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The angular distributions of annihilation photons (ADAP) for polycrystalline samples of the 
nonmagnetic semiconductor Th,As, and the magnetically-ordered-at-lower-temperatures, semi- 
metallic U,As, are compared. The “tail” component (high-angle part) in the ADAP curve for 
U3As4, markedly higher than for Th,As4, is thought to be the result of annihilation with Sfelectrons 
being localized at the uranium ionic core. The number of valence electrons per molecule calculated 
in the free-electron model approximation from the small-angle part of the ADAP curve is equal to 
3 I .7 f I .4 for Th,As, and 32.7 + I .4 for U,As,. 

Introduction 

Most of the uranium pnictides crystallize in 
one of the following three types of structure: 
NaCI(UX), anti-CuzSb(UX,), and Th,P, 
(U,X,). All of them show an electrical con- 
ductivity of metallic character, and magnetic 
ordering at low temperatures (I-S). Assuming 
a localized character of the Sfelectrons in the 
NaCl type of uranium pnictides and chalco- 
genides as well as using the RKKY theory it 
was possible to calculate the correct ranges of 
stability of ferro- and antiferromagnetic 
ordering (6). The calculations of the electronic 
structure (7) showed that in these compounds 
the Fermi level intersects the hybridized 
f-d bands. An attempt at explanation of 
experimental magnetic data was made for all 
three types of uranium pnictides by assuming 
in the calculations that the Sfelectrons have a 
somewhat itinerant character (8). In this work 
the investigation of electron positron annihi- 
lation in U3As, has been used to determine a 
character of Sf electrons. 

The examination of positron-electron anni- 
hilation in a substance by determining the 

angular distribution of annihilation photons 
(ADAP) is one of the methods which allows us 
to obtain direct information about its elec- 
tronic structure. A lot of information about 
this method can be found in Dekhtyar’s (9) 
review on the use of positron annihilation for 
the study of solids. 

Many factors may have an effect on the 
ADAP curve and the interpretation of the 
positron annihilation data is sometimes 
difficult, especially in complex substances. 
For this reason, it is important to compare the 
ADAP curves for uranium compounds with 
those for simple isostructural compounds. 
This is why U,As, and Th,As, have been 
chosen for investigation. The latter compound 
is a nonmagnetic semiconductor (10, II). 

Experimental 

The ADAP curves for polycrystalline 
samples of Th,As, and U,As, at room 
temperature were determined by means of a 
standard scintillation spectrometer (12) using 
a 10 mCi 22Na source on one side of the 
sample. The fwhm of the horizontal resolving 
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power of the apparatus was about 0.8 x 10m3 
radians. 

The samples were in the form of long strips 
about 8 mm wide and 1 mm thick. The U,As, 
sample was obtained by the chemical trans- 
port method (13). The residual resistivity 
ratio, R300;‘&,2, the parameter usually used to 
characterize purity of metallic conducting 
samples, is equal to 250. The Th,As, was pre- 
pared by the diffusion of As atoms into a thin 
slab of metallic thorium for 6 weeks (I I). The 
sample obtained by this method had a carrier 
concentration equal to 2.1 x IO’* crnm3 and 
consists of crystallites of the same order as the 
U3As, sample. Hence, we expect the same 
order of defect concentration in samples of 
both compounds despite different methods 
used to obtain them. 

Results and Discussion 

The experimental ADAP curves without 
background are presented in Fig. I. The 
coincidence counting rate N(U) has been 
normalized by fitting the ADAP curve to 
unity for the angle 0 = 0. 

For some metals the N(U) curve has the 
shape of a reversed parabola at small 0, and 
this parabola transforms into a gaussian curve 
for larger angles (“tail” component). Accord- 
ing to the (9), this shape may be described by 
the equation : 

= 2.4K - ~2),f(l~~Fl - lOI> 
+ B exp (-Oz/C) (1) 

where 0 is the angle of deviation from the 
collinearity of annihilation photons, and 
8 = ~,/IIK. Further, 

.f(lW - IW = 1 for 101 < IOF\ 
= 0 for 101 > lO,I. 

pZ is the =th momentum component of the 
annihilating electron, and (I, refers to the 
Fermi momentum. A and B are normalization 
constants. The N,(O) part is connected with 
positron-valence electron annihilation and 
iV, (U) with core annihilation; hence, C is a 
constant depending on the penetration depth 

-E-- 

a 

FIG. I. Angular distributions N(Q) of annihilation 
photons (ADAP) for Th3As4 and U,As4. Solid and 
open points present the N(N) data for +U and -I), 
respectively. 

of the positron wavefunction into the ionic 
core. 

The N(U) curves for the polycrystalline 
Th,As, and U,As, have very similar shape to 
each other at small angles H, and both may be 
fairly well approximated by two reversed 
parabolas, as shown in Fig. I. On the other 
hand, there are some differences in the magni- 
tude and shape of curves of the “tail” compo- 
nents. The “tail” component is bigger for 
U,As, than for Th,As,. For 0 > 9.5 mrad, the 
experimental data of N(O) for Th,As, yield 
one straight line in the (In N(B), 0') plot and 
the tail component is approximated by the 
gaussian curve G presented in Fig. I. In the 
similar plot for U,As, the N(U) data follow 
two straight lines in two ranges of 0 values. 
Two gaussian curves G1 and G2 fitted to 
experimental data of N(O) in these two ranges 
are presented in Fig. 1 to illustrate differences 
in shape and magnitude of “tail” components 
of Th,As, and U,As,. The G, curve only was 
taken as a distribution of core annihilation 
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rate. Some enhancement in the “tail” part of 
the ADAP curve may be due to higher 
momentum components in the conduction 
electron wavefunctions and electron-positron 
correlation. It seems, however, that the large 
difference in the “tail” components of both 
compounds is mostly due to the increased 
annihilation with core electrons of U,As, in 
respect to that of Th,As,. This conclusion 
combined with the fact that uranium atom 
has two 5f electrons more than thorium 
speaks in favor of a localized character of 
these electrons in U,As,. 

The estimation of the maximum value of 
the core electron momentum on the basis of 
the “tail” part of the N(0) curve is not possible. 
But there is some interest in the quantitative 
evaluation of the ratio W of the contribution 
to the annihilation process of both valence 
and ionic core electrons (14) defined as the 
ratio of the area S, under the parabolic part of 
the N(f)) curve to the area S, under the gaus- 
sian : W = S,,/.Sg. The W value in the paper (14) 
was calculated in a somewhat different way, 
but this does not change the conclusion. The 
W ratio for Th,As, and U,As, is significantly 
different and equal to 4.9 and 1.8, respec- 
tively, while the W ratio for the first three 
polycrystalline hexagonal rare earths (La, Pr, 
Nd): (15) is nearly constant. In the latter case 
the W ratio markedly differs from that for the 
other hexagonal rare earths (Gd, Tb, Dy, Ho). 
It means that W value depends not only on the 
number of localized ,f electrons, but also on 
their interaction with conductivity electrons. 
The localized character of 15f electrons in 
U,As, was previously confirmed on the basis 
of studies of the Hall effect, which revealed a 
proportionality between the spontaneous Hall 
constant and the spin-disorder resistivity (16). 
The anomalous Hall constant is 4 orders 
higher than the ordinary Hall constant. This 
can mean that strong interaction between 
localized and conductivity electrons exists 
and that the strong difference in the W value 
observed in the examined compounds also 
may be due to this strong interaction. 

On the basis of the distribution of the zth 
momentum component, we can find the distri- 
bution of the absolute momentum value 
N(p), and the momentum density distribution 

p(p) of the valence electrons. For poly- 
crystalline samples, Stewart’s formulas may be 
applied (17) 

The N(p) and p(p) dependences for both 
measured compounds, calculated according to 
Eq. (2), are presented in Fig. 2. The derivatives 
dN/dp of the valence electron part of ADAP 
curve N,.(U) has been computed from the 
algebraic expressions of the parabolas in the 
ranges of the overlap of the parabolas and 
experimental data. In the other ranges, the 
graphical differentiation has been used. The 
separation of the conduction electron parts 
from the ADAP curves has been reached by 
using the gaussian curves G(Th,As,) and 
G,(U,As,) as the core electron parts. The 
momentum plnax corresponding to the maxi- 
mum of the distribution N(p) represents the 
Fermi momentum in a simple free-electron 
model. Because of the finite resolution of the 

FIG. 2. Distributions of the momentum absolute 

value N(p) and momentum density distributions 
p(p) for Th3As4 (a) and &As4 (b). 
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measuring device the value of prnax must be 
corrected (12) : 

pF =plllax + 0.8 x 10d3 mc. (3) 

The Fermi momenta determined in this 
way for Th,As, and U,As, are 6.8 x lop3 mc 
and 7.1 x 10m3mc, respectively. These values 
are in agreement with pF obtained from the 
fwhm of the p(p) distributions. 

The number z of valence electrons per mole- 
cule for the free-electron model is calculated 
from pF according to the relation (12) : 

8M 
Z=@xPf3 (4) 

where M is the molecular mass, dis the density, 
and L is the Avogadro number, or 

(44 

where d is given in g/cm3, and pp is given in 
1 Om3 mc. 

As follows from Eq. (4a), the number of 
valence electrons per molecule is equal to 
31.7 & I .4 and 32.7 k 1.4 for Th,As, and 
U,As,, respectively. 

From the plateau on the p(p) curves it may 
be concluded that in both compounds, the 
valence electrons are divided into two groups 
corresponding to two reversed parabolas 
constituting the N(B) curves. The number of 
electrons per molecule in the first group is 
equal to 8.0 k 0.4 in Th,As, and 6.4 k 0.4 in 
U,As,, and is calculated for the momentum 
value corresponding to the expected first 
maximum of N(p) curves. As this maximum 
cannot be precisely determined from N(p) 
curve, the point of intersection of the para- 
bolas was taken as a point corresponding to 
this maximum. 

The above simplified method used in the 
analysis of the ADAP curves for both uranium 
and thorium arsenides has given helpful 
information about the electronic structure of 
transition metals and alloys (9, 12, 14). There 
is a lack of information about the use of this 
method in semiconducting compounds, but 
for semiconducting elements, e.g., Si and Ge 
(/8), the N,(O) part of the ADAP curves is well 

describable by the free-electron model. Weis- 
berg and Berko (19) have found the same 
positron lifetime in intrinsic and heavily 
n-type Ge and Si. This lifetime is short, as in 
metals, thanks to a high concentration of 
valence electrons. High and almost the same 
concentration of the valence electron in both 
compounds under examination justifies the 
same treatment of the ADAP curves though 
Th,As, is a semiconductor and U,As, is a 
semimetal. 

Electrostatic energy and valence band 
considerations in the Th,P, structure allowed 
Carter (20) to expect a covalent valence of 4 
for Th and 3 for P as well as the semiconduct- 
ing character of the stoichiometric compound. 
This conclusion is true for Th,As,, which 
turned out to be a semiconductor with the 
forbidden energy gap E0 = 0.29 eV (ZI), but it 
is not true for U,As, which shows metallic 
conductivity with a carrier concentration 
larger than I .2 x 10zL cm-3 (16). On the basis 
of Carter’s (20) considerations we expect that 
the 32 valence electrons of Th (3 x 4) and As 
(4 x 5) are in Th,As, divided into two groups. 
One of them contains 24 electrons which take 
part in the formation of the covalent bonding. 
The symmetry of Th,As, requires hybridized 
bonding orbitals of only p and d character. 
The participation of those electrons in the 
covalent bonding causes an increase of their 
p momenta. The other group with lower p 
momenta contains the eight remaining elec- 
trons of As (4 x 2). 

Within the experimental error limit, the 
number of valence electrons in U,As, agrees 
with the number of 32 valence electrons in the 
Th,As, case, though the uranium atom has 
two 5felectrons which are absent in thorium. 
There is, however, a small change in the 
distribution of these 32 valence electrons in 
U,As, in comparison to that in Th,As,. The 
group of electrons with the smaller momenta 
consists here of only 6.4 f 0.4 electrons per 
molecule, while in Th,As, it consists of 8 
electrons per molecule. It is possible that the 
above difference results from the change of 
the chemical bonding and is responsible for 
the metallic character of the electrical con- 
ductivity of U,As,, in contrast to the semi- 
conducting properties of Th3As4. 
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From the above analysis of the N,(O) part 
of the N(O) curves for U,As, we expect that the 
additional six 5f electrons per molecule are 
localized at the uranium ionic core, giving an 
increase of the “tail” component of the ADAP 
curve for U,As, compared to that for Th,As,. 
Such behavior of the 5felectrons of uranium 
in U,As, differs strongly from that in metallic 
uranium. 

The positron annihilation study of metallic 
thorium and uranium (21) by the same 
method has given 4 and 6 valence electron per 
atom, respectively. The 6 valence electrons 
per atom in metallic uranium are divided into 
two groups, I .9 & 0.2 and 4. I + 0.4 electrons, 
corresponding to the two reversed parabolas 
on the N(0) curve. These data were inter- 
preted in terms of the hybridization of f-d 
bands. This result is in agreement with the 
calculations of the electronic structure of 
metallicuranium (22). 
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