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Abstract. The positron annihilalion characteristics of deformed and annealed samarium have 
been mvestigated. The rempenrure dependence of lhe lineshape parameter S observed for 
deformed samples is descn'bed by a model of competing positron lrapping in dislocations and 
vacancy-like defects The resulu indicate that the positron trapping in deformed samples is 
controlled by dislocations. Positron detrapping from dislocations appears not IO be responsible 
for the positive temperamre dependence of the panmeter S. The analysis of the experimental 
data yields a posimn-dislocation binding energy of 18 meV. The recovery of the deformation 
damage takes place thmugh the temperahue range 37S703 K. A value of (199 + 2) ps is 
anributed to the bulk posimn lifetime. 

1. Introduction 

Positron annihilation measurements in rare earth metals were performed at the beginning 
of the application of this technique to investigate solids [l]. However, it appears that 
positron annihilation spectroscopy (PAS) has been barely applied to investigate defects in  
these materials. In recent years, the literature has reported positron annihilation data for 
cerium and gadolinium only [2-51. This lack of positron annihilation investigations in rare 
earth metals can be attributed to the low technological interest in these materials in the past. 

At present, the magnetic characteristics of some of these metals have raised their interest. 
Among them, samarium and gadolinium are the most important. PAS has been applied 
to investigate the recovery of deformation damage in gadolinium 131, but so far similar 
investigations have not been reported for samarium, to our knowledge. Moreover, the 
characteristics of the lattice defects in samarium appear not to be well established. 

On the other hand, the local density approximation (LDA) calculations of the bulk 
positron lifetime for cerium and gadolinium disagree noticeably with the experimental 
values, independently of the method used to evaluate the enhancement term describing the 
screening charge around the positron [a]. The values calculated using a total enhancement 
factor for core and valence electrons together show much larger discrepancies with the 
experimental values than those obtained calculating separate enhancement factors. However, 
the LDA calculations have demonstrated that it is not necessary to evaluate the enhancement 
factor for core and valence electrons separately, except for cerium and gadolinium [& 
81. Positron lifetime measurements should be performed on the remaining lanthanides to 
elucidate whether these exceptions are a particular characteristic of the 4f rare earth metals. 
The investigation of the positron annihilation characteristics in samarium can give insight 
into this point and provide useful data about the defect recovery in this metal. 
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2. Experimental method 

The samples were prepared from a samarium plate of 99.9 at.% purity supplied by the 
Institute of Physics of Solids and Semiconductors, Academy of Sciences of BSSR (Minsk). 
The plate, 5 mm thick, was uniaxially compressed at room temperature up to a thickness 
reduction of 50%. The samples were carefully polished until mirror-like surfaces were 
achieved. Doppler broadening measurements at low temperatures were performed on a 
pair of deformed samples set into a closed He cycle cryostat. Afterwards, this pair was 
isochronally annealed for 30 min up to 763 K in 30 K steps. To avoid oxidation and 
sublimation, these annealings were carried out in a vacuum of Pa, i.e. the samarium 
vapour pressure at 781 K. Positron lifetime measurements at room temperature were made 
after each annealing. After annealing at 763 K, Doppler broadening measurements at low 
temperature were performed again, Another pair of deformed samples was annealed for 30 
min at 923 K in vacuum and its positron lifetime spectrum measured at room temperature. 
For low-temperature measurements, the temperature was selected arbitrarily going up and 
down. 

The Doppler broadening measurements were made with a zero- and gain-stabilized high- 
punty Ge detector having an energy resolution of 1.62 keV at the 1.33 MeV line of wCo. 
For lietime measurements a spectrometer with a time resolution of 225 ps (nnrm) was 
used. The positron source was "Na inside sealed Kapton foils. The Doppler broadening of 
the annihilation peak was characterized by the lineshape parameter S, defined as the fraction 
of counts within an energy window of 1.50 keV centred at 511 keV. The lifetime spectra 
were analysed with the programs RESOLUTION and POSITRONFIT. 

I , 
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Temperature (K) 
Flgure 1. Lineshape parameter as a function of tempemure for deformed (6 )  and annealed (0)  

samarium. The curve represents the least-squares fit of the points lo equation ( 1 ) .  

3. Results and discussion 

Figure 1 depicu the parameter S as a function of temperature for the samc pair of samples, 
after deformation and after the last isochronal annealing. The S values show a reversible 
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Figure 2. Positron lifetime versus annealing temperature for deformed samarium. Isochronally 
(a) and isofhemnly ( 0 )  annealed samples. 

behaviour with temperature for both cases. As-deformed samples show a light increase 
of the S values with temperature. However, this temperature dependence disappears after 
annealing at 763 K. After subtracting background and the source component, the lifetime 
spectra only could be analysed in terms of a single exponential component. These lifetime 
spectra were characterized by the single positron lifetime r = A-', where A is the decay rate 
of the single exponential term. The values after isochronal annealing are shown in figure 2 
along with the results for a pair of samples isothermally annealed at 923 K. A continuous 
recovery of the value is observed over the temperature range 373-703 K. Through this wide 
recovery stage, the positron lifetime spectra could not be consistently decomposed into two 
spectral components. This is interpreted as evidence of the presence of a complex shucture 
of defects acting as positron traps in deformed samarium. 

State 2 

State 3 2, 

'3 J 
/ 

21 
Figure 3. Three-state trapping mcdel including detrapping from shallow traps (slue 2) and 
vansitions from shallow vap 10 deep trapraps (state 3). State 1 represents the bulk stare. 

The temperature dependence of the S values, shown in figure 1, indicates that there 
is no trapping saturation for deformed samples annealed at T C 373 K, and therefore 
the value of (230 f 2) ps would not correspond to the lifetime for positrons trapped in 
vacancy-like defects or dislocations. The characteristic parameters for positrons in these 
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types of defect are expected to be temperature independent. The increase of the parameter S 
with temperature cannot be attributed to volume expansion because it is not observed after 
annealing at 763 K. Thus, it should be attributed to a temperature-dependent competing 
trapping in different types of defect. The observed r and S values would represent a 
weighted mean value for positrons in the bulk and positrons trapped into defects produced 
by plastic deformation. It is expected that vacancies in samarium should be mobile below 
room temperature as happens in other lanthanides [9], so that, during deformation at room 
temperature. vacancies can be trapped by dislocations and impurities. The presence of 
tridimensional vacancy clusters, or voids, can be rejected because the lifetime spectra do 
not show a long-lived component attributable to them. The defects responsible for the 
trapping should be dislocations and a wide variety of vacancy-like defects associated with 
dislocations such as a vacancy trapped at a dislocation (i.e. a single jog), jogs, vacancy- 
impurity pairs trapped at dislocations, and so on. Perfect dislocations or straight parts of 
dislocations would act as shallow positron traps, while the vacancy-like defects would be 
deep traps. 

To obtain information from the temperature dependence of the parameter S, we have 
applied the method recently proposed by Trumpy for describing the positron trapping in 
deformed nickel [IO]. Figure 3 depicts the annihilation scheme. This method, based on the 
model of Smedskjaer er a[ for positron trapping in dislocations [l I], results in a parameter 
S given by (see appendix) 

(1) 

where SI is the value of the annihilation parameter for the material free of defects, S, the 
characteristic value for vacancy-like defects present in the deformed samples, and P3 is the 
annihilation probability for positrons in deep traps given by equation (A7). P3 is a function 
of the transition rates ~ i j  and of the positron annihilation rate in the bulk A I .  

s =si + (S3 -SI) P3 
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Figure 4. Positron trapping and dempping rates as a funclton of tempenture in dcformed 
samarium. Cwes Y E %  and K ~ S  represent the trapping m e  for dislocations and vacanncy-l&e 
defects, respectively, Curve KZI corresponds to the detnpping me from dislocations. The 
curyes are given by equations (AS), Dashed C U N ~  represent Ihe confidence inIcrv& for Ihe 
y values. 
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From the best fit of the S values to equation (1) we obtained the following values for 
the adjustable parameters: .Ea = ( 1 8 1  1) meV, KU c lo7 s-l, p = (6.6i0.4) x lOI5  m-’, 
y = (29 f 4) x low3 K-I, ut = (2.4 f 1.0) x m2 s-l, p = (530 loo), 

should be noted that the fit was optimized using U = 0 s-l.  The value AI = 5.03 x lo9 s-l 
obtained from positron lifetime measurements of well annealed samples is used for the fit. 
These parameters are defined in the appendix. 

The above values are comparable to those obtained by Trumpy for nickel [lo], except 
for V I  and /A that are two and one orders of magnitude higher, respectively. The last is 
consistent with a low positrondislocation binding energy of 18 meV against the value of 
38 meV found by Trumpy for nickel. According to the model of Smedskjaer et al. the lower 
the binding energy, the stronger the temperature dependence of the specific trapping rate for 
dislocations and the higher its value [ll].  Figure 4 depicts the temperature dependence of 
the trapping rates for dislocations K I Z  and vacancy-like defects ~ 1 3 ,  and the detrapping rate 
for dislocations K Z ~ ,  along with their respective confidence intervals. These curves are given 
by equations (AS) using the parameters obtained from the fit. The ~ 1 2  is two or three orders 
of magnitude higher than ~ 1 3  over the temperature range 1&310 K, while the detrapping 
rate K Z ~  remains lower than ~ 1 3  continuously. 

The recovery through the range 373-703 K is attributed to successive annealing out 
of vacancy-like defects and dislocations. The lifetime value of (199 i 2) ps found after 
annealing at T > 703 K is ascribed to positrons in the bulk. This value disagrees with the 
value of 246 ps reported by Rodda and Stewart [l], but agrees with the value of 202 ps 
predicted by Welch and Lynn [12]. 

b = (1.32+0.08) X 10” K1” S-’, St = (0.490910.0010), and S, = (0.517010.0016). It 

4. Conclusions 

It is concluded that the positron annihilation characteristics found in deformed samarium can 
be described by a temperaturedependent competing trapping in dislocations and vacancy- 
like defects. The positive temperature dependence of the parameter S found for deformed 
samarium is consistent with positron trapping controlled by dislocations. Positron detrapping 
from dislocations appears to be unimportant in determining this temperature dependence. 

Finally, it should be mentioned that the paramagnetic-antiferromagnetic transition taking 
place for samarium at 105 K does not have any meaningful effect on the positron lifetime 
and the parameter S. 

Appendix 

A scheme of the trapping model used above is shown in figure 3. The rate equations of the 
model are 

i l ( t )  = -(Ai + K12 -k Kl3)nl(t) + K2ln2(f) 
hZ(t) = -(A2 f E21 + KZ?)nZ(t) + KlZnI(f) (AT) 

where 1 is the bulk state, 2 and 3 the bound states in shallow and deep traps, respectively, 
ni is the fraction of positrons in the i state, A i  the annihilation rate, and ~ i j  the transition 
rate from state i to state j .  

1 hg(t)  = -A3n3(t) + Kl3nl(r) + K = n ~ ( t )  

By imposing the initial conditions 

n1(0) = 1 
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nz(0) = n3(0) = 0 

the positron fraction in the sample, n ( f ) ,  would be given by 

n(t )  = n1(t) + nz(t) + n 3 ( r )  = I+ e-'+' + I- e-'-' + 13 (4 
Here A+ and A- are defined as 

(Y + @ f J(Ci - b)' + 4KizKz1 

2 
A* = 

With 01 = 11 + K n  + K l 3  and @ = hz -t KZI + KU. The mean positron lifetime, 
T = I+s+ + I-r- + I 3 q ,  is also given by 

3 
.t = piri 

i=l 

where Pi = Jr h;n;(t) dt is the probability that the positron annihilates in the i state, and 
5. - A:' is the lifetime. 

1 -  8 
A similar expression to equation (A4) gives the lineshape parameter S: 

3 

s = Pis, (-45) 

where Si is the lineshape parameter characteristic of positrons in the i state. Assuming 
the approximation SZ w SI proposed by Smedskjaer ef al [ 11 J, the parameter S could be 
expressed as 

i= l  

s = (1 - q ) s I  + P 3 S 3  (A6) 
where the annihilation probability for positrons in deep traps P 3  is given by 

(AV 
K I Z K U  + e l 3  (KZL 4- K23 + 11) 

P 3  = 
K13 KZI + K I Z  K23 K13 K u  f ( K i z  K i 3  + KZI -I- Ku) AI + A: ' 

The following arguments would justify the approximation Sz % SI. According to 
calculations performed on f.c.c. metals, the positron binding energy for pure dislocations Eb 
is in the range 0.02-0.10 eV. This results in an angular correlation function and a lifetime 
for positron annihilation at dislocations that are indistinguishable experimentally from those 
for the bulk [13, 141. For rhombohedral samarium, the Eb value may be similar, or even 
lower, because its dislocation core structure is expected to be wider than the one calculated 
for f.c.c. metals. 

The temperature dependence for the transition rates can be expressed according to [ 10, 
111 as 

~ 1 3  = a  + bT-'12 

(AS) 

where a, b, y , V I  and p are constants, p the dislocation density, Eb the positron binding 
energy to the dislocation, and m' the effective mass of the positron. 

The transition rate KU is assumed temperature independent. 
Now, the temperature dependence of the parameter S would be obtained introducing 

equations (AS) into equation (A7). 
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