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STM on polycrystall ine thin fi lms 
G Reiss ,  Institut for Angewandte Physik III, Universita't Regensburg, Regensburg, FRG 

Examples for correlations of results of Scanning Tunnelling Microscopy (STM) with thickness dependent 
physical properties of thin films will be discussed: surface roughness enhances the thickness dependent 
resistivity. This effect can be described quantitatively by STM imaging. Good agreement with a simple model 
of the film resistivity can be found for Au and Cr-Au films. The magnetization loops of Au -Fe -Au  films 
depend on the preparation parameters, although RHEED indicates identical flat surfaces. STM, however, often 
shows different local topographies. Again a direct correlation can be established. 

1. Introduction 

Thickness dependent thin film properties are influenced by the 
surface topography. Typical features being between some nm 
and some A, direct imaging was nearly impossible till the 
development of the STM ~'2. This method, however, provides 
reproducible results 3 with reasonable resolution 4 and thus gives 
a chance of a direct correlation of the surface structures with 
thin film properties. 

Two examples will be discussed: the correlation of the surface 
topographies with: (i) the thickness dependent resistivity of Au 
single and C r - A u  double layer, and (ii) with the magnetization 
loops of A u - F e - A u  triple layer films. 

For e x  si tu performed STM, Au surfaces have been investi- 
gated. On Au, atomic resolution was obtained in air 3"5; surface 
features are thus not strongly affected by gas adsorbates. 

2. Surface topography and film resistivity 

The thickness (d) dependent resistivity pr(d)  is usually de- 
scribed by averaging the local resistivity 6' 7 over the film area s' 9. 
Different roughnesses must be considered: a local microrough- 
ness hp (hp ~< 2F; 2~ is the Fermi wavelength) giving rise to 
either specular (hp = 0) or diffuse (hp = 2F) electronic surface 
scattering 6'7 and a macroroughness Hp (Hp > 2F) describing 
large scale fluctuations of d. A combination of semi-classical 
results of Fuchs 6 with recent quantum-mechanical calculations 
of Teganovi6 et  al  7 and the model of Namba 8 gives the 
approximation 

pf(d)~,p~[l--(--~)2] -1,2 3 l h° F1 

(t) 

(lo~: electronic mean free path). Fitting calculations thus 
provide an indirect method to obtain hp and Hp. 

Figure 1 shows in si tu measured Pr vs dAu curves for C r d o -  
AUaA~ double layers evaporated on glass 3. The very thin Cr 
films do not contribute to the conductivity but drastically 
modify the growth of the Au film itself: whereas Au on glass 
(dc~ = 0) shows an onset of the resistivity at do, ~ I0 nm, do, is 
reduced to about 3 nm by a Cr precoverage of only 1.5 nm. For 
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Figure 1. The resistance of C r d c - A u d ^  u double layered films on glass 
vs dAu. The thickness of the Cr precoverage is noted at each curve. 

do, can be roughly identified with Hp (equation (1)), Au films 
on precoated substrates thus seem to be smoother than single 
Au films. A quantitative analysis gives hp = (0.3 + 0.05)nm 
and H p - - - ( l l _ l )  nm for Au on glass; the corresponding 
values for Cq.5nm-AuaA, are h p = ( 0 . 2 _ 0 . 0 5 )  nm and 
Hp = (3.5 + 0 . 5 ) n m .  These values, however, have been ob- 
tained indirectly. Direct STM imaging therefore provides a 
check of their reliability. Figures 2(a-c)  show STM images of 
a single Au (2(a) large area, 2(b) zoom-scan) and a C r l  5 .m- 
Au3onm film on glass (2(c)) 3. 

Figures 1, 2(a and c) illustrate a good correspondence be- 
tween the conclusions of the pf vs d dependence and the 
measured surface topography. The single Au film (Figure 2(a)) 
shows a large roughness, whereas C r - A u  is much smoother. A 
quantitative analysis yields HsxM = ( 10 + 2) nm for the Au film 
and H s x  M = (3 + 1) nm for the C r - A u  double layer in good 
agreement with the corresponding values of Hp. Small area 
STM scans (Figure 2(b)) supply information relevant for the 
surface scattering of electrons (hsT M ~ , ~ . F , 6 ' 7 )  " The single Au 
film shows a very high density of steps. Only on the top of the 
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The next example discusses correlations between surface top- 
ographies and the magnetization of ferromagnetic thin films. 

3. Surface topography and magnetization 

The magnetization of thin Fe films sandwiched between Au 
strongly depends on the structure of the Fe and of the inter- 
faces. For very thin Fe layers, the easy axis of the magnetiza- 
tion (ea) is usually forced parallel to the film by form 
anisotropies. In the case of Fe(110) and Au(111), however, an 
out of plane ea was reported ~° for less than three ml of Fe. 
Assuming a layer-by-layer growth, this was attributed ~° to 
interface interactions of Au(111) and Fe(110) I1. 

A key for the interpretation is thus the knowledge of the 
topography of the underlying Au film. In order to obtain 
layer-by-layer growth of Fe, atomically flat A u ( l l l )  substrate 
films must be prepared. 

RHEED experiments 1°,12 showed flat Au films for (quartz) 
substrate temperatures of 330 K and residual gas pressures (Pa) 
during preparation between 5 x 10 -9 and 5 x 10 - ~  mbar, pro- 
vided the substrates had been annealed at 650 K prior to the 
gold evaporation (evaporation rate 1 - 2 m l s  -~ 10.13). The in- 
plane magnetization loops of 6 ml Fe films (M II, 330 K vibrat- 
ing sample magnetometer (VSM)), however, show large 
differences between films condensed at different p~: the films 
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Figure 2. (a) STM topography of a Au film evaporated on glass, 
demonstrating the rough structure of these films. (b) STM image of a 
small area of a Au film on glass, showing flat areas separated by small 
steps 0.2-0.3 nm in height. (c) Topography of a CrLsnm-Au3onm 
double layered thin film: a reduced roughness compared with Au single 
layers and the existence of large, atomically flat areas can be observed. 

hills mainly monoatomic steps 0.2-0.3 nm in height, separated 
by more than one screening length can be observed. Average 
yields are hSTM > )'V at the sides and hSTM ~ 0.2 nm at the top 
of the hills. A rather diffuse scattering of the conduction 
electrons at these surfaces can thus be expected 6" 7. The C r - A u  
double layer (Figure 2(c)) exhibits large flat areas 
(hsv M ~ 0.2 nm). Enhanced specularity of this surface therefore 
can be expected from STM imaging in good agreement with the 
evidences of the Pr vs d evaluation. 

STM therefore provides new and valuable information con- 
cerning thickness dependent transport properties of thin films. 
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Figure 3. (a) STM topography of the underlying Au film of a Au-Fe-  
Au triple layer, deposited on quartz glass at a residual gas pressure of 
5 x 10 - t t  mbar (other parameters: see text). (b) Surface of a Au 
substrate film evaporated under the same conditions as the film shown 
in Figure 3(a) except for an enhanced residual gas pressure 
(5 X 10 - 9  mbar). 
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prepared at smaller p, exhibit a saturation magnetization M! 
80% larger and a coercivity H~ 30% smaller than those de- 
posited under enhanced p,  13. 

This can be attributed to a reduced roughness of the Au films 
prepared at 5 x 10 -~1 mbar compared with those evaporated at 
5 × 10 -9 mbar: a rough underlying film gives rise to complex 
interfaces of the A u - F e - A u  sandwich. RHEED and interfer- 
ometry, however, indicated fiat substrate films in both 
cases~:.13. These methods, however, integrate over large areas. 
Thus STM can provide more detailed information; the results 
are shown in Figures 3(a and b) (3(a) p~ = 5 x 10 -11 mbar, 
3(b) p,  = 5 x l0 -9 mbar). 

The substrate films prepared at smaller Pa show large areas 
( > 1/~m 2) with a residual roughness below 0.2 nm. Fe films of 
more than 4 ml on these substrates therefore exhibit small Ha 
and large M! already at 330 K in agreement with the VSM 
measurements. 

Au films grown at 5 × 10 - 9  mbar only exhibit smooth sur- 
face areas of about 0.05/~m 2, separated by steps of different 
height (2 . . . .  ,40 nm). Thin Fe films on these substrates there- 
fore consist of small patches; additionally, layer-by-layer 
growth will be supressed by the larger sticking coefficient at the 
edges on the Au substrate. Compared with the Fe layers on flat 
Au films, a larger Hc and a reduced M! can thus be expected 
from STM in agreement with the results of VSM l°' 13. 

The crossover from ea in-plane to out-of-plane, however, 
could only be attributed to a interface anisotropy for flat Au 
substrates at an Fe thickness of about 3 ml. For rough A u - F e  
interfaces, the switching of anisotropy occurred at much larger 
thicknesslO, 13. 

4. Conclusions 

STM imaging on thin films resolves surface structures larger 
than- - roughly  speaking-- the  shape of the tunnelling tip. 
Careful preparation of the tips gives the possibility to image 
features of vertical and lateral extensions of only some nms. 

STM therefore provides valuable information concerning the 
influence of specific topographies on thickness dependent phys- 
ical properties of thin films. The magnitude of the roughness 

ranges between some nms (comparable to the electronic mfp) 
and some A (comparable to the Fermi wavelength), giving rise 
either to geometric fluctuations of the film thickness or to 
modified electronic surface scattering and magnetic size effects. 
Even for 'quasi-epitaxial' films, STM offers additional, more 
detailed information than integrating methods. 

Considerable further improvement will be the use of real in 
situ STMs, i.e. preparation and imaging under continuous uhv 
conditions. Moreover, force microscopy will provide detailed 
insight concerning electronic potentials and magnetic structures 
of thin film surfaces. 
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