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THE INTERACTION OF OXYGEN WITH THE 
IRON (111)SURFACE: MAINLY STUDIED BY AES 

By 

HANS-JOACHIM M• and WALERIAiN ARABCZYK 1 

TECHNICAL UNIVERSIT~ ~ DRESDEN, PttYSICS SECTION, DEPARTMENT FOR SURFACE AND 

ELECTRON PHYSICS, DRESDEN,  GDR 

The cleaned surface was oxidized by means of pure oxygen at a pressure of 3 X 10-6-- 
3 • 10-3 Pa a n d a t  teinperatures of 300 K, 370 K and 620 K. The Auger peaks of high energy 
(for oxygen at 510 eV and for iron at 703 eV) were used for the quantitative determination of 
the oxygen coverage on the iron surfaee. The experimental results on the change of oxygen 
coverage a sa  function of the dose are interpreted by means of a theoretical model and provide 
definite information about the bonding state of the adsorbate. In the lower energy part of the 
Auger spectrum there appear peak shape modifications during oxidation. These observations 
allow us to assume that in the process of oxidation two kinds of chemical bond ate formed 
between oxygen and iron, which differ regarding the density of states in the valence band. 

1. Introduction 

I t  is t h e  a i ro  o f  ou r  i n v e s t i g a t i o n s  on t h e  i ron  (111) su r f a c e  b y  m e a n s  

o f  low e n e r g y  e l e c t r o n s  to  c o n t r i b u t e  to  t h e  c h e m i c a l  a n d  g e o m e t r i c a l  s t ruc -  

r u r a l  ana lys i s  o f  t h e  c l ean  a n d  of  t h e  o x y g e n - c o v e r e d  su r f ace  o f  a t y p i c a l  t r a n s -  

i t i o n  m e t a l ,  in  o r d e r  to  u n d e r s t a n d  t h e  p rocess  o f  c h e m i s o r p t i o n  q u a n t i t a -  

t i v e l y  b e t t e r .  T h e  p r e s e n t  p a p e r  dea l s  w i t h  t h e  a d s o r p t i o n  k i n e t i c s  o f  o x y g e n  

a n d  t h e  ef fec t  r e l a t e d  to  changes  in  t h e  d e n s i t y  o f  s t a t e s  as r e s u l t i n g  f rom 

c h e m i c a l  r e a c t i o n  b e t w e e n  o x y g e n  a n d  i ron  s t u d i e d  b y  A u g e r  e l e c t r o n  spec t ro s -  

c o p y .  

The  s t u d y  o f  a d s o r b e d  l a y e r s  a n d  su r f ace  r e a c t i o n s  on  ~ - i ron  w i t h i n  

a t o m i c  r a n g e  was  i n t r o d u e e d  b y  PIG~OCCO, PELLISSIER, SZOSTAK, MOLI~RE, 

I~ORTELE a n d  L�93 [1 to  5]. Ti l l  now,  some  p a p e r s  [6 to  10] on s ingle  

c r y s t a l s  h a v e  b e e n  p u b l i s h e d  in  w h i c h  t h e  a u t h o r s  m a i n l y  d e r i v e d  s t a t e m e n t s  

c o n c e r n i n g  t h e  g r o w t h  o f  o x i d e  l a y e r s  on  t h e  (100) su r face  a n d  on  t h e  m o s t  

d e n s e l y  p a c k e d  (110) sur face .  On t h e  o t h e r  h a n d ,  so fa r  only  few i n v e s t i g a -  

t i ons  h a v e  b e e n  m a d e  on  t h e  (111) su r f ace  [11 to  14], h a v i n g  t h e  l o w e s t  den-  

s i t y  of  i ron  su r f ace  a t o m s ,  t h o u g h  e s p e c i a l l y  th i s  su r f ace  is i m p o r t a n t  for  

b o t h  a d s o r p t i o n  a n d  su r face  r e a c t i o n  in  t h e  sense  of  h e t e r o g e n e o u s  c a t a l y s i s .  

1 Present address: Politechnika Szczeci¨ Instytut  Technologii Chemicznej, Szczeci6, 
Poland. 
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2. Experimental 

The (111) surface of iron was cleaned b y  in situ b o m b a r d m e n t  wi th  
a rgon  ions and subsequen t  heat ing  at  620 K under  uh rah igh  vacuum.  Fig. 1 
represents  the Auger  electron spee t rum measured  b y  means of a cylindrical  
mir ror  analyzer ,  for a surface af ter  ion b o m b a r d m e n t .  Excep t  for small  amoun t s  
of  oxygen,  carbon,  and  argon, the  surface m a y  a l ready be regarded  as clean. 

dN -~-.E 

1,oo 2oo 3oo ~.,oo 50o 5oo 7oo 8oo 
IF I i ~r ii ipi L '~I J 

Fe Ar C 0 Fe Fe Fe E[eV] 

Fig. 1. Auger electron spectrum of the Fe (111) surface after bombardment with noble gas ions 

B y  heat ing  at 620 K,  oxygen  and carbon  will desorb in the fo rm of ea rbon  
monoxide ,  and af ter  t h a t  argon is no longer de tec tab le  either.  

The cleaned surface was oxidized b y  means  of pure  oxygen  at  a pressure 
of  3 X 10 -6 Pa to 3 X 10-3 Pa  and at t e m p e r a t u r e s  of  300 K,  370 K and 620 K.  
Af ter  each oxygen exposure  and  pum pi ng  down to the v a c u u m  of 10 s Pa,  
Auger  spectra  were measured .  In  the same condit ions,  Auger  spec t ra  were 
t a k e n  on compressed  pure  magne t i t e  and  hema t i t e  powders.  The  Auger  peaks  
of  high energy (for oxygen  at  510 eV and for iron at  703 eV) were used for 
the  quan t i t a t i ve  de te rmina t ion  of the oxygen  coverage on the  iron surface, 
a t  2,5 keV exci ta t ion  energy.  

3. Exper imenta l  resuhs  and  discussion 

3.1. Adsorption kinetics 

In  a first  app rox ima t ion ,  the oxygen  coverage O m a y  be de te rmined  
according to the re la t ion  

0 = T M cos ~o (Io/IFe) ((/~Fe/(J~O) (~'Fe/YO) (1) 
1 + (Io/IFe) (tPFe/O0) (7Fe/70) 
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if  in addit ion t o  the  measured  signal ra t io  Io/IFe, the mean escape dep th  ~M 
of the  Auger electrons - -  measured  in monolayers  - - ,  the  ent rance  angle % 
of the  analyzer ,  and  the  rat ios  of the  ionizat ion cross section ~b and the  emis- 
sion probabi l i t ies  ! ate  known.  

The re la t ion (q}O/~bFe)(!O/TVe) - -  3.67 has been expe r imen ta l ly  obta ined 
on the  compac t  magne t i t e  and hemat i t e  samples.  By  means  of this value,  the 
mean  escape dep th  of the Auger electrons is then  ob ta ined  for the  energy 
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Fig. 2. Change of peak-height ratio and degree of coverage asa function of the dose for va¡ 

temperatures (Po.- = 3 • 10- s Pa) 

703 eV of the  L3VV transi t ion,  if, e. g. the  signal rat io  Io/Ive is measu red  on a 
ful ly developed p(1 • 1) - -  O supers t ruc ture  represent ing  a coverage  of  O = 1. 
The numer ica l  va lue  is 1.05 nm.  

B y  means  of this cal ibrat ion it  became  possible to describe the  kinetics 
of  the  initial  s tep of  the  oxygen  adsorp t ion  on the  F e ( l l l )  surface quan t i t a -  
t ively .  Fig. 2 shows the  change of the  Auger  peak-he igh t  ra t io  of  oxygen  and 
iron and  the coverage,  respect ively,  a s a  funct ion  of the oxygen  exposure  a t a  
cons t an t  pressure of  3 X 10-8 Pa  for the  t e m p e r a t u r e s  300 K,  370 K and 620 K. 
No pressure dependency  could be s t a t ed  in the  range of 10 -6 Pa.  

The expe r imen ta l  curves m a y  be described in good ag reemen t  b y  a 
theore t ica l  model  wi th  a phys i sorp t ion  precursor  s tate,  which will no t  be  deah  
wi th  in more detail .  Accordingly,  adsorp t ion  takes  place dissociative,  no t  
ac t iva ted ,  and immobi le  a t  two sites. On the  assumpt ion  t h a t  the  phys isorbed  
molecules v e r y  quic ldy achieve a s t a te  of  equi l ibr ium and the  desorpt ion 
t a t e  f rom the s t a te  of  chemisorpt ion  can be neglected we have  in t eg ra ted  the  
t a t e  equat ions  and  ob ta ined  the solution 

O + - - ~ - 1  1 - - ~ -  1 - - O  K t  z 
In (1 - -  O) = K a Po,  t ,  (2) 
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Fig. 3. Degree of eoverage 0 o of ehemisorbed oxygen vs dose D (T ~ 620 K) r162 for 
immobi|e ehemisorption eomp]exes with z ~ 3 

which is valid wi th in  the  limits 0 ~ O < 1. The best  f i t t ing of the  theoret ical  
funct ion to the measured  curve at 620 K can be obtained by  assuming three 
nearest  neighbours (z --~ 3) and choosing the quot ient  of t a te  constants  for 
the  desorption (KD) and chemisorpt ion (K1) KD/K 1 = 4.1 (Fig. 3). K Ais about  
0.75 X 104 P a - l s  -1 for the Fe(111) surface, and p o t  is the oxygen dose. 

3.2. Chemical changes 

For  the quan t i t a t ive  chemical analysis up to now we have only used 
the in tens i ty  of the  Auger electron signals in the der ivat ive mode. A possible 
fine s t ructure  in the  peak  forro tha t  refers to a spli t t ing of core levels or re- 

1 i ~ i J i i  

20~~ e~~-~l 2;'Lo ~o eEgl 
Fig. 4. Changes of Auger electron speetrum by oxidation al room temperature 
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f lects  the densi ty  of states in a bond has not  been taken  into account .  Bo th  
effects are dominan t ly  produced by  chemical surface react ions.  

In the low energy par t  of the Auger spec t rum of pure iron (Fig. 1) there 
appears a peak at  47 eV corresponding to a M2.zW electron transi t ion of the 
Auger process. A s a  result  of the oxidat ion  of  the iron surface at  room tem- 
pera ture ,  ir is observed tha t  increasing oxygen coverage on the  surface, the 
peak  height decreases; also spli t t ing is successively observed,  as a l ready 
known from l i tera ture  [15 to 17], in peaks at  44 e u  and 51 eV (Fig. 4). 
SAVTCnEr~KO [15] assigned the corresponding Auger electron t ransi t ions to  
@Fe 2po 2po and 3pF e 3dF~ 3d~e where the iron energy level 3p was s.hifted 
f rom 56 e u  in pure  iron to 58 eV in Fe203 below the Fermi  level. In  the 
valence band  two maxima are found,  one at 5 eV associated mainly  with 
electrons f rom the 2p oxygen level, and the second at 1.5 eV associated with 
electrons from the 3d iron level (Fig. 5). 

In  Fig. 6, the peak heights at  44 eV and 51 eV in the Auger speetrum 
are shown, obta ined  on magneti te ,  hemat i t e  a n d a  thin layer  of oxygen on 
the iron surface, the Auger spect rum remaining unchanged b y  the fur ther  
oxidat ion process. The comparison of the relat ive heights of those peaks shows 
t ha t  on the oxidized iron surface a thin oxide layer  is formed of  a eomposi- 
t ion approaching FetO 4. The ratio of the peak height at  44 eu  to tha t  a t  51 eV 
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Fig. 5. Simplified schemes of energy levels 
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Fig. 6. Auger peaks at 44 eu and 51 eV 
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in hemat i t e  is higher t h a n  in magneti te .  This fact  confirms the  cont r ibu t ion  
the  cross-transit ion 3pF e 2po 2po to the peak  at  44 eV, because, with increasing 
oxygen  concentra t ion in iron oxides, the  electron densi ty  increases on the 2p 
level. The probabi l i ty  of  the Auger t ransi t ions is enhanced with these elec- 
t rons  contr ibut ing.  

While oxidizing iron at t empera tures  of 370 K and 620 K,  new features 
were observed in the  Auger spect rum (Fig. 7). At  a small coverage of the iron 
surface wi th  oxygen,  a peak  is appearing at  34 eu  to 36 eV. Simultaneously,  
a t  51 eu  a well def ined peak is being formed t h a t  becomes clearer wi th  prog- 
ressing oxidation.  A s a  consequence of  progressing oxidat ion in the  Auger 
spec t rum a total  decline at 47 eu  peak ana  a simultaneous appearance  of a 
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Figs. 7. Changes of Auger electron spectrum by oxygen adsorption at 370 K (a) and 620 K (b) 
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44 eV peak are observed while a 36 eV peak is present  (see oxidat ion at  370 K 
in Fig. 7a). I t  p roved  to be pract icable to determine the 36 eV peak  shape 
during the oxidat ion process at 620 K (Fig. 7b), well defined a t a  coverage 
on the iron surface equal  to one. 7 X 10 ls a toms/m e correspond to  the s t ructure  
Fe (111) p(1 X 1) - -  O, the existence of which was s ta ted b y  the me thod  of  
low energy electron diffraction ( L E E D )  [18]. 

Similar changes in the Auger spect rum,  bu t  in reverse order have been 
observed during the  reduct ion of the  iron surface oxidized at  room tempera-  
ture ,  as resuhing  f rom step by  step heat ing (Fig. 8). By  the  L E E D  method  
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47 
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Fig.8. Changes in the Auger electron spectrum of a sample oxidized at room temperature du¡ 
a heat treatment to 620 K 

ir was s ta ted  t h a t  by  heat ing the oxidized iron surface above 520 K, a 
two-dimensional  s t ruc ture  F e ( l l l )  ( 2 ~ 3 x 2 V 3 )  - 3 0  ~  o will be formed 
on the surface [19]. In Fig. 9b the  L E E D  pa t t e rn  represents  this super- 
lat t ice at 34 eu  and, for comparison,  t ha t  of the clean F e ( l l l )  surface at 
30 eV … shown in Fig. 9a. The high value of the period length of this 
s t ruc ture  indicates t ha t  the diffraction pa t t e rn  m ay  not  be assigned to a 
single substance bu t  to a coincidence lat t ice of the substra te  and the surface 
layer  of FeO with the or ientat ion (111). Thus,  by  means of diffusion, the 
most  iron-rich oxide phase is developed.  

The Auger spectra  obtained on the iron surface after  its correspondingly 
long oxidat ion within the studied range of t empera tures  a n d a  pressure up 
to 10 -3 Pa exhibi t  a similar character  proving the identical  chemical  compo- 
sition of the th in  oxide surface layers.  
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Fig.  9. LEED pat te rn  a) of the clean Fe (111) surface (E = 30 eV); b) of the 
Fe (111) (2!/~X 2~~)--30~ superstructure (E = 34 eV) 
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4. C o n c l u s i o n s  

The observa t ions  described above  allow us to assume t h a t  in the process 
of oxidat ion two kinds of  chemical  bond  of oxygen  wi th  iron are formed 
which differ regarding  the densi ty  of  s ta tes  in the valence b a n d a s  shown in 
our d iagram (Fig. 5). One kind is character is t ic  for iron oxides, the  second 
occurs at the f i rs t  s tage of oxidat ion and is associated with  chemisorbed  oxy- 
gen. In  bo th  cases, the  posit ion of m a x i m a  in the densi ty  of  s ta tes  re la ted  to 
iron was assumed to be equal  which is p roved  b y  the existence,  in all Auger 
spectra ,  of the  51 e u  peak,  corresponding to the  t rans i t ion 3pFe3dFe3dFe. 

The 36 eV p e a k  is a t t r i bu ted  to "c ross - t r ans i t ion"  be tween  oxygen  and 
iron wi th  pa r t i c ipa t ion  of levels 3p iron and 2p chemisorbed oxygen  wi th  the 
m a x i m u m  in the  dens i ty  of  s ta tes  located  abou t  9 eV below the  Fermi  level. 

As ir now appears  f rom these sca t te red  invest igat ions,  the  presence of 
chemisorbed oxygen  on the  iron surface depends on t e m p e r a t u r e  and thick- 
ness of  the magne t i t e  f i lm. At  room t e m p e r a t u r e ,  we do not  observe  the peak  
at  36 eu  in the  Auger  spec t rum,  indicat ing the  absence of bouncl oxygen  on 
the  iron surface, which m a y  be due to the  fast  t rans i t ion of chemisorbed  oxy-  
gen into oxides. This is indicated b y  new spots in the L E E D  p a t t e r n  a l ready 
appear ing  at  the  exposure  of  abou t  10 L oxygen.  

The  presence of  chemisorbed oxygen  is observed at  higher t empera tu re s  
of oxidat ion and  reduct ion,  respect ively ,  when  oxygen forros regular  two- 
dimensional  s t ruc tu res  on the  iron surface,  also when the th in  oxide layer  is 
surely th icker  t h a n  the magni tude  of the escape depth  of 703 eV electrons, 
i. e. th icker  t h a n  1.05 nm.  This is p roved  b y  the  36 eV peak  appear ing  in the 
Auger  spec t rum,  when the  rat io  of the peak  heights  of oxygen  to iron reaches 
the m a x i m u m  value.  F r o m  the last  observa t ion ,  someth ing  more  m a y  be 
concluded, n a m e l y  t h a t  oxygen  bound  with  iron is located a t  the  b o u n d a r y  

of phases:  
- -  oxygen gas (during the m e a s u r e m e n t  - -  the  v a c u u m )  and  

- -  the th in  oxide layer.  
Final ly,  on the th in  passive oxide layer  no chemisorpt ion  of oxygen  is t ak ing  

place under  the condit ions of  measu remen t .  
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