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Summary. - -  Positron lifetime spectra in ~T203 have been recorded in 
the temperature range (80÷300) °K in which the transit ion to the 
metal  s tate occurs. The occurrence of a complex positron time annihila- 
t ion spectrum is ascribed to annihilations taking place in different positron 
band states. The positron lifetimes 31= 1.94.10-1°s and ~2 = 4.74.10-~°s 
are found to be constant  in the explored temperature  range. This is 
explained in terms of localization of positron and electron wave functions. 
The observed behaviour wi th  temperature  of the intensities of the decay 
components is discussed as being due to the screening effect of the con- 
duction electrons on the repulsive action of the  V 3+ lat t ice ions. 

1 .  - I n t r o d u c t i o n .  

I t  is now wel l  a s c e r t a i n e d  t h a t  p o s i t r o n  t i m e - a n n i h i l a t i o n  s p e c t r a  in  i d e a l  

p u r e  m e t a l s  a r e  g e n e r a l l y  f i t t e d  b y  a s ingle  e x p o n e n t i a l  d e c a y  (2). The  s a m e  is 

t r u e  for  s e m i - c o n d u c t i n g  e l e m e n t s  a n d  for  s e m i - m e t a l s  As~ Sb a n d  Bi ,  w h e r e  

a l o w - i n t e n s i t y  t a i l  in  t h e  l i f e t ime  s p e c t r a  m a y  be  e n t i r e l y  due  to  spu r ious  

effects  (2). I n  b o t h  t h e s e  cases  t h e  a n n i h i l a t i o n  r a t e s  a re  g iven  b y  t h e  a v e r a g e  

e l e c t r o n  d e n s i t y  a t  t h e  s i t e  of t h e  p o s i t r o n  in  t h e  g r o u n d  s t a t e  of t h e  one-  

p o s i t r o n - m a n y - e l e c t r o n  s y s t e m ,  a n d  fu l l  m a n y - b o d y  ca l cu l a t i ons  for  a f ree  

(') This research has been par t ia l ly  sponsored by  the Consiglio Nazionale delle 
Ricerche (Gruppo Nazionale di S t ru t tura  della Materia). 

(1) H. ~V]~ISB]~RG and S. B]~Ko:  Phys. Rev., 154, 249 (1967). 
(2) a .  FI:ESCHI, A. GAINOTTI, C. GHEZZI and M. MANFREDI: Phys. Rev., 175, 383 

(1968). 
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electron gas are in reasonably good agreement with exper imental  results in 
alkali metals  (~.4). 

On the  contrary,  the most striking feature of posi tron annihilat ion in diatomic 
and polyatomic  crystals is cer ta inly  the complexi ty of the  lifetime spectra, t h a t  
is the occurrence of competi t ive processes contributing,  wi th  comparable proba-  
bility, to annihilation. :In molecular  substances this is normal ly  explained by  
supposing t ha t  annihilation takes  place from ortho- and para-positronium 
states (5). The same hypothesis  cannot  be advanced for ionic crystals, where 
the interst i t ial  space available for the posi tronium a tom is ext remely  l imited 
with a consequent  drop of the  posi t ronium internal  binding energy (~). The 
model proposed by  GOL'DA~SKI~ et al. (:.s) in which different decay components  
are ascribed to annihilation in different positron bound states with the  negat ive 
ion, can be sufficiently correct if sui tably generalized. The complexi ty of lifetime 
spectra m a y  in fact  be unders tood regardless of the  nature  of the different 
positron states and not  necessarily only when they  are bound states with a 
single ion. The conditions are t h a t  the  posi tron ma y  be found with comparable 
probabilities in different states and t ha t  the various charge distributions for 
these posi tron states differ s t rongly from one other,  in order to ensure tha t  
the corresponding lifetimes are easily resolved. The states available for a 
posi t ron inside a crystal  are solutions of a SchrSdinger equat ion where the  
potent ia l  experienced by  the  posi tron has the periodici ty of the crystal  and in 
principle m ay  be set up by knowing electron wave functions and crystal  struc- 
ture.  This description may  serve as a working hypothesis  for a ten ta t ive  inter- 
pre ta t ion  of the observed decay  features of the  posi tron in media where the  
electron-positron correlations are described with sufficient accuracy by  a suitable 
enhancement  factor, following ~BRAbTDT et al. (~). 

i n  this scheme, i t  would be very  interesting to carry out positron lifetime 
measurements  in substances where the  potent ia l  experienced by  the posi tron 
can be varied by  large amounts .  These exper imental  conditions are not  easy 
to achieve, since one is l imited to ve ry  special cases, such as the lower oxides of 
vanadium.  :in VO, V~O3 and VO2 the strong ionic character  of the chemical 
bonds gives rise to a strong potent ia l  experienced b y  the positron. This potential ,  
however,  m ay  be gradually screened out  by  the presence of conduction electrons, 
whose concentrat ion may  be great ly  varied by  changing the tempera ture  of 

(3) S. KAHA~A: Phys. Rev., 129, 1622 (1963). 
(4) j .  :p.. CARBOTT~ and S. KAKAN,t: Phys. Rev., 139, A 213 (1965). 
(5) W. BRANDer and J. SHRN: Phys. ~ev., 142, 231 (1966). 
(6) A. F~RR]~I,L: Rev. Mod. Phys., 28, 308 (1956). 
(7) W. J. GOLrDANSKII, A. V. IVA)COVNA and E. P. PRoxoV~v: Soy. Phys. JETP,  

20, 440 (1965). 
(s) A. V. IVA~OVNA and E. P. PROKOP':EV: ~QOV. Phys. J.ETP, 21, 771 (1965). 
(a) W. BRAND,C, L. EDER and S. LVNDQUIST: Phys. Rev., 142, 165 (1966). 
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z, I0 the  sample.  These substances are in 
~act semi-conductors below a critical 
t empera tu re ,  a t  which t hey  show a 
sha rp  t ransi t ion to the  me ta l  state.  This 
behav iour  was evidenced b y  means of Io 2 
electrical  conduct iv i ty  measurements  
and  typical  t empera ture-dependences  
of the  electrical conduct iv i ty  are given 
in Fig. 1, which shows the  results of 
the  exper iments  of MORII~ (lo). "ToEIO ° 

I n  this paper  we repor t  the  results Ta 

Of t ime-spec t ra  analysis  of positrons :'~ 
~nnihi lat ing in V~O3 in the  t empera -  
tu re  range ( 8 5 - - 3 0 0 ) ° K  including the  §10 -2 
character is t ic  t rans i t ion  t empera tu re  
to  the  meta l  state.  The exper imenta l  
resul ts  are then  discussed on the  basis 
of the  working hypothes is  outl ined in 
this  Section. ~o-" 

:Fig. 1. - Temperature-dependences of the 
electrical conductivity of the lower oxides 
~)f vanadium and titanium (F. J. )/[ORIN: 

Phys. Rev. ~ett., 8, 34 (1959)). 
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2.  - E x p e r i m e n t a l  m e t h o d .  

The exper imenta l  technique for the recording and  analysis of the  l i fet ime 
spec t ra  has been described previously (8,11). Wi th  narrow energy-select ion 
windows set  near  the  Compton  edges of the  ~2Na spect rum,  the  full width  a t  
ha l f -max imum ( F W t t • )  of the  p rompt - t ime  resolution curve t a k e n  with the  
y- rays  emi t ted  b y  G°Co was 3.5-10 -1° s. The peak- to -background  ratio was 
10~:1 for the  activit ies of the  sources used in our experiments .  

The posi t ron l ifet ime measurements  were made  on ¥203 powder  samples.  I n  
order  to ver i fy t h a t  our  samples real ly undergo a s emi -conduc to r - t o -me ta l  
t ransi t ion,  we made  some electrical conduct iv i ty  measurements  in the  temper -  
a ture  range extending f rom 80 °K to room tempera tm 'e .  I n  the  low- tempera tu re  

(10) F. J. MORIN: Phys. Rev. Lett., 3, 34 (1959). 
(n) A. GAINO~TI, C. GHEZZI, M. MANFREDI and L. Z~CCHINA: NUOVO Cimento, 

56 B, 47 (1968). 
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region, typica l ly  semi-conducting behaviour  was evidenced:  the resis t ivi ty  
increased exponent ia l ly  with 1/T, the  ac t iva t ion  energy being abou t  0.13 eV. 
This result  is in substant ia l  agreement  with those of previous  workers (~2). When  
the t e m p e r a t u r e  was raised, a sharp  t ransi t ion to the  me ta l  s ta te  was observed 
a t  a crit ical t empe ra tu r e  To ranging f rom 165 °K to 173 °K. The t empe ra tu r e  
of the  t rans i t ion f rom semi-conductor  to meta l  in V~O3 has been variously 
repor ted  as ranging f rom 168 °K in sintered mater ia ls  to  abou t  152 °K in single 
crystals.  As was pointed out b y  FEI~L]~IB and PA~L (~3), the  low transi t ion 
t empe ra tu r e  in single-crystal  samples  m a y  be closer to the t rue t ransi t ion 
point  of pure  mater ia l  t h a n  the  higher tempera tures .  Most impurit ies in V2Oa 
seem, in fact ,  to raise the t rans i t ion  t empera tu re  as well as to decrease the  
amoun t  of res is t iv i ty  change a t  the  t ransi t ion.  

We m a y  thus  conclude t h a t  our samples  certainly did contain some impuri t ies  
(their nomina l  pur i ty  was in fac t  99,9 %) and perhaps  some deviat ion f rom 
stoichiometry ,  bu t  the  most  s t r iking features in the  t empe ra tu r e  dependence 
of the  electrical  conduct iv i ty  ure not  inhibited. 

3 . -  Results .  

A complex  annihilat ion spec t rum was observed for all the  t empe ra tu r e  
values we examined:  two decay components  ~1 and ~2, wi th  comparable  intensi- 
ties I1 and  I2, were separated.  I n  Fig. 2 typ ica l  spect ra  t a k e n  a t  the  end points  
of the  explored t empera tu re  range  are shown. D a t a  was analysed only f rom 
channels above  a cut-off delay value,  below which the  decay curves devia te  
f rom double-exponent ia l  behav iour  because of the  finite ins t rumenta l  t ime- 
resolution of the  system.  Each  solid line is t ha t  bes t  f i t t ing the  exper imenta l  
data .  As indicated in the l~igure, the  lifetimes ~ and  ~2 are nearly the  same a t  
85 °K and  300 °K, whereas a t  300 °K the  fract ion of the  posi trons annihilat-  
ing by  the  slower process is considerably increased. 

This behav iour  is general, and  in :Fig. 3 the  l ifet imes ~i and  ~2 are shown 
to be quite constant  over the  explored t empe ra tu r e  range.  The a r i thmet ic  
mean  values t aken  over all measurements  are ~ 1 ~  (1.94J=0.13) "10-1°s and  
~2 z (4 ,74~0.13) .10  - los .  I n  Fig. 4, the  in tens i ty  I2 of the  slower component  is 
p lo t ted  against  t empera tu re .  Fo r  T lower t han  the  t rans i t ion t empe ra tu r e  
To, I2 is found  to increase cont inuously  wi th  t empe ra tu r e ;  I2 then  increases 
ab rup t ly  a t  the  t ransi t ion point  and  s tays constant  th rough  the  meta l  phase.  
I t  should be  no ted  here t h a t  the  annihi la t ion spectra  are t a k e n  one af ter  ano ther  
on heat ing  the  sample  so tha t ,  even if present ,  a hysteresis  cycle such as t h a t  

(x2) D. ADLER, J. FEINLEIB, H. :BROOKS and W. PAUL: Phys. Rev., 155, 851 (1967). 
(13) j .  F:EINLEIB gild W. PAUL: Phys. Rev., 155, 841 (1967). 



SEMI-CONDUCTOR--TO--METAL TRANSITION AND POSITRON ANNIHILATION IN V203 19,5 

10 s 

1¢ 

10 3 
u3 

¢ 

101 

10 c 

• e  

70 90 tO0 
channel 

eae A'A'AeAe *e j 

% 

80 110 120 

Fig.  2. - Measured pos i t ron  decay curves in V203 at  T =  300 °K (upper  curve) and  
at  T = 85 °K (lower curve).  B o t h  solid lines consis t  of two exponen t i a l  decays  as 
i n d i c a t e d  in Figure.  The ar row indica tes  the  u p p e r  l imit  of the  fit. 1 c h a n n e l =  
= l . 0 0 . 1 0 - 1 O s .  , 3 1 = 2 . 0 1 - 1 0 - 1 ° s ,  3e=4 .75 .10-1Os ,  / 2 = 4 8 % ;  • v l = l . 9 7 . 1 0 - 1 ° s ,  

32=  4.97" 10 -1° s, I s = 21%. 

o 
o 

~3 

L L I I I 

100 150 200 250 300 
T(°K) 

Fig.  3. - Pos i t ron  l i fe t imes  v 1 and  32 v s .  t e m p e r a t u r e  in ~ 0 ~ .  U p p e r  curve 
32 = (4.74 4- 0.13). 10 -l°  s; lower c u r v e  31 = (1.94 i 0.13). 10 -1° s. 
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Fig. 4. - Observed temperature dependence of the intensity I s of the slower-decay 
component in Vz03. 

found in conduc t iv i ty  measurements  cannot  be evidenced. On the other hand~ 
it  does not  seem par t icular ly  interest ing to explore accura te ly  the  posi t ron 
annihilat ion features  near  the cri t ical  t empera ture .  

4 .  - D i s c u s s i o n .  

The l i fet ime of slow posi tron in a m ed i u m with a nonuni form electron distri-  
but ion is equal  to the  reciprocal of the  spin-averaged decay ra te  2 (in un i t s  
of s -1) which can be given (14) b y  

~ ~roC~f@+(r)E(r)~_(r) dr, 
cr~stal  

where ~+(r) and  @_(r) are respect ive ly  the  posi t ron and  the  electron charge  
distr ibutions and  E(r) is a suitable enhancement  fac tor  which accounts  for the  
electron-posi t ron correlation. 

Following the  scheme outlined in the  In t roduct ion ,  Q+(r) m a y  be evalua ted  
by  solving the  SehrSdinger equat ion  for the  posi t ron in the  periodic po ten t i a l  
of the  lat t ice.  This potent ia l  can be supposed to be near ly  flat in metals  and  
in covalent  crystals  such as the  e lements  of the  group IV, where the  valence 
electrons are not  s t rongly localized. I n  ionic crystals,  however,  where the valence  
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electron charge distr ibution is s t rongly nonuniform, the potent ia l  is p resumably  
a s t rongly oscilluthlg funct ion and  should give rise to positron energy s t a t e s  
separa ted  by  one or even more  energy gaps. The  si tuat ion can be visualized 
in Fig. 5, where hypothe t ica l  one-dimensional posi- 
t ron bands  are roughly shown for the case of a fun- 
damen ta l  set of posi t ron s ta tes  separa ted  by  a gap  
f rom the  continuous spec t rum.  Very small  pockets  
of occupied s ta tes  are also indicated,  the occupa- 
t ion being controlled b y  a Bo l t zmann  factor.  The 
pos i t ron is slowed down to the  b o t t o m  of its con- 
t inuous spec t rum by  means  of phonon  excitat ions,  
and  m a y  then  go down to the  lower avai lable  
energy states b y  means  of radia t ive  t ransi t ions.  

We propose t ha t  this p ic ture  is realistic enough 
to ascribe the two lifetimes ~1 and ~: observed,  
for example ,  in V203 to annihi lat ions tak ing  place 
f rom s ta tes  lying respect ive ly  a t  the  b o t t o m  of 
the  fundamen ta l  band  and  of the  continuous spec- 
t rum.  Let  these states be described by  the wave  
funct ions ~Pl and YJ2. Then  ~al turns  out to be a 
more localized funct ion t h a n  ~2 and is therefore  
supposed to give rise to the  shor ter  l ifetime ~1. I t  
mus t  to be noted here t h a t  the  whole a rgumen t  
is based on the  hypothesis  t h a t  the  transit ion ra te  
f rom the  continuous to  the  lower s ta tes  is com- 
parable  to the  observed pos i t ron annihilat ion rates.  

o k+ 0: 

Fig. 5. - Hypothetical one- 
dimensional positron bands 
for the case of a fundamen- 
tal set of positron states se- 
parated by a gap from the, 

continuous spectrum. 

The probabi l i ty  t h a t  a pos i t ron be captured  in lower s ta tes  inside a ionic: 
c rys ta l  m a y  be roughly es t imated  by  mul t ip lying the  t ime  of collision, which 
in our case can be of the  order  of the  observed posi t ron lifetimes, wi th  the  
capture  ra te  by  a single negat ive  ion in free space. Unfor tunate ly ,  calculations 
of the  cap ture  ra te  of a pos i t ron b y  an O - -  ion have  not  been performed,  d a t a  
being avai lable  only for the  H - e  + sys tem (m). I n  the  la t ter  case, this  cap ture  
r a t e  is s t rongly dependent  on the  par t icular  bound  state,  bu t  values of a b o u t  
10 '  s -1 seem realistic enough thus  giving rise inside the crysta l  to an easily 
observable  capture  probabi l i ty .  

Le t  us now discuss the  effect of the t ransi t ion to the meta l  s ta te  in V203. 
The a m o u n t  of the  var ia t ion  of the  number  of electrons in the  conduct ion b a n d  
does not  appea r  to be univocal ly  obtainable  f rom electrical conduct iv i ty  measure-  
ments .  A s trong change in mobi l i ty  can in fact  be associated with the  resisti- 
v i t y  jump .  The theoret ical  t r e a t m e n t  of ADLER and BROOKS (14), where t h e  

(14) D. ADLER and H. BROOKS: Phys. Rev., 155, 826 (1967). 
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vanishing of the  energy gap is assumed to be caused by  the d isappearance  
at Tc of the  monocline dis tor t ion f rom rhomboedra l  symmet ry ,  predicts  t h a t  
the  carr ier  concentrat ion will j ump by  a factor  of 50 a t  the  t ransi t ion point .  
However ,  the  qual i ta t ive behav iour  of the  carrier concent ra t ion  is doubtlessly 
t h a t  of an exponent ia l  increase in the  semi-conduct ing region, followed by  a 
sudden jump  to a constant  va lue  a t  the  t rans i t ion to the  me ta l  state.  The 
conduct ion band  is a narrow 3 d sub-band,  so t h a t  the  conduct ion electrons 
m a y  be considered as localized near  the  V ~+ ions. The electron charge distri- 
bution in VsO3 is then  strongly nonuniform even in the  me ta l  s ta te  and the  mos t  
s t r iking features  of the posi t ron band  scheme are not  grea t ly  affected by  the  
transi t ion.  The positron charge  distr ibution p re sumab ly  peaks  near  the  O - -  
ions, the  annihi lat ion main ly  t ak ing  place with the  externa l  electron shell of 
the oxygen ions. The increase in the  concentrat ion of conduct ion electrons t hen  
gives rise to a progressive increase of their  screening effect only on the  repulsive 
action of the  V a+ ions, so t h a t  ve ry  small changes are expected  with  regards 
to the  over lapping of ~+(r) wi th  the  charge dis t r ibut ion of the  0 - -  ex te rna l  
electron shell. Moreover the  changes in the  enhancemen t  factor  E(r) due to 
changes in the  polar izabi l i ty  of the  3 d electrons are confined to a space near  
the  V a+ ions. In tegra ls  like t h a t  given in the  expression of ~ are then  expec ted  
to undergo very  small  changes when the  t empe ra tu r e  is varied,  leading to the  
observed cons tancy of pos i t ron lifetimes in the explored t empera tu re  range.  
Final ly  the  var ia t ions  in Zl and  Ts, which could be expec ted  because of the 3.5 % 
increase of the  densi ty  in the  t ransi t ion to the rhomboedra l  s y m m e t r y  (15), are 
too low to be detected.  

The increase of the  screening effect on the  repulsive act ion of the  V 3+ ions 
can be re la ted  to the  observed increase in the  in tens i ty  Is of the  slower decay 
component .  As per  our main  hypothesis ,  the  intensit ies Ix and Is  are controlled 
by  the  posi t ron t ransi t ion ra t e  f rom the bo t t om of the  continuous spec t rum to 
the  fundamen ta l  band.  This is mere ly  the  probabi ] i ty  t h a t  the  posi t ron has of 
being cap tu red  in its lower-energy s ta te  corresponding to the  more localized 
wave functions near  the  oxygen ions. One m a y  reasonably  assume t h a t  this 
capture  ra te  decreases when the  repulsive poten t ia l  of the  V a+ ions is gradual ly  
screened out  by  the  presence of the  conduct ion electrons. Thus,  11 should 
decrease wi th  t empera tu re  and Is ,  being complemen ta ry  to 11, should increase 
with the  same behaviour  of the  screening effect, t h a t  is, cont inuously in the  
semi-conduct ing region and with  an ab rup t  jump at  the  t ransi t ion point .  This 
is wha t  has been observed. I n  o ther  words, we m a y  say t ha t  when the  repulsive 
poten t ia l  of the V a+ ions is screened out, the posi t ron spends a larger a n d  larger 
f ract ion of its lifetime as a free positron. 

(15) S- MINOMURA and H. NAGASAKI: Journ. Phys. Soc. Japan, 19, 131 (1964). 
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5 .  - C o n c l u s i o n s .  

a) The occurrence of a positron t ime-annihilat ion spectrum in V~O. and, 
more generally, in ionic crystals is ascribed to annihilations taking place in 
different positron band stutes. 

b) The observed constancy of positron lifetimes in the tempera ture  r~nge 
including the transi t ion tempera ture  to the  meta l  stute is explained in terms 
of localization of positron and electron wave functions. 

e) The observed tempera ture  dependence of the  intensi ty of the  slower- 
decay component  may  be ~scribed to the screening effect of the conduct ion 
electrons on the repulsive action of the V a+ l~ttice ions. 

We a, re grateful to Prof.  R. F i ~ s c m  for helpful discussions. 

R I A S S U N T O  

Spet t r i  temporal i  di decad imcn to  dei pos i toni  nel VeO a sono s ta t i  reg i s t ra t i  in un 
interval lo  di temper~tuI 'e  ( ( 8 0 + 3 0 0 ) ° K )  c o m p r e n d e n t e  la t e lnpe ra tu ra  di t rans iz ione  
all() s ta to  metallic(). La  comparsa  di uno spc t t ro  di annichi lazione complesso si suppone  
d o v u t a  a positoni chc occupano bande  diverse. Si 5 t rova to  che le r i t e  medic  dei posi- 
toni  v~ 1.94.10 ~o s e v~= 4.74-10 ~0 s si man tc~gono  cos tant i  nel l ' in tcrval lo  di 
t e m p e r a t u r e  csplorato.  Ci6 5 s ta to  spiegato cons iderando la localizzazione delle funzioni  
d ' o n d a  e le t t roniche e posi toniche .  I1 c o m p o r t a m e n t o  con la t c m p e r a t u r a  delle in tens i tg  
dclle compone~lti di decad imcn to  pub essere asscgnato  all 'effetto di schermo degli 
e le t t Ion i  di conduzione  sul l 'azione rcpuls iva  degli  ioni V a+ del reticolo. 

~ e p e x o ~  Ho3yHpoB0~HHK-MeTa~ H aHHHFH~HHH HO3HTpOHa B V20 ~. 

Pe3ioMe (*). - -  BbIJR4 ~I3Mepe~bi crleKTpbI BpeMeHH )KH3HI4 rto31aTpoHa B V,203 B o6naCTH 
TeM~epaTyp (80- -300)°K,  npvI KOTOpbIx HMeeT MeCTO rmpexo~ B MeTannn~eci<oe co- 
CTOaWae. HanHu~e c~to~Horo cr~eKTpa Rna BpeMelil( aKHarHnaU~H nO3nTpoaa r~p~rra- 
cbmaerca  ai~HrirrIn~/llHaM, rOTOpbIe npo~cxo~aT B pa3Y[HqabIX r103HTpOrLr~blX 3OlCdbIX 
COCTOaHHaX. O6Hapymeno, qxo BpeMeHa ma3H~ r~=1.94"10 lO cex H v,2=4.74-10 -~° ceK 
~IBT[~IIOTC~I I1OCTO~HHI~IMFI B HccnefloBarmo~ O6:IaCT~ TeMlIepaTyp. OTO o6~,aci~reTca Ha 
OCHOBe noKam~3attan IIO3HTpOHHblX I~I 3JqeKTpOHI-IblX BOTIHOBblX qbyttKl~I4~. O 6 c y ~ a e T c a ,  
qTO Ha6~ro~eHHa~ 3aBI4CHMOCTb OT TeMHepaTypbI I4HTeRC!4BItOCTe~'I KOMIIOHeHT pacnaga  
o6yc~oB~eHa 3~9~eKTOM 3KpaHHpOBaHI/I~I 3JIeKTpOHOB HpOBO,SHMOCTH Ha OCHOBaHI4H OT- 

TaYIKHBaHHH" HOHOB pelLIeTKH V 3+. 

( ' )  I I epeeec ) eno  pec)aKque~.  

9 - l l  Nuovo Cimento B.  


