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P A C S .  6 1 .1 6 C h  -  S c a n n in g  p r o b e  m icroscopy: s c a n n in g  tu n n e l in g ,  a to m ic  force, m agnetic ,  etc. 

P A C S .  7 3 .4 0 G k  -  T u n n e l in g .

P A C S .  7 3 .2 0 D x  -  E le c t r o n  s t a t e s  in low -d im ensiona l  s t r u c tu r e s  ( inc lud ing  q u a n tu m  wells,

s u p e r la t t i c e s ,  layer  s t ru c tu re s ,  a n d  in te rc a la t io n  com p ou nd s) .

A b s t r a c t .  -  W e  d e sc r ib e  s c a n n in g  tu n n e l l in g  sp e c tro sco p y  resu lts  on th e  ligand-stabilized  

m e t a l  c lu s te r  P tso s P h e n a g O a o  (w here  P h e n  is p h e n a n th ro l in )  a t  4.2 K. If  th e  S T M  t ip  is 

p o s i t i o n e d  a b o v e  a  s ing le  c lu s te r ,  c lear charg ing  effects a re  observed , vary ing  from  a  red uc t ion  

o f  t h e  c u r r e n t  a r o u n d  zero  b ia s  (C o u lo m b  blockade) to  a  s tepw ise  increase of th e  cu rren t  as 

a  f u n c t i o n  o f  b ia s  v o l ta g e  (C o u lo m b  s ta irca se ) .  In  a d d i t io n  to  th e  reg u la r  C ou lom b  s ta ircase  

w i t h  s t e p s  in  t h e  c u r r e n t  a t  e q u a l  v o l tag e  spac ing ,  we o b se rv ed  also s ta ircases  w h i t  add it iona l  

s t r u c t u r e .  T h i s  a d d i t i o n a l  s t r u c t u r e  c an  be  ex p la in ed  in  te rm s  of q u a n tu m  levels in th e  cluster,

T h e re  is a  lo n g -s ta n d in g  in te re s t in  th e  s tu d y  of sm all m etallic  partic les because they  form 

th e  t r a n s i t io n  b e tw een  th e  w ell-estab lished  fields of so lid -sta te  physics and  atom ic physics. 

F u r th e rm o re , th e se  sm all p a rtic le s  have technical im portance, for exam ple in catalysis. Besides 

th e  o b v io u s la rge  su rface -to -v o lu m e  ra tio , th e  discreteness of th e  energy levels (the  qu an tu m  

size effect, Q SE ) is co n sid ered  to  be th e  m ost d istinctive  p ro p e rty  of th e  particles, which 

sh o u ld  d ra s tic a lly  in fluence th e  th e rm o d y n am ic  p roperties  for tem p era tu re s  th a t  are sm all 

c o m p a re d  to  th e  average  level sp littin g . For extensive reviews on th e  electronic p roperties  of 

sm all m e ta llic  p a r tic le s , see th e  p a p e rs  by H alperin  [1] and  Perenboom , W yder a n d  Meier [2].

O ne  of th e  m a in  p ro b lem s  in  th e  s tu d y  of sm all m etallic  partic les is th e  sp read  in size betw een 

in d iv id u a l p a rtic le s . E sp ec ia lly  experim en ta l techniques th a t  average over an  ensem ble of 

p a r tic le s  suffer from  th is  p ro b lem . However, an  im provem ent can  be expected  from  th e  recently  

d ev e lo p ed  lig a n d -s ta b iliz e d  m e ta l  c lusters  [3]. In  these  com pounds all partic les have th e  sam e 

size a n d  geom etry . G en e ra lly  th e y  consist of a  core of, e.g , P t ,  A u, or P d  (w ith a  m agic num ber 

of a to m s  of 13, 5 5 , 147, 309, 5 6 1 , . . . )  su rro u n d ed  by organic m olecules (ligands) th a t  stabilize 

th e  s t ru c tu re .  O ne  o f th e  m a in  issues of in te rest in  th e  field of these  ligand-stabilized  clusters 

is th e  q u e s tio n  to  w h a t  degree  th e  core of these  large molecules has m etallic  p roperties. For a 

re c e n t overw iev  of th e  physics  of th is  ty p e  of clusters, we refer to  a  p ap e r by de Jongh  et a l  [4].

T h e  tu n n e ll in g  sp e c tro sc o p y  re su lts  we rep o rt on are ob ta ined  on  th e  c luster PtaogPhenggOao 

(n a m e d  P t 309 h e re a f te r ) .  T h is  c lu s te r  consists of a  core of 309 P t  a tom s, w hich is su rrounded

©  Les Editions de Physique



280
E U R O P H Y S I C S  L E T T E R S

tunnel voltage (V)

Fig. 1 . -  T unnel charac te r is t ics  on tw o different P t 3 oi) c lu s te rs ,  w h ich  b o t h  s h o w  c h a rg in g  effects. 

C u rv e  a) only shows a  red u c t io n  o f  th e  c u r re n t  a ro u n d  zero b ia s  (C o u lo m b  b lo ck ad e ) .  C u rv e  b) 

show s a  C oulom b sta ircase . T h e  m e a s u re m e n t  t e m p e r a t u r e  is 4 .2  K . T h e  u p p e r  c u rv e  in  b) show s a 

th eo re t ica l  curve (offset by 40 pA ).  T h e  fit p a r a m e te r s  for th i s  cu rv e  a re  C\ =  1.2 a F ,  C2 =  0.8 aF, 

Ri =  4 GH, i ?2 =  0.2 G il ,  Qo =  —0.3, a n d  th e  t e m p e r a tu r e  T  =  4.2 K.

by  a ligand shell of phen an th ro lin  an d  O 2 m olecules. T h e  questions we w an t to  ad d ress  w ith  

th e  tunnelling  experim ent are th e  following. 1) W h a t is th e  e lectron ic  s t ru c tu re  o f th e  core of 

these ligand-stabilized clusters? M ore specifically: do these  c lusters  show  th e  sam e charg ing  

behav iour as th e  regular metallic  partic les  (see, e.g, [5], [6])? 2 ) Is th e  layer form ed by th e  

ligands suitable to  ac t as a  tu n n e l b a rrie r  in s tead  of th e  n o rm ally  u sed  oxides? T h ese  oxides 

have im purity  levels which m ay g e t charged a n d  decharged, g iv ing  rise  to  tim e -d ep en d en t 

effects (e.g  [7]), th a t  m ay obscure fea tu res of sm all energy scales. 3) I f  th e  c lu s te rs  do  show  the  

n o rm al charging effects, can we find any  ind ica tio n  of th e  q u a n tu m  size effect (Q S E )?  T h e  P t 3og 

c lu s te r  has dim ensions in which th e  Q SE becom es im p o r ta n t a t  liq u id -h e liu m  tem p era tu re s . 

In d ica tio n  for QSE in th is com pound  have been  found  by nuclear m ag n e tic  re so n an ce  [8].

T h e  stainless-steel low -tem pera tu re  scann ing  tunne lling  m icroscope (S T M ) used  in  th is  

experim en t has been  described elsew here [9]. A ll resu lts  p resen ted  here  a re  o b ta in e d  a t  4.2 K. 

T h e  t ip s  were m ade by cu ttin g  a  0.5 m m  P t(9 0 % )/Ir(1 0 % ) wire w ith  scissors.

T h e  A u [ l l l ]  su b s tra tes  are p roduced  by m elting  gold an d  cooling it  dow n fast. I 11 th is  way 

a  gold ball w ith  crystal facets of ab o u t 0.5 x 0.5 m m 2 a t  its  surface is fo rm ed. T h e  sam ple  were 

p rep a red  by depositing a d rop let of th e  so lu tion  of th e  c lusters  in  w a te r  on  su ch  a  facet and  

blow ing it off after a  few seconds w ith  n itrogen  gas. T opograph ic  im ages of th e  c lu ste rs  were 

only  reproducib le  a t  high tu n n e l resistance  (typ ically  1 G il) . A t low re s is tan ces  th e  clusters 

a re  easily moved around  due to  th e  in te rac tion  w ith  th e  tip  [10], [11].
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A t low te m p e ra tu re s  different types of tunnel characteristics are observed above P t 309 

c lu s te rs . A ll th e se  curves showed clear charging effects. Typical results are shown in fig. 1 . In 

som e in s ta n c e s  o n ly  a  red u ced  cu rren t around  zero bias is observed (Coulom b blockade, see 

fig. l a ) )  a n d  in  o th e r  cases a  Coulom b sta ircase (see fig. 16)). W hether we observed a  Coulom b 

b lo ck ad e  o r a  C o u lo m b  sta ircase  depended  on th e  ra tio  of the  resistances and  capacitances of 

th e  tw o ju n c t io n s  a n d  cou ld  a lm ost always be tu n ed  by chancing the  d istance betw een tip  an d  

c lu s te i (w h ich  changes th e  resistance  betw een tip  and  cluster). T h is is in agreem ent w ith  th e  

o r th o d o x  s in g le -e lec tro n  tu n n e llin g  theory, w hich assum es a  continuous density  of s ta te s  for th e  

c lu s te r  (see foi ex am p le  [12]). T h e  im p o rtan t p a ram ete r is th e  p ro d uc t of th e  capacitance an d  

re s is ta n c e  of b o th  ju n c tio n s . If th is  p ro d u c t for th e  junctions is very different {R iC i  <  R 2C 2) 

a  C o u lo m b  s ta irc a s e  w ith  sh a rp  s teps  is expected , w hereas junctions w ith  identical p a ram ete rs  

(.R \C \  =  R 2C 2) show  a  red u c tio n  of th e  cu rren t a round  zero bias.

T h e  a g re e m e n t b e tw een  th e  o rthodox  th eo ry  and  th e  spectroscopic curves above th e  clusters 

show  t h a t  th e  e lec tro n ic  s tru c tu re  of th e  of th e  cluster core, form ed by th e  P t  atom s, is 

c o n s is te n t w ith  m e ta llic  behav iour. F urtherm ore , th e  observation of clear charging effects on 

P ta o 9 c lu s te rs  in d ic a te s  th a t  th e  ligands are  very good insulators, th a t  in our experim ental 

s i tu a t io n  a c t as a  tu n n e l b a rr ie r  betw een c luster and  substra te .

W e o b serv ed  a  la rge  sp read  in th e  charging energy for different tu n n e l junctions over a 

ra n g e  b e tw een  ro u g h ly  50 an d  500 m eV. T his spread  in E c is larger th a n  w hat one would 

e x p e c t for id e n tic a l partic les . W e can es tim ate  th e  charging energy as E c «  e2/47re0eri? (w ith  

R. th e  ra d iu s  of th e  c lu ste r). For a  c luster of these  dim ensions (R  «  10 A) th is  estim ate  

gives a  va lue  of 140 m eV  for th e  charging energy (w here we took er =  10). However, for 

th is  e s t im a te  th e  p a rtic le  is assum ed  to  b e  em bedded  in an infinite dielectric m edium  w ith  a 

d ie lcc tric  c o n s ta n t  er . In  th e  experim ent th e  th ickness of th is  dielectric m edium  will be lim ited  

by  th e  tu n n e l b a r r ie r  w id th . T h e  correction  for th is  effect is given by a  factor s / ( s  +  i?), 

w ith  s th e  tu n n e l b a rr ie r  w id th  [13]. If we tak e  a  typ ical value for s of 5 A th is reduces th e  

value  of th e  ch arg in g  energy  by  a  factor s / ( s  +  R)  1 /3 . T he  charging energy th a t  follows 

fro m  th is  e s t im a te  is a b o u t 50 m eV. T h ere  are  several effects th a t  m ay cause the observed 

v a r ia tio n s  in  E c. S ince th e  c lusters  have different facets (square and  triangles) th e  charging 

en e rg y  will d e p e n d  on  th e  ex ac t way in w hich th e  cluster lies on th e  substra te . Also th e  

lig an d s  m ay  b e  o r ien ted  d ifferently  for th e  different clusters on th e  su b stra te , thus causing a 

d iffe ren t w id th  of th e  tu n n e l b a rr ie r  betw een c luster and  su b stra te , and  therefore a different 

c a p a c ita n c e . A n o th e r  possib le  reason for th e  sp read  in E c is residual solvent (water) th a t  is 

frozen  on  th e  face t a n d  there fo re  th e  tu n n e l ju n c tio n  betw een th e  cluster and  the  su b s tra te

can  b e  co m p le te ly  d ifferen t for different clusters.

In  som e in s ta n c e s  we observed  dev ia tion  from  a regular. Coulom b staircase. This deviation  

c o n s is te d  of a d d itio n a l s t ru c tu re  on  th e  charging characteris tic  (see fig. 2). T his add itional 

s t r u c tu r e  c an  b e  seen  b e s t  in  th e  conductance  curves of fig. 26). T he  following general features 

w ere o b se rv ed  for th e se  a d d itio n a l steps. 1) T h e  curves are strongly  asym m etric, a t negative 

t ip  b ias  th e  a d d it io n a l s tru c tu re  is m uch  m ore p ronounced  and  a t  positive bias add itional 

s t r u c tu r e  on ly  a p p e a rs  a t  la rg e r voltages (betw een 0.2  and  0.3 V  in fig. 26)). 2 ) T he  sharpness 

a n d  p resen ce  of th e  s t ru c tu re  is s tro ng ly  d ep en d en t on th e  tunne l resistance (fig. 2c)). Several

effects m ay  cause  th is  m o re  com plica ted  s ta ircase  p a tte rn .

F ir s t  of all, d isc re te  e lec tro n  levels in  th e  c luster caused by th e  q u an tu m  size effect m ay 

a d d it io n a l s t ru c tu re  on  to p  of th e  C oulom b sta ircase. T he  effect of discrete levels on thecau se

ch a rg in g  c h a ra c te r is tic s  h a s  b een  tre a te d  th eo re tica lly  by  A verin and  K orotkov [14], Averin 

K o ro tk o v  a n d  L ik h a rev  [15] a n d  A m m an  et a l  [16]. In  th is  s itu a tio n  no t only steps in the 

c u r re n t  cau sed  by  sing le -e lec tron  charg ing  of th e  c luste r are  expected, b u t also steps associated

w ith  th e  q u a n tu m  levels in  th e  cluster.
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Fig. 2. -  a) Tunnel ch a rac te r is t ic  above two d ifferen t P t 309  c lu s te rs  (cu rv e  A  a n d  B) a n d  a b o v e  th e  

Au s u b s t ra te  close to  th e  c lu s te rs  (curve C). T h e  m e a s u re m e n t  t e m p e r a t u r e  is 4.2 K. I n  a d d i t i o n  to 

the increm enta l  charg ing  effect th e re  a re  a d d i t io n a l  s te p s  reso lved . T h e  c u rv e  a b o v e  th e  b a re  A u [ I l l )  

facet shows m etallic  behav iou r .  T h e  curves a re  offset for c la r i ty  a n d  h av e  zero  c u r r e n t  a t  z e ro  bias.

b) C o n d u c tan ce  curves for th e  tu n n e l  ju n c t io n s  above  th e  P t 309 c lu s te rs .  C u rv e  B is offset b y  0.75.

c) T unne l charac te r is t ic  a t  th e  sa m e  t ip  p o s i t io n  as curve  A  (a) a n d  b ) ) ,  b u t  a t  a  d if fe ren t  s e t  p o in t  

value:Vs =  300 mV a n d  7S =  56 p A  in s te a d  o f  Vi — 300 in V  a n d  Is =  78 p A  (cu rv e  A ). A t  th i s  h igher  

res is tance  th e  ad d it iona l  s te p s  a re  less p ro n o u n ced .

Fig. 3. -  T u nn e l  ch a rac te r is t ic  o b ta in e d  abo ve  a  single  P t 3oc> c lu s te r  a t  4.2 K  (A) a n d  t h r e e  th e o re t ic a l  

fits, C urve  B is ca lcu la ted  us ing  th e  o r th o d o x  th e o ry  w i th o u t  t a k in g  in to  a c c o u n t  Q S E .  T h e  fit 

p a ram e te rs  for th is  curve are: Ri =  0 . 2  G i l ,  R2 =  3.3 G ft ,  C\ — 1 a F ,  C2 =  2.9 a F  a n d  Qq =  —0.01. 

C urve  C takes  into accoun t  a  level sp l i t t in g  o f  A  =  2 1  m e V  a n d  th e  o th e r  p a r a m e te r s  a r e  t h e  s a m e  

as  for curve B. C urve  D h as  th e  sa m e  p a r a m e te r s  as  cu rve  C, b u t  is c a lc u la te d  a t  a  h ig h e r  effective 

te m p e r a tu re  of T* — 15 K . T h e  inse t  shows th e  n eg a t iv e  b ias  p a r t  o f  cu rves  A a n d  D. A ll c u rv e s  are  

offset for c larity  a n d  have zero c u r re n t  a t  zero bias.

Figure 3 shows a  m easured curve (A) an d  two ca lcu la ted  curves (C ,D ) th a t  tak e  in to  accoun t 

th e  level sp litting  according to  th e  th eo ry  of A m m an  et a l  [16]. C urve  C a n d  D u se  th e  sam e 

fit param eters, except for th e  tem p era tu re . C urve C use th e  b a th  te m p e ra tu re  of th e  c ry o s ta t 

(4.2 K) as th e  tem p era tu re  of th e  c luster, w hereas curve D uses h ig h er effective te m p e ra tu re . 

T his higher tem p era tu re  m ay o rig inate  from  th e  h igh  cu rren t densities  th a t  are  used  in  an  

S T M  experim ent. Also given in  fig. 3 is a  ca lcu la ted  curve for a  c o n s ta n t d en sity  of s ta te ,

i.e. w ithou t QSE (B). A t negative b ias th e  fit w ith  Q SE  show s th e  sam e fea tu re s  as  th e  

m easurem ent, whereas a t  positive bias th e  curve w ith o u t Q SE  is close to  th e  m easu rem en t. 

T h is  difference betw een positive and  negative bias m ay  be caused  by  a  difference in  level 

d is tribu tion  below and  above the  Ferm i level. A n o th er o rig in  m ay  b e  t h a t  th e  b ro a d e n in g  of
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th e  e le c tro n  levels d u e  to  th e  tu n n e l  in te rac tio n  w ith  th e  su b s tra te  is different for levels above 

an d  below  th e  F e rm i level [14]. T h is  m ay  h ap p en  if th e  tu n n e l m a tr ix  elem ent is different for 

energ ies above  a n d  below  th e  F erm i le v e l T h e  level sp littin g  we e x tra c t from  th is  k ind  of fits 

is r a th e r  la rg e  c o m p a re d  to  e s tim a te s . A n es tim a te  for th e  average level sp litting , tak in g  into 

acco u n t t h a t  th e  e le c tro n s  of th e  o u te r  layer of P t  a tom s are  bound  to  th e  ligands (e.g., [17]), 

gives A  = 4E f /3 N  & 8 m eV  (w here  E F is the  Ferm i energy  of th e  m eta l and  N  is th e  num ber 

of free e lec tro n s) , w h e re a s  th e  value  o b ta in ed  from  fits lies betw een 20 and  50 m eV , w here th e  

sm alle r va lues a re  o b ta in e d  for th e  cases w ith  a  sm all C oulom b sta ircase  s tep  w idth . W ith  

re sp e c t to  th e se  v a lu es  for A  o b ta in e d  from  fits, it should  be n o ted  th a t  th e re  m ight be an 

in a c c u ra c y  in  th e se  values d ue  to  th e  fac t th a t  th e  two capacito rs  C\ and  C2 are no t known 

exactly . N am ely , d u e  to  cap ac itiv e  division of th e  app lied  voltage over th e  two tunnel barriers, 

th e  a d d it io n a l  s te p  w id th  will d ep en d , no t only on th e  value of A ,  b u t also on th e  capacitors. 

T h e re fo re , d ifferen t co m b in a tio n s  of th e  values of C \ , C2 a n d  A ,  m ay resu lt in a  com parable  

s te p  sequence . T h is  effect can  a m o u n t to  a  m ax im um  of a  facto r of two, w hich will occur 

if th e  fits  a ssu m e  a lm o s t eq ua l values of C\ an d  C2 and  th e  rea l system  has very  different 

values o f C \ an d  C2. H ow ever, in  p rac tic e  th e  effect will be  sm aller since also th e  Coulom b 

s ta irc a se  s te p  a re  effected  by  th e  values of th e  capac ito rs  and  can  therefore  be used to  keep 

th e  ra t io  o f th e  tw o c ap ac ito rs  w ith in  a  reasonab le  range. A t first sight, changing th e  d istance 

b e tw een  t ip  a n d  sam p le  m ig h t resolve th is  p roblem , since th is  affects th e  capac itance  betw een 

t ip  a n d  sam p le . H ow ever, since th e  tu n n e l resistance  depends exponentia lly  on th is  d istance 

a n d  th e  c a p a c ita n c e  on ly  linearly  th is  effect is very  weak. T h is  is consisten t w ith  th e  set po in t 

d e p e n d e n c e  show n  in  fig. 2 , w here  th e  ad d itio n a l s tru c tu re , as far as th e  d istance  betw een th e  

c o n d u c ta n c e  p e ak s  is concerned , is th e  sam e for th e  different se t points.

B esides th e  ab o v e-m en tio n ed  in accu racy  in th e  d e te rm in a tio n  of th e  level sp litting , several 

effects m ay  cause  th e  d ifference be tw een  th e  e s tim a te d  an d  experim en ta lly  o b ta in ed  values 

of A .  F ir s t ,  it  is e x p ec te d  t h a t  th e  level sp littin g  a ro u n d  th e  Ferm i level (which we probe 

in  o u r  e x p e r im e n t)  is la rg er th a n  th e  average level sp littin g  due to  a  Jahn-T elle r-like  d is to r 

t io n  [18]. F u r th e rm o re , th e  h ig h  sy m m etry  of th e  c luste r is expected  to  cause degeneracies, 

th u s  in c reas in g  th e  level sp lit t in g  by  a  su b s ta n tia l am oun t. T h is  effect is no t taken  into 

a c c o u n t in  th e  ab o v e-m en tio n ed  e s tim a te . T h e  sp read  in  th e  experim en ta lly  o b ta in ed  values 

of A  m ay  have  severa l orig ins. F irs t ,  it  is possible th a t  th e  in te rac tio n  betw een th e  cluster 

a n d  th e  s u b s tra te s  causes d e fo rm a tio n  of th e  c luste r core, w hich resu lts  in a  lifting of (a p a r t 

of) th e  degenerac ies . T h is  effect d ep en d s on th e  ex ac t way in w hich th e  c luster lies on the  

s u b s t r a te  a n d  th e  o r ie n ta tio n  of th e  ligands, w hich brings a b o u t th a t  it  m ay  be different for 

d ifferen t c lu ste rs . A t th is  p o in t we n o te  th a t  th e  ad d itio n a l s tru c tu re  we observed can  be fitted  

a c c u ra te ly  by  ta k in g  in to  acco u n t Q SE.

A n o th e r  possib le  e x p la n a tio n  for th e  ad d itio n a l s teps  in a  p a r t  of th e  m easurem en ts is th a t 

we a re  tu n n e llin g  th ro u g h  tw o c lu s te rs  in s tead  of one. T h is m igh t cause th e  irregu lar sta ircase  

p a t t e r n  observed  in  o u r ex p e rim en t [19]. B ecause th e  to p o g rap h ic  scans ind ica te  th a t  we are 

o b se rv in g  single s e p a ra te  c lu s te rs , tu n n e lin g  th ro u g h  tw o c lusters  can  only occur if th e  tip  has 

p icked  u p  a  c lu s te r  d u rin g  p rev io u s scans, w hich m ig h t h a p p e n  since th e  clusters are bound  

loosely  to  th e  s u b s t r a te  [11]. H ow ever, in  th is  s i tu a tio n  we w ould expect to  observe charging 

effects o n  th e  b a re  go ld  s u b s tra te ,  w hich we never d id  (see fig. 2). T h is  observation  m akes the  

e x p la n a tio n  of th e  a d d itio n a l s tep s  by  m eans of a  tr ip le -b a rrie r  tu n n e l ju n c tio n  unlikely.

A  la s t  o rig in  for th e  a d d itio n a l s tru c tu re  can  b e  th e  unknow n electronic s tru c tu re  of the  

lig an d s . F or exam ple , re so n a n t s ta te s  in  these  ligands m ay cause add itio na l s tru c tu re  on th e

c h a rg in g  c h a ra c te r is tic .

S u m m ariz in g , we have  observed  for th e  first tim e  clear charg ing  effects in tunnelling  spec 

tro sc o p y  on  w ell-defined lig an d -s tab ilized  m e ta l c lusters. T h is  ind ica tes  th a t  th e  n a tu re  of th e
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cluster core of this kind of clusters is consisten t w ith  m eta llic  b e h av io u r a n d  t h a t  th e  ligands 

are insulating. In  some m easurem ents ad d itio na l s tru c tu re  in  th e  ch arg ing  c h a ra c te r is t ic  was 

present. This additional s tru c tu re  is consisten t w ith  q u a n tu m  size levels in  th e  c lu s te r . T hree  

junction configurations can produce a  sim ilar s tru c tu re , b u t  can  be  ru led  o u t on o th e r  grounds. 

A third  possible mechanism , resonant tunnelling  th ro u g h  s ta te s  of th e  ligands, deserves m ore

research.

Additional R emark -  Since th e  m an u scrip t was su b m itte d  a n  in te re s tin g  p u b lic a tio n  on 

similar m easurem ents has appeared  [20]
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