
E LECTRON REFLE CT ION AND E LE CTRON TRANS MIS S I ON 
APPLIED TO B I LAYER  F I LMS 

Z . Lenac+ 

Pedagogical Facul t y ,  Ri jeka , Croati a ,  Yugoslavia 

M . Sun jic
Insti tute of  Phys ics ,  Un ivers i ty of Zagre b ,  Croati a ,  Yugoslavia 

Ele ctron energy los s spe ctrum 
E lectron energy loss s pe ctros copy (EE LS } has be come one of 

the mos t pouerful  tools for inves tigating both the surface and the 
bulk prope r ties of th in fi lms /5/ . When applied to mul tilaye r s ys­
tems it  also provides impor tant information about the s tru cture of 
inte rfaces . Collective os ci lla tions , as a description o f  long-wa­
velength cor rel ations be tween e lectrons and ions i n  a medium /1 , 2/ 
are a sui table me thod for s tudying many interes ting prope rties 6f 
mate rials . Here we shall adopt thi s  approach to d iscuss the elec­
t ron reflection and e lectron transmission applied to b ilaye r films . 
Le t us note that those problems can also be solved  in  the f rame­
work of classic�! elec trodynami cs /7/ .  Houeve r ,  typi cal quantum­
mechanical features , such as mu ltiple-e xci tation processes or  the 
Landau damping are naturally incorporated only in the quantum-me­
chani cal approach . 

The whole the ory  is rather tediuos and we shall only outline 
the main s teps . In fac t ,  it is  a nontrivial generaliz ation of s i­
mil ar approach appl ied  to a thin film  /4 , 5/.  The full  approach 
will be published e lsewhere . Briefl y ,  we s tudy a s ys tem cons is ting 
o f  two ad j ancent  paral lel plates . The pl ates are · denoted  by  n=1 
and n=2 , and the i r  thicknasses b y  a and b ,  respectivel y ,  so the 
surfaces  of the system  are a� z=-b , O , a . In the nonre tarded ,  long­
wavelength approximation , we take the ele clos tati c equations and 
assume the s te p-dens ity  profile for both e le ctron and ion ch arge 
dens i ty in the bilaye r s ystem.  The colle ctive polarisation e igen­
modes P .  are then d e coupled into  the surf ace and bulk modes /1 , 2/ .
E ach surface mode h as an appre ciable electric  field close to  the 
corresponding sur face - Whi le the S surface modes , with a dis pe rs i­
on W=W8 (k ) ," s=1 , 2  • • •  s ,  reflect properties of the whole s ystem ,  the 
dispersionless bulk modes  ( longitudinal W=W

L 
and transve rse  �=c.ly} 

are fllependent in  each thin film .  The wave vector  k o f  surface mo­
des  is continuous and paralle l  to the sur faces , �hi le  the wave ve-
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ctor  q= (�m/z ) z  of bulk modes is dis crete ( m= 1 , 2 , 3  • • • ) and no rmal 
0 

to the surfaces of  the s ys tem. Here z 0=a , b  if  n=1 , 2 respectively .  
The d ielectric function En (� ) follows f rom the e quation of

mo tion for a dielectric medium . I n  the case of an ionic  crystal 
£ (w) for optical phonons is given by t (W)= (w2-� ) / (CJ2-�) / 1 , 2/ .
The same holds for plasm.ons (CJ=(IJp) in me tallic  plate i f  we replace
(JT .. o, "'L •Wp • The re are four ( "t;hree ) surf ace modes. in the case of
two th in diele ctric ( me tall ic )  plates . The inert  d iel ectric is  
s imply des cribed by  f =cons t . , and if  we add such a pl ate to  the sy­
s tem  the numbe r of surface modes remains the same . 

I f  the plates of  the bilayer s ystem  are described by any of  
the named diele ctric  functions , we are able to diagonalize the ha­
mi�tonian of the f ree  system.  The interaction of a point ch arge e 
with collective oscill ations of the bilayer system is then des cri­
bed by inte raction matri x elements ri which can be calculated for
each mode . 

In the trajectory approximation , the EEL  s pectrum P (w) can be 
obtained in a closed form /5/ .  We shall devide it  in two parts 

P (w) a A (�) .f S (w) ( 1 ) 
The main conlibution arises f rom A(w) , which gives the s tandard 
Pois•on d istribution for E ELS , with sharp peaks close to the asym­
ptotic f requencies W

o..i 
of eigenmodes . The s pe ctrum is normalized

J P (w) dw =1 s o  the _
�

robabil ity of  n-th order excitation of  i-th mo�
de is  given by p �D =P Ai"/n ! .  Here P corres ponds to the no-loss

l. 0 0 
line while A

1 
is  the in teraction s trength of  i-th mode inte racting

with the external ch arge and it  e.ssentialy depends � the inte rac­
tion matrix elements r1 • S (�) represents the backg rouAd for the
sharp  peaks in A(fJ) , wh ich is due to the str ong di�persion of sur­
face modes . If the dis persion is not very strong , S (� )  can be ne•
glected . This is a case for thick films and small ele ctron energi es . 

Electron refle ction 
The energy loss s pe ctrum of refle cted electrons /5/ is an im­

portant too l  for investig�ting the proper�ies of both the re flec­
ting surface and the inte r face in a bilayer s ystem.  r or simpl i city 
we shall analyze only the ele ctron beam �pecul�rly ref lected f rom 
plate 1 ( z=a )  of a bilaye r s ys tem .  We neglect the pene tration of  
ele ctron� into  the s ample so only  the surf ace �odes ar� excited . 

The spectrum P (� )  exibits the frillowing fe �tures : 
i )  Th� mode w1 conne cted with the reflecting surf.ace ( z=a) exibi ts

the s trongest in teraction with the s�attered . electron and we 
call it the dominant mode , We. r oughly estimate 



A 1 = A�1 ( 2 )
i . e .  the electron interaction with the dominant mode (ea,1 ) i s  app­
roximately the same as its interaction with the surface mode (w.1 )
o f  the semiinfini te plate 1 .
i i )  Two inte rface modes (�2 , Q3 ) connected wi th z=O inte rface exhi­

b i t  much weake r coupl ing than the dominant mode 

A2 , 3/A
1 - exp( -2w.2 , 3a/ v ) (3 )

wh ich means that w e  can de tect the electron-interface mode intera­
ction only for thin films and high electron e nergies : w .. 2 , 3a/v � 1 .
i i i )  The s urface mode �

4 
conne cted  to the z=-b surface can be  de­

t.cted only i f  both film� are very thin and the ele ction ene­
rgy is very high 

A/A1 ,., ex p (-2 c.,.
4

( a+b ) /v ) . ( 4 )
Even in this case , the ele ctron interaction with the interface and 
espe cially with th11 dominant mode mos tly  s creens the interaction 
with the weak mode . I n  a good approximation , one can treat the 
electron refle ction on two thin  films as the electron re flection 
on fil m  1 placed on a semiinfinite subs trate 2 .  

· Figure 1 sh ows the spe ctrum P1 (ta> ) for the single surface pla­
smon excitation of a th in Al2o3 film on an Al (wp=: 15 . 0  e V )  subs­
trate . In the plasmon energy �ang� , Al2o3 is des cr ibed as an inert
die lectric wiih £ a4 .  The increase of Al2o3 th ickness broaden� a�d
graduall_y shifts the sharp maximum at liJf=<a>p/ fi. ( a=O )  towards w2=
wp/ Y1 +E .  At  the same time , the peak becomes weaker  since the sur­
face plasmon is connected to the Al and not to ( Al+Al 2o3 ) re f_lec­
ting s urface . The same beh aviour has been observed in expe riment /a/. 

P, a=•
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fig . 1 .  The - s pectrum 
P1 (w) of sur­

far.e plasmon excita­
tion in a thin Al2o3
film on semiinfinite 
-Al . Elect ron ene rgy
is  E=750  eV and ang�
le of incidence �=45�

a=O 

11 U(eV) 



Elec tron transmiss ion 
Whe n  an el ectron is transmitted  through a bil ayer film  i t  ex­

cites both surface and bulk  collective os cill ati ons /3/ . This ma-

-+ (...  � ) des are well  defined for K�K uhere Kc k , qc is an { averaged )C c,.. three-dime nsional cute.ff  wave vector and kc , qc are ( ave raged )
su rface and bulk cutoff wave ve ctors / 1 0/ . B y  defi ning q =WN/z 

C 0 
we perform the summation over bulk modes to mftN= [ .Kcz /ii l .  The con-
d i tion N�m �1 implies th at z ' =-UK�1 � 3-5 A is the l i mi�ing film  thi­
ckness  below uhich bulk colle ctive os cillations cannot exis t ,  and 
it �bvious ly corresponds to the dis tance between a tomic layers in  
a crystal . Le t  us note that the  summation over  bulk  modes can also 
be pe rformed u ith the help of  the closure relation /5/ . This pro­
cedure ass umes an rnfinite summation over m , i . e . qc�oo , which is
not always a good approximation /�/ . 

The interaction s trength of  bulk modes is proportional to 
(CJEn-q2v2 ) -2 • . I t  increases with increasing film th i ckness or de­
creasing electron energy .  lo  both cases it reaches the resonant 
points when the electron velocity v is e qual to t�e ph ase ve loci ty 
wln/q of  some bulk oscill ation . This e f fect (which is  not obtained
in  the closure-relation approach ) e xp licitely shows the dis crete 
nature of  bulk collec tive modes . However it has no t been de te c ted 
yet .  The reas on migh t be that in  trans mission experiments neither 
the energy nor the film thi ckness  are continuous ly changed in re­
�ions wh i ch are wide e nough . One can e asily  find out that the re­
sonance conditions 

zowln (.JLn { e V ) z o ( A )
m a -ff-- a O .  08 . g 1 , 2 ,  • • •  , N ( 5 )  '' v f E8 ( eU }  

are quite realistfc •  or  ins tance , for an  Al film  1 00 A th i ck ,  ue
obtain res onan ces at E = 1 5 ke V ( m=1 ) ,  E =3 . 7  ke V { m=2 ) , E0= 1 . 6  ke Ve e � 
(m=3 ) , e tc . 

As an example , figure 2 shows the EE L s pe ctrum ( Poisson dis­
tribution ) for ele ctrons t_ransmi tted th rough a th in  Al+Mg s ample . 
Th e f irs t-order  bulk losses in an Al+Mg system are a super pos i ti­
on of  such loss�s in  a th in Al  and a thin Mg film . This is not 
true for surface los ses , since the surface plasmon dispersibn is 
dras ti cally changed when Al and Mg films are put together . The nay 
surf ace plasmon mode connected with the Al-Mg interface is detec­
ted .  I n  the s econd-order  bulk losses there is als o a l ine descri­
bing the ex�itation of bulk plasmons in both Al and Mg films . All 
the results are in  good agreement  with expe riment  /9/ . _  
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fig . 2 .  ,Ex ci tation 
·probabili ties

of  bulk ( 8 )  and sur­
face (S ) pl as mons in 
an Al ( A )+Mg ( M), s ys­
t��· We have chosen  
acba250 A ,  Ee=34 keV . 
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