statistics. Solid lines denote curves calculated by Berko’s
method. The amplitudes are adjusted to levels comparable with those
in experiments.
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intensities at 3 × 10−3  |p|  10 × 10−3 m0 c. The spectrum
of the Ni sample shows no significant change upon field
reversal except for a small change of the intensity. The
spectrum of the Gd sample under a positive field exhibits
somewhat opposite features to those of the other samples, and
its shape is conserved upon field reversal except for a small
change in the intensity.
According to the theoretical band structure of Fe,16,28–30
the first to fifth majority spin bands are nearly fully occupied,
the sixth majority spin band is partially occupied, and the
fourth to sixth minority spin bands are empty or only
partially occupied. The upper-band electrons have almost
d-like character while the lower-band electrons have both
sp-like and d-like characters. Hence, the spectrum under a
positive field probably reflects the d-like characters of the
upper majority spin bands while that under a negative field
reflects the more sp-like characters of the lower minority spin
bands.
In the case of Co, the first to tenth majority spin bands
are nearly fully occupied, the eleventh and twelfth majority
spin bands are partially occupied, and the seventh to twelfth
minority spin bands are empty or only partially occupied.31
Hence, in Fig. 4, the spectral shape under a positive field
probably reflects the d-like characters of the upper majority
spin bands while that under a negative field reflects the more
sp-like characters of the lower minority spin bands.
Both the six majority and six minority spin bands of Ni
are mostly occupied.32,33 Only small amounts of electrons
are transferred from the minority to the majority spin bands.
Hence, the spectral shapes under both positive and negative
fields in Fig. 4 give rise to analogous features, mainly reflecting
the fourth to sixth bands having d-like character. The slight
difference in the intensities upon field reversal is caused by the
relatively low occupations of the fifth and sixth minority spin
bands.
As for Gd, the 4f majority spin bands are completely
occupied while its minority spin bands are nearly empty.34,35
The 5d majority spin bands are partially occupied while its
minority spin bands are empty. Both majority and minority
spin bands of the 6s electrons are nearly occupied. Hence,
the field effects are attributed to the 4f and/or 5d bands. The
annihilation probabilities of 5d electrons with positrons are
much higher than those of inner 4f shell electrons. The 5d
electrons result in narrower DBAR spectra as compared to
the 4f electrons. Therefore, the field effect on the spectral
shape in Fig. 4 likely arises from the 5d bands. Known
as the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction,
the ferromagnetism of Gd appears due to indirect exchange
interactions between 4f electrons mediated by 5d electrons.
Positrons probably see the polarization of such 5d electrons.
To elucidate details above, we calculated the differential
DBAR spectra for individual bands and the spin-averaged total
DBAR spectra. The electron wave functions were obtained
from the ABINIT computation36 with the projector-augmentedwave method.37 The initial valence-electron configurations
were assumed to be 3s 2 3p6 3d 6 4s 2 (Fe), 3s 2 3p6 3d 7 4s 2 (Co),
3s 2 3p6 3d 8 4s 2 (Ni), and 4f 7 5s 2 5p6 5d 1 6s 2 (Gd). The positron
wave function was calculated based on two-component density
functional theory. The DBAR spectra were obtained from
Eq. (1) with a Gaussian resolution function having a full
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FIG. 5. Differential curves between the ith band [Ni (p)] and the
total DBAR spectra [NT (p)] in the spin-averaged state calculated
for Fe and Gd. For Gd, the fourteen 4f bands are averaged. The
amplitudes here are only for comparison.

width at half maximum of 1.4 keV. Since the present samples
were polycrystals, the calculated DBAR spectra along the
three-momentum axes ([100], [100], and [111] for Fe and
Ni and [1100], [1120], and [0001] for Co and Gd) were
spherically averaged. The details of the calculations are
described elsewhere.38
Figure 5 shows the calculated differential spectra between
the spectra of individual bands and the spin-averaged total
spectra for Fe and Gd. In Fig. 4, the experimental spectrum of
the Fe sample under a positive field exhibits the features of the
fourth to sixth bands while under a negative field it exhibits
the features of lower bands. The results for the Co and Ni
samples may be explained similarly. The experimental spectra
of the Gd sample under positive and negative fields in Fig. 4
are similar to those calculated for the first to fourth bands in
Fig. 5. (The first and second bands are 6s-like, and the third
and fourth bands are 5d-like.) The solid lines in Fig. 4 are the
differential spectra calculated using Berko’s method having
the occupations of individual bands.6,19 (The amplitudes of the
calculated spectra are adjusted to levels comparable with those
in experiments.) Although the calculated differential spectra
are not fully compatible with the experimental spectra, their
agreement is generally good.
In a previous work, we found that the strength of the
field-reversal asymmetry of the DBAR spectra for Fe, Co, and
Ni is approximately proportional to their magnetization. In
these metals, the annihilation probabilities between positrons
and valence (3d4s) electrons are comparable because of their
close electron densities. Hence, the field-reversal asymmetry
observed for these metals is approximately proportional to
the averaged spin polarizations of the valence bands, i.e.,
magnetizations.
Similar discussion may be allowed for Gd, Tb, and Dy. The
field-reversal asymmetry observed for the Tb and Dy samples
was much smaller (<1/7) as compared to the Gd sample. As
discussed above, in these metals, the field effect on the DBAR
spectra is caused by polarized 5d electrons. Therefore, the
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shows the temperature dependences of the intensities of the
DBARspectra relative to those at the maximum temperature
+∞
TM = −∞ |NT =T (p) − NT =TM (p)|dp, obtained for the Gd,
Tb, and Dy samples at B = ±0.8 T. The intensities under a
negative field are greater than those under a positive field. This
is consistent with the results shown in Fig. 4. The critical
temperatures at which the field effects vanish seem to be
in agreement with the Curie temperatures (TC ) associated
with the ferromagnetic-phase transitions of these metals (Gd:
293 K, Tb: 222 K, and Dy: 90 K). The absence of temperature
dependences for the Fe, Co, and Ni samples is explained by
their high Curie temperatures.
The temperature dependence of magnetization (M) is given
by the Weiss equation


M
gJ μB J (B + λM)
= BJ
,
(6)
M0
kB T

FIG. 6. Area intensities of the differential DBAR spectra relative
to those at the highest temperatures obtained for the Gd, Tb, and
Dy samples at B = 0.8 T as a function of temperature. The Curie
temperatures (TC ) of the ferromagnetic-phase transition are indicated.
Solid lines are the calculated temperature dependences based on the
Weiss theory.

suppressed field-reversal asymmetry of the Tb and Dy samples
implies much lower polarizations of their 5d bands compared
to that of Gd.
B. Temperature dependence

Under a magnetic field, the DBAR spectra of the Fe, Co,
and Ni samples showed no apparent temperature dependences
below 315 K while the field effects on the DBAR spectra
for the rare-earth samples increased upon cooling. Figure 6
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