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Abstract. The positron lifetime technique has keen used to study a permaneat 
magnet materid NdaFellB. It was found that at low tempexat- (T < 125 K) 
positCON are trapped in a polaron-like State at rcgions of low ion density in the 
unit cell. At higher temperatures (T > 175 K), positron diffusion is fast enough for 
trapping into deep vacancy-type defects at the grain boundaries. 

1. Introduction 

The positron lifetime technique [1,2] has been widely used in studying lattice defects 
in crystalline material. The method is very suitable for identification of open-volume 
defects, such as single vacancies, vacancy-impurity pairs and vacancy clusters. The 
trapping of positrons at  these vacancy-type defects is rather strong and they are often 
referred as deep traps. At low temperatures, positrons can also get trapped by defects 
where the density of positive ion cores is only slightly lower than in the surrounding 
perfect crystal. In metals, dislocation lines and loops [3,4] are the most important 
examples of these weak positron traps, where the binding energy of positrons is of the 
order of 100 meV [5 ,6 ] .  

In most of the materials studied the positron mobility is large and only lattice 
defects provide positron traps. In a perfect crystalline material, the positron wave 
function is delocalized, having maximum values in the interstitial regions and being 
almost zero a t  the ion sites. This picture is true when the lattice strusture is simple. 
However, in complicated structures the situation may be different: the unit cell might 
have regions where the ion density is, from the positron point of view, significantly 
smaller than the average value. These regions can offer self-trapping sites for positrons, 
which could form polaron-like states [?‘I. 

One of the materials with a complex structure is the new permanent magnet 
material Nd,Fe14B, which has recently been studied intensively [8,9]. Due to the  
different sizes of the Nd, Fe and B atoms, the ion density is different in different parts 
of the unit cell. This makes possible polaron-Iike positron self-trapping in the bulk. 

In this paper we report on positron lifetime measurements made for Nd2Fe14B a t  
temperatures between 15 K and 300 K. The results show evidence for reduced positron 
mobility at low temperatures. The theoretical calculations indicate the possibility of 
polaron-type self-trapping in the perfect crystal. 
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2. Experimental details 

2.1. Samples 

The Nd-FeB alloy-based neomagnets studied in the present work are sintered perma- 
nent magnets with excellent magnetic properties and with a complex crystallographic 
structure 181. The main phase in the crystal is  Nd,Fe,,B and the grain size in the 
studied samples is ahout 15-30 pm. The atomic structure of a unit cell containing 68 
atoms (four Nd,Fe,,B units) in the main phase is shown in figure 1. All the Nd and 
B atom are on the L = 0 and t = 0.5 e planes but only four of the 56 iron atoms 
are on these planes. The other iron atoms form puckered, hexagonal nets which lie 
between the z = 0 and z = 0.5 c planes. The lattice constants of this phase are: a = 
8.80 A and c = 12.19 A. The space group of the Nd,Fe,,B-phase is P42/mnm 18). 
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Figure 1. The atomic structure of a NdlFellB Figure 2. The positron lifetime components as 
unit ceU. The Nd atom are denoted by the a function of measurinc temperature for the sin- 
krgest ahaded circles, the Fe atoms by the tered Nd*Fel+B samples. For clarification, the 
medimsize bla& cirdes and the B atom by four values measured at 300 K are slightly s p a -  
the amdl blsck circles. The computational cell rated in the figure. 
used in the positron state Cslculationo is marked 
by broken Lines. 

In preparing the samples, Nd-Fe-B ingots were crushed under an argon atmosphere 
to a particle size of less than 500 pm and then pulverized in an inert atmosphere and 
in an organic fluid to a particle size of about 2-5 pm in a ballmill. The powders were 
oriented in a magnetic field of about 0.8 T under 200 MPa pressure. The direction of 
the magnetic field was perpendicular to the pressing direction. The pressed compacts 
were sintered in pure argon atmosphere at 1340 K for 1 h and cooled as quickly as 
possible. After this the magnets were post-sintered at 850-950 K by using the same 
kind of procedure as in the first heat treatment. Finally, the samples were cut to 
appropriate dimensions by a diamond saw. 

Besides the main Nd?Fe,,B-phase, also other Nd-FeB based phases can be found 
in the ga in  boundaries of the main phase, especially in the triangles formed by the 
grain boundaries crossing each other. In these boundaries also the presence of open- 
volume defects is rather probable. 
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The samples used in the positron lifetime measurements were demagnetized before 
the measurements. The reason for this is a solely technical one: a strong magnetic 
field might disturb the photomultipliers used in detecting gamma quanta in the ex- 
periments. The thickness of the samples was about 0.5 tnn~ which is enough to absorb 
more than 99% of the positrons emitted by the source [lo]. 

2.2. Facilify 

The positron lifetime measurements were done by using the JYFL low-temperature fa, 
cility [ll]. The temperature of the samples can be adjusted to any value between 15 K 
and 300 K by using a two-stage helium refrigerator and a microcomputer-controlled 
heating system. The temperature of the sample holder is measured using a copper- 
constantan thermocouple. The samples are mounted in a samplesourcesample sand- 
wich geometry to the cold-head. The ,,NaCI positron source used in the measurements 
is enveloped in a thin (1.7 mg cm-,) Havar foil. 

The lifetime spectrometer consists of a plastic scintillator for the 1.275 MeV start 
gamma and of a BaF, scintillator for the annihilation gamma (511 keV). Philips XMP 
photomultipliers are used in strengthening the pulses. The lifetime events are gathered 
in a multichannel analyser (MCA), and the spectra of about one million accepted events 
are analysed using the Fortran programs RESOLUTION and POSITRONFIT [E]. The 
variance of the fit was typically less than 1.25. 

2.3. Results 

The time resolution of the positron lifetime spectrometer was determined by measuring 
the positron lifetime in perfect single-crystal MO at 15 K.  The lifetime spectra were 
analysed with the Fortran program RESOLUTION [12], and the resolution function was 
found to be a one-component gaussian function with a FWHM of 217 ps. The lifetime 
components due to the positron source were also determined by this program. It 
was found that the total intensity of the source components was 17.8% with lifetimes 
of 170 ps (14.6%) and 380 ps (3.2%) due to the Havar foil and the ,,NaCI salt, 
respectively. 

The positron lifetimes in the Nd,Fe,,B samples were measured at temperatures 
between 15 K and 300 K,  and the lifetime spectra were analysed by using the Fortran 
program POSITRONFIT [12]. At  15 K, only one lifetime component could be detected: 
r s 162 ps (figure 2). The analysis failed drastically if one tried to separate two life- 
times in the spectra. However, the analysis of the positron lifetime spectra measured 
at room temperature clearly resulted in two components: r, M 157 ps and r, M 230 ps 
(figure 2). The long lifetime component was most probably due to positrons trapped 
at vacancy-type defects in the grain boundaries. The intensity of the second compo- 
nent was about 12% a t  300 K (figure 3). Although the statistical error bars seem to 
be quite large, it was impossible to find a good fit with only one lifetime component 
in the analysis. 

The positron lifetime spectra were also measured at 50-250 K (figures 2 and 3). 
Only one lifetime component could be separated in the spectra measured at 50 K and 
at 100 K, whereas at 200-250 K two lifetime components could clearly be ssparated in 
the spectra. The results for the lifetime spectra measured at 125 K and at 150 K seem 
to he indistinct: both one-component and tw*component analysis gave somewhat 
reasonable results for the 125 K spectrum, but with very large error bars in r2. One 
of the two spectra measured at 150 K gave a rather good fit for only one lifetime, 



2510 S Mrikinen et a1 

while the analysis for the other spectrum resulted in two lifetime components. It thus 
seems that the temperature of about 150 K divides the trapping of positrons into two 
groups: at temperatures below 125 K only one type of traps are possible for positrons, 
whereas above 175 K two kinds of positron traps are clearly present. 

Measuring temperature (K) 

' I  
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0 5 0  100 1 5 0  200 2 5 0  300 : 

Measuring temperature (K) 
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Figure S. The intensity of the second lifetime 
component, 72, v m  measuring temperature. 
The values at 300 K are separated in the figure. 

Figure 4. The intensity of the long lifetime 
component fixed to 230 ps in the analysis of the 
positron lifetime spectra. 

In order to study the behaviour of the intensity of the defect-related lifetime com- 
ponent, I,, the value of T~ was k e d  to its mean value at 300 K,  230 ps. The results of 
the twecomponent analysis are shown in figure 4. The figure supports the conclusion 
about the presence of only one kind of positron traps below 125 K and two kinds of 
traps above 175 K. 

The sudden increase in I ,  at a rather high temperature can be explained by the 
presence of shallow positron traps, which prevent the positron diffusion into the deep 
traps. Dislocation lines and loops are known to be shallow positron traps in met- 
als [5,6,13]. Our theoretical considerations in the next section show that in the case 
of Nd2Fe,,B there is also another possibility: due to the complex atomic structure, a 
polaron-like self-trapping becomes possible. 

3. Theory 

9.1. Calculation method 

The possibiJity of positron self-trapping in the Nd,Fe,,B crystal was theoretically 
studied by calculating the positron wave function and annihilation rate in a perfect 
neomagnet lattice. The calculations were done by using a well-tested method [14- 
161 which uses atomic superposition in determining the three-dimensional electron 
density and electrostatic potential in the host. In the calculations, atoms are fixed to 
sites corresponding to the given lattice structure. The coordinates used for the Nd, 
Fe and B atoms are taken from [8], where the values have been determined by the 
neutron-dXractiou method. Due to the absence of thermal energy in the calculations, 
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the calculated positron state corresponds to the low-temperature positron lifetime 
measurements. 

For each atom (Nd, Fe and B), the values of the Coulomb potential and elec- 
tron density used in the superposition were dcula ted  by using the density functional 
theory [17] with a Ceperley-Alder exchangecorrelation potential [lS]. In these cal- 
culations the core electrons, valence electrons, and d-valence electrons are treated 
separately. In deciding which electrons should be taken as tightly bount mre elec- 
trons, the orbital parametres calculated by Fraga et al [19] were used. In the case of 
Nd, only the two 6s electrons were treated as valence electrons while the other were 
handled as core electrons. For Fe the electrons in the 4s orbital, and for B the 2s and 
2p electrons were treated as valence electrons in the calculations (the d-electrons in 
Fe were treated as core electrons). 

The obtained free Nd, Fe and B atoms were placed on their lattice sites in the unit 
cell and the electron density n- as well as the Coulomb potential Vc sensed by the 
positron were determined by summing the values of these over the whole calculation 
cell 

n - ( r ) =  C.;JI.-R,I) vc(.)=CV~t,j( l .-Ril) .  (1) 
i 

Here n&(r) and Vak,j(r) are the spherically symmetric free electron density and 
Coulomb potential obtained for a free atom of type j (Nd, Fe or B) at distance r, 
respectively. The three-dimensional atom sites are marked as Ri in the equation. 

The positron potential V+ used in the Schrodinger equation consists of the 
Coulomb part of (1) and a correlation potential V,,, due to the electron-positron 
interactions. The formula for to,, is obtained by using the many-body calculations 
of Arponen and Pajanne for a positron in a homogeneous electron gas [20]. 

The positron annihilation rate with core electrons and with valence electrons is 
calculated by using local enhancement 

A = d e J d r  l~(r)12[n"(r)Y"(n"(r)) +.,(.)Y,l. (2) 

Here r,, is the classical electron radius, c i s  the speed of light, n, and nc are the valence 
and core electron densities, and y, and T~ are the enhancement factors for the valence 
and core electrons, respectively. The formula of Brandt and Fteinheimer [21] was used 
for 7" and a value of 1.5 for T=. The positron lifetime, 7 ,  is the inverse of A. 

9.2. Results 

The volume of the computational cell could be reduced lo one eighth of the unit cell 
by using the structural symmetries of the lattice (see figure 1). In determining the 
electron density and the electrostatic potential inside the cell, the contribution of the 
atoms outside the cell was also taken into account in the superposition. In calculating 
the positron wave function, mirror-symmetry boundary conditions were used at both 
walls in the (001) and in the (110) directions. At the (010) wall we made use of the 
inversion symmetry with respect to the vertical line in the centre of this wall. With 
these boundary conditions the calculated positron state corresponds to a delocalized 
positron in the bulk of singlecrystal Nd,Fe,,B. 

The positron potential was first calculated at nodes of a three-dimensional net 
forming an orthorhombic Bravais lattice in the calculation cell. The separation be- 
tween two adjacent nodes w a s  0.176 8, in the (100) and in the (010) directions and 
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0.179 A in the (001) direction. The Schedinger equation was  discretized, and i t  was 
solved at the node points by using a relaxation method. A constant value of 0.1 w a s  
used for the initial value of the positron wave function at every calculation point. The 
wave function was relaxed to a form which minimizes the energy eigenvalue of the 
positron. The relaxation was tested by using also a cosine-like initial wave function 
in starting the relaxation. When about 5000 iteration loops were used, no changes 
could he seen in the final form of the wave functions calculated using these two initial 
values, and also the positron lifetime and the energy eigenvalue were the same within 
0.4 ps and 3 meV, respectively. 

A contour plot of the relaxed positron wave function is shown in figure 5 at the 
diagonals of the unit cell in the (110) directions. The positron is clearly localized in 
the regions of low ion density in the unit cell. It is interesting to note that the value 
of the positron wave function is, due to the atomic structure, practically zero in the 
middle of the unit cell. It should also be noted that the two maxima in the [if01 
direction are located in the middle of the unit cell while the other two in the [110] 
direction are at the corners of the cell. This is due to the complicated symmetry of 
the lattice. The same kind of structure in the positron wave function is also seen when 
viewed from the (001) direction, and at the (010) wall of the unit cell. 

11101 IllOl 
Figure 5. Contour plots of the positron wave fundion in the bu& of NdzFetrB 
crystal. In (e) the values of the wave functicn M plotted st the diagmal of the unit 
cell in the [lfO] direction and in (6)  in the [llO] direction. 

The calculated positron lifetime in the bulk state is 177 ps, in fairly good agreement 
with the experimental value. It is interesting to observe that this lifetime is about 
70 ps longer than the hulk lifetime in iron, but about the same as the positron vacancy 
lifetime in iron. This means that the Nd,Fe,,B crystal has interstitial sites with low 
electron density, and suggests that the positron could be fairly well localized in the 
interstitial sites. 

By changing the boundary conditions for the positron Schrodinger equation we 
have calculated the positron energy at the Brillouin zone boundaries in the (110) and 
(001) directions. The results give an estimate of 0.2 eV for the width of the positron 
hand, which is only about 20% of the free particle band width. The small band width 
is an indication that the positron can get self-trapped in the interstitial state and 
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form a polaron-like state. To further examine this we have computed the volume 
dependence of the positron energy in the delocalized state to be 

where V is the volume of the unit cell and E,, is the bottomof the positron band. The 
quantity Ed is the positron deformation potential, defined in [22]. We can estimate 
from (3) that a change of only 2% in the volume, or 0.6% in the relaxation of the 
atoms nearest to the positron is needed for the positron energy eigenvalue to drop 
0.2 eV, i.e., the band width. Since the energy needed for such small lattice relaxations 
is very small [23] we can conclude that in Nd,Fe,,B the positron ground state is a 
polaron-like state. The accurate determination of the polaron formation energy would 
require self-consistent computations with the knowledge of interatomic (preferentially 
many-atom) interactions in Nd,Fe,,B. 

The polaron motion is strongly temperature dependent 124,251. At low temper- 
atures the diffusion constant is proportional to T7 and at high temperatures it is 
governed by classical trapping and increases exponentially with temperature. It is 
diflcult to estimate which behaviour is dominant in our experiments. However, in 
any case the diffusion constant is strongly T-dependent and becomes wery small at 
low temperatures. This explains our experimental findings that with increasing tem- 
perature more and more positrons get trapped a t  the existing defects at the grain 
boundaries. 

The small grain size makes it possible that a significant part of the positrons can 
get trapped at vacancy-type defects at grain boundaries. If the grains were round with 
average size of 22 pm and if the positron diffusion length was 0.1-0.2 pn (a typical 
value for a metal), about 3-6% ofpositrons could diffuse to the grain boundaries during 
their lifetime. However, the grains are always polygonal which increases the surface 
to volume ratio increasing the number of trapped posilrons. This is in agreement 
with the mom temperature measurements where the intensity of the longer lifetime 
is about 10%. However, the positron diffusion length even at higher temperatures is 
expected to be smaller than that for a typical metal, suggesting the existence of deep 
traps also inside the grains. 

4. Conclusions 

A permanent magnet material, Nd,Fe,,B, has been studied by the positron lifetime 
technique. Two positron lifetime components are seen in experiments above 175 K, and 
only one lifetime at temperatures below 125 K .  Theoretical calculations on positron 
states in a perfect Nd,Fe,,B crystal show that the positron forms a polaron-like self- 
trapped state in the low-ion-density regions of the unit cell. The strong temperature 
dependence of the polaron state allows the positron trapping in vacancies a t  the grain 
boundaries only at elevated temperatures, in agreement with the experimental results. 
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