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Abstract: This paper describes a study of the RHEED intensity change against temperature 
in case of GaAs and InAs surfaces. RHEED as a technique is a widely used monitoring 
method for observing molecular-beam-epitaxial (MBE) growth. The reconstruction and 
other changes of the surface can be investigated by observing the RHEED pattern. Both the 
static and the dynamic RHEED-s are very complex phenomena, but these effects can be 
used as versatile tools for in-situ monitoring of the growth of the epitaxial layer, in spite of 
the fact that we do not know much about the details of its nature. Our observations showed 
that the specular beam intensity of RHEED had changed with the change of the surface 
temperature. We investigated the changes of the GaAs and InAs (001) surfaces by using this 
effect. The change in intensity follows the observed surface reconstruction. This change in 
the RHEED intensity against temperature shows hysteretic properties, with a different 
character for each material. So far, the explanations for these phenomena were different in 
both cases. Here, we explain these hysteretic phenomena in general terms with the T(x) 
hyperbolic model for coupled hysteretic systems, which is applicable to both materials. 
Experimental results presented in the paper are in good agreement with the model 
predictions. 
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1 Introduction and Experimental Preliminaries 
The compound semiconductor structures grown by Molecular Beam Epitaxial 
(MBE) technology play an important role in the construction of semiconductor 
devices. Out of the compound semiconductors the most important group is the one 
III-V based. In this technology, the polar surfaces with (001) orientation are 
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fundamentally important. For the growth of low-dimensional nano structures it is 
vital to know the growth kinetics of the process. The MBE growth can be 
observed in-situ by monitoring the surface condition of the crystal (i.e. the surface 
reconstruction) by Reflection High-Energy Electron Diffraction (RHEED), which 
helps to understand the growth kinetics. In the case of exact and near layer-by-
layer growth, the mostly observed surface reconstruction is (2x4), although other 
surface reconstructions are also present. Earlier investigations have been done at 
constant temperature [1]. At a given temperature the ratio between As and the 
metallic component was changed and the surface construction was monitored [2]. 
The results of these experiments were presented in temperature versus 
reconstruction phase diagrams. We found that the phase limits are often 
ambiguous. We can extract further information by changing not only the ratio 
between As and the metallic component but also the temperature. By changing the 
temperature we observed a change in reconstruction and specular spot intensity 
variation. We also observed hysteresis in the intensity change of the specular spot 
against the changing temperature [3]. 

In the following we are going to investigate the changes in the behaviour of GaAs 
and InAs (001) surfaces against temperature variation, based on the experiments 
of Yamaguhi and Horikoshi [3]. This intensity variation against temperature 
shows hysteretic properties. During the experiment, the change in temperature was 
slow, so every point could be regarded as being in the state of thermal equilibrium. 
During the experiments, As4 were used for the source of As. Shown by 
experimental results, the temperature dependence of the intensity of the specular 
spot depends neither on the incident azimuth angles nor on the energy of the 
electron beam [3]. We can say, therefore, that the intensity change of the specular 
spot is basically not the result of diffraction. 

The RHEED specular spot intensity versus temperature diagrams are depicted in 
Fig. 1 and Fig. 2 for InAs and GaAs respectively. The results show that at lower 
temperature the specular spot intensity is high. With a raise in temperature the 
intensity gradually diminishes. Both in the case of GaAs and InAs, the surface at 
lower temperature shows arsenic-terminated (2×4) surface reconstruction. At 
higher temperature, however, In/Ga-terminated (4×2) surface reconstruction can 
be observed. The directional change of the temperature shows that the process is 
subject to hysteresis. In the case of both semiconductors tested, the observed 
hysteresis loops fall within approximately a 50 °C temperature range. In the case 
of InAs, we had two distinct hysteresis loops. At a lower temperature the observed 
wide loop is the indication of smaller intensity variation. At a higher temperature 
however we see a narrower loop with large and rapid intensity change. In the case 
of GaAs there is only one real loop at the lower temperature and a assumed 
degenerate pseudo loop at the higher temperature. In the second loop the 
ascending and the descending branches seemingly overlap. We will apply the 
general description of the phenomenon to both materials. In our present work we 
will consider two loops in both cases, giving a qualitative explanation for this 
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inverse spin-valve like, coupled loop structure. For the quantitative investigation 
we applied the T(x) hyperbolic hysteresis model, developed for general description 
of hysteretic phenomena and which can be used to model other natural phenomena 
with hysteretic character, e.g. in biology, chemistry etc. [4]. It must be emphasized 
that although the RHEED intensity changes, due to MBE crystal growth, analyzed 
here, it is a non-magnetic process, and its character is analogous to and carries all 
the characteristic hallmarks of an inverse spin valve. 

 

 
Figure 1 

Temperature dependence of the specular beam intensity in the case of InAs (001) surface 

 

 
Figure 2 

Temperature dependence of the specular beam intensity in the case of GaAs (001) surface 



Á. Nemcsics et al.  
 Investigation of the Hysteretic Phenomena in RHEED Intensity Change in the Study of Surface Reconstruction 

 – 112 – 

2 Discussion 

2.1 Factors the Specular Spot Intensity of RHEED Depends on 
As we know from the experimental results, the temperature dependence of the 
specular spot intensity is independent from the incidental and azimuth angles, as 
well as from the energy of the electron beam. This shows that it is not caused by 
diffraction but rather caused by a more complex phenomenon. The intensity of the 
specular spot also depends on the morphology of the surface. A surface with a 
perfect monolayer on top has high reflectivity, and therefore has a high specular 
spot intensity. The imperfect surface disperses the electrons, which results in a 
lower specular spot intensity. Changing temperatures cause the As components to 
leave the surface. This, by causing surface roughening, contributes to the lowering 
of the specular spot intensity, in addition to other causes nearly independent of 
diffraction. (The interaction between the electron beam and the surface, observed 
at a constant temperature, shows that the specular spot intensity is dependent on 
the incident and azimuth angle of the beam [1]. This is an indication that the 
diffraction also plays an important role in the process. When we observed the 
temperature dependence at fixed incident and azimuth angles, then we found the 
same relations [3]. The change in the angles was followed by the same pattern in 
the intensity change. From this we have concluded that specular intensity change 
versus temperature in not a diffraction phenomenon. The dispersion from the 
roughened surface is high and therefore the specular spot intensity will be low. 
With increasing temperature the crystal components begin to leave the surface, 
leaving a rougher surface behind. 

The upper part of Fig. 3 depicts a simplified model of a semiconductor. Since the 
metallic component has a sticking coefficient near to unity (SIII~1) it is expected 
that with higher temperature As will leave the surface. The incorporation of As 
takes place in three steps. The first step is the physisorption of the arsenic species, 
followed by the second, the dimeralization of the arsenic to be finally chemisorbed 
in this form to the surface. The dimers will split at this third stage and the arsenic 
atom will finally be incorporated in the lattice. These processes represent three 
different energy levels. In our experimental temperature range, however, we only 
need to deal with the last two processes [5-12]. 

B. A. Joyce provided a graphic description of the RHEED specular spot intensity 
variation, resulting from the growth of layers, which leads to intensity oscillations 
following the growth layer by layer [13]. The starting point of this description is 
that the surface is perfect to begin with; therefore the reflection of the electron 
beam is high from the surface, resulting in high specular spot intensity. During the 
process of growth, crystalline seeds form, which in time grow into islands. When 
these islands coalesce, they then form a complete new surface. During growth, the 
initial surface loses its smoothness and becomes rougher. This results in larger 
electron dispersion and reduced specular spot intensity. 
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Figure 3 

The chemisorbed As is incorporated in the surface in two stages. It is bound to the surface in the first 
stage in dimer and then in the second stage in atomic form. 

The smooth surface gradually becomes rougher until it reaches maximum 
roughness, at which point it starts becoming smoother again. This change in 
surface morphology leads to specular spot intensity variation and eventually 
intensity oscillation. In spite of the simplicity of this model, it explains the decay 
of the RHEED intensity oscillation and confirms its quantitative description [14, 
15]. The model of course is a gross simplification of the complex interaction 
between the electron beam and the surface. The specular spot intensity depends on 
the incidental angle and the electron beam direction, which is the cause of the 
phase shift of the intensity oscillation [16]. A number of researchers have already 
investigated and tried to explain this phenomenon [17-23]. The surface is always 
different from the bulk material because it tries to relax by getting to an energy 
minimum state and involving various surface reconstructions [24-31]. These 
reconstructions are dependent on the substrate temperature and the flux of the 
components. The reconstructions have very complicated phase diagrams. In first 
approximation there are two reconstruction phases to be considered. The first 
phase is when an As rich surface forms at a lower temperature and the second is 
when a surface, rich in Ga/In, forms at a higher temperature. In case of GaAs, the 
As rich formations are (2x4), c(2x8), C(4x4) or Ga-rich are (4x2), c(8x2), (6x6), 
(4x6). Between them there are transitory reconstructions such as (3x1), (1x6). Due 
to symmetry, one particular reconstruction may represent different atomic 
arrangements. For growing GaAs, the most widely used reconstruction is the 
β2(2x4), which in the direction of [-110] forms lines, made of As dimer pairs with 
trenches between them of depleted Ga. This surface is called As terminated after 
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this particular structure. During growth, this represents the perfect surface with 
maximum reflectivity, although the surface is obviously not flat. For the Ga 
induced growth the starting surface is (2x4), formed in an As atmosphere [14, 16] 
(see Fig. 4). As layers are grown one after the other, the surfaces of the successive 
layers become rougher, the oscillation decays and the secular spot intensity drops 
to minimum. In that case, the Ga rich surface shows (4x2) reconstruction [16]. 
Tempering of the surface, for maximizing intensity, is carried out by heat 
treatment in As atmosphere. With the increase of the secular spot intensity the 
(2x4) reconstruction reappears again [16]. The various surface reconstructions are 
associated with different surface stoichiometry, which is closely linked to the 
RHEED intensity. [32]. Although a large amount of information has already been 
compiled on the subject of surface reconstruction and its effect on the intensity 
and growth, there are still no acceptable comprehensive explanations of the 
phenomenon. 

 
Figure 4 

The surface reconstructions in As rich and in Ga rich cases. The relation between secular spot intensity 
and reconstruction. The reconstructed surface shows domain structure. 

It is obvious that the explanation for the link between the roughened surface and 
the RHEED specular spot intensity covers only part of the truth. The surface, 
producing the maximum intensity, is not without imperfections, due to relaxation. 
At the same time the surface stoichiometry is changing all the time. A crystal 
surface with high content of As is associated with higher RHEED specular spot 
intensity, while a surface with high Ga/In content produces lower intensity. This is 
supported by observations of the phenomena at droplet-epitaxy, which shows that 
an As rich stripy RHEED picture becomes diffused, when the atoms of the Ga 
beam combine with the As atoms on the surface, they bind the Ga down and Ga 
settles on the surface [33]. 
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As shown before, the specular spot intensity depend on the surface morphology 
and the surface construction. The increase in temperature causes primarily arsenic 
to leave the surface; therefore a perfect surface with high reflectivity is rich in 
arsenic. Any surface rich in metallic components has low reflectivity, disperses 
electrons and is the subject of droplet formation. Both the InAs and the GaAs 
crystallize in face-centered-cubic structure, with covalent binding, where four 
identical bindings can form due to sp3-hybridisation. The four equivalent bindings 
represent identical electron distribution in different directions. At the surface this 
symmetry breaks up and the surface relaxes. In the case of the arsenic terminated 
surface, the probability of the presence of the electrons is higher, due to the 
distorted electron distribution caused by the missing binding, perpendicular to the 
surface. When the surface is Ge terminated, then the effect is the opposite. The 
arsenic terminated surface becomes marginally negative, repelling the electrons, 
making the specular spot intensity higher. When, however, the surface is In/Ga 
terminated, then the electrons of the incident beam are neutralized and the specular 
spot intensity is reduced. The composition and also the morphology of the surface 
is linked to the surface reconstruction, and this reconstruction is the function of the 
temperature as well as of the arsenic pressure. The various reconstructions are 
periodically roughing up the surface. 

2.2 Qualitative Description of the Chemisorbtion Induced 
Hysteresis in RHEED Intensity 

As we said before, the secular spot intensity depends strongly on the surface 
stoichiometry. The high As coverage (less metallic components on the surface) 
represents higher intensity, whilst the low coverage of As represents lower 
intensity. In the intensity description we cannot disregard the effect of the surface 
morphology (see Section 2.3). The absorption-desorbtion phenomena in general 
always show hysteresis. The absorption-desorbtion depends on the state of the 
surface. Due to this dependence, the species bound at the surface, facing different 
conditions at the beginning, than later on when they leaving the surface towards 
the end of the process. This is of course true when the process is reversed. The 
absorption-desorbtion process of the materials falling into the III-V group is very 
complex. 

The peculiar residing properties of the As, described in Section 2.1, has been the 
subject of investigation by a number of researchers using different methods [34-
39]. In our case the As turned out to be in tetramer form (As4). The As tetramer 
splits up on the arrival to the surface and settles in as one or two As dimmers, 
depending on the availability of free locations. Following that, it resides into its 
final location in the atomic state. The process is depicted in Fig. 5 where 
activation energy of the dimmer is marked with EAS2, while the residing energy of 
As is represented by EAs. When the As is leaving the surface then the process is 
reversed. The As can leave the surface directly without going through the dimmer 
state; therefore the two processes do not mirror each other. 
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Figure 5 

The qualitative explanation of the hystetesis in InAs with the absorption–desorption process 

The roughening of the surface and the surface V/III ratio is closely linked during 
the heat treatment. The lower part of Fig. 3 shows this ratio change against 
temperature: In the case of (a): At low temperature (Ta) the surface is As 
terminated. The crystal surface is perfect to start with and the specular spot 
intensity is high. A small variation in the temperature changes the As at the 
surface to chemisorption 2 state or causes it to leave directly. This decomposition 
in the lower layers is less probable, and therefore the surface roughening is less 
likely. In the case of (b): Any further increase in temperature (Tb) chemisorbed As 
goes into chemisorption-2 state or leaves the surface. The layer of chemisorped As 
tends to provide a shield against decomposition in the deeper layers. The departure 
of As from the deeper layers is less likely, so the roughing effect on the surface is 
small. As a result, the specular spot intensity will drop. In the case of (c): At high 
temperature the As coverage on the surface is zero; therefore likelihood of the 
surface decomposition will increase, since As can leave the crystal from the 
deeper layers as well. It results in further roughening of the surface and a drop in 
the specular spot intensity to minimum, due to Ga coming to the surface. 

Let us consider the As surface coverage (Θ), the surface roughness and the change 
in the specular spot intensity as the function of the temperature for an idealized 
semiconductor surface. The As surface coverage can be the result of the presence 
of chemisorbed atomic As (Θc) or the arsenic dimmer species (Θc2). In our model 
we will consider the near equal presence of the two form of As, in order to avoid 
further roughening of the surface. The resultant coverage therefore is the sum of 
the two coverages (Θ = Θc + Θc2). Fig. 5 shows the intensity as a function of 
temperature. The curve follows the A-B-C-D path for increasing temperature, 
while it goes on the D-E-F-G path when the temperature decreases. Let us 
investigate now the surface in a few strategic places and the reason for the 
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hysteresis. In the state of (A) the temperature is low (T1) and the As terminated 
surface reconstruction is (2x4). The surface is perfectly smooth and the specular 
spot intensity is at maximum (Ia). Between (A) and (B) the temperature grows (T1-
T2), and therefore for the chemically bonded As atoms, is more difficult to leave 
the As terminated surface, due to the strong bond. (EAs). The minimum loss of 
arsenic results in minimum loss surface roughening. As a result the drop in 
specular spot intensity is minimal (~Ia). Due to the high activation energy of 
chemisorbtion, a noticeable change in the surface condition can only be the result 
of a significant increase in the temperature. In the A-B region, therefore, no 
significant change will occur (Θ = Θc). It should be noted that the chemisorbed As 
sticking coefficient is dependent on the coverage (ScAs(Θ)), which explains the 
noticeable intensity drop in the A-B region. In stage (B) the chemisorbed arsenic 
species can convert into dimerized state in large quantities (Θ = Θc2). The arsenic 
coverage does not change significantly, and therefore the intensity only changes 
slightly. Between (B) and (C) the chemisobtion state become vacant (Θc = 0). In 
the (C) state and in the C-D range, small temperature variations can cause large 
sudden changes in the intensity. The dimer state can easily become vacant due to 
the low activation energy. The disappearance of most of the As from the surface 
represents a large change in the V/III ratio. As we have shown above this also 
results in a drop in the intensity of the specular spot (maximum surface 
roughness). The dimerisation sticking coefficient is a function of the coverage 
(Sc2As(Θ)). In (D) the dimerized state becomes vacant (Θc2) and therefore the 
RHEED specular intensity is minimal. 

Returning from (D) position, by reducing the temperature, the dimmers start 
setting in at a lower temperature, marked (E), due to the fact that the setting in 
process for As is far more complicated than the process of leaving the surface. The 
dimmers set in through the splitting of the tetramers, causing the hysteresis in the 
process. This is amplified by the shift, resulting from the recovery from the 
roughening of the surface. The second hysteresis loop has a similar explanation for 
the return leg. 

2.3 Qualitative Description of the Reconstruction Induced 
RHEED Intensity Hysteresis 

As we have shown before, the RHEED secular spot intensity has a strong relation 
to the surface stoichiometry. Less concentration of As and more metallic 
components represent higher, whilst the opposite brings lower spot intensity. In 
observing the intensity, however, we cannot neglect the surface morphology 
either. Generally speaking the absorption-desorption processes show hysteretic 
properties. The absorption-desorption depends on the state of the surface, 
therefore the species bound to the surface and leaving the surface first, face 
conditions substantially different to those leaving the surface last. This is 
applicable to the opposite process as well. The absorption-desorption processes of 
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the III-V materials are complex. The change in the secular spot intensity cannot be 
attributed entirely to the absorption-desorbtion process, although the surface 
coverage of As has a vital role in the phenomenon. 

We can observe the change in the RHEED pattern during the temperature cycle. 
By observing a surface in quenched state through Atomic Force Microscopy 
(AFM) we can see that the surface is composed of domains of different states of 
reconstructions [30]. With changing temperature these domains will change their 
size at each other’s expense. As a result, not only the distribution of the 
reconstructed domain will change but the composition map as well, all 
contributing to the change in the specular spot intensity. 

Looking at the I(T) diagram (see Fig. 1) of InAs, we can find two hysteresis loops. 
One is at lower, another one at higher temperature. In case of GaAs one loop 
exists at lower temperature, while the other is a single line, which however can be 
regarded as a degenerated loop (see Fig. 6). 

 
Figure 6 

The qualitative explanation of the hystetesis in GaAs with the absorption –desorption process 

Experimental evidence supports the view that in case of the higher temperature 
loop, the mid-temperature of the loop decreases with dropping As pressure, while 
its width increases at the same time. The experiments were carried out at different 
temperature settings but at the same pressure for both InAs and GaAs. It is quite 
possible that for GaAs, a second loop also exists at lower temperature. This leaves 
the question unanswered whether the comparison between GaAs and InAs was 
made at optimum conditions (temperature, As pressure, etc.) and how far these 
results are from optimum. 
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We saw that the I(T) diagram has two hysteresis loops, and in both cases, if we 
regard one, in the case of GaAs, as a degenerate loop. It is evident that each of the 
loops corresponds to one different surface process and these processes are coupled 
to one another. A spin valve has similar characteristics. The loop at low 
temperature has higher intensity; therefore it is linked to surfaces with higher As 
content and processes. In both regions the RHEED indicates (2x4) type surface 
reconstructions. With the (1x1) surfaces, with no reconstruction, the dangling 
bonds are pointing in [-110] direction [30]. 

The As rich reconstruction lines are forced to run in this direction. This surface 
symmetry can come in a number of reconstruction types: α(2x4), α2(2x4), β(2x4), 
β2(2x4), β3(2x4), γ(2x4) [30]. The transformation of these domain structures into 
each other is the cause of the hysteresis loops. The (2x4) domain energy levels are 
very close to each other. The high As content β2(2x4) type reconstruction forms 
first at lower temperature and this is followed gradually by the formations of the 
lower As content α(2x4), α2(2x4) type domains. The β2(2x4) type reconstructions 
are more stable than any of the previous ones, and therefore its lifetime is longer; 
it only transforms at higher temperatures and at a faster rate. This represents the 
upper part of the intensity curve. At decreasing temperatures, the reconstructions 
of low As content will materialize first, followed by the β2(2x4) reconstruction at 
the appropriate temperature. Because it is a more favorable atomic arrangement it 
accelerates the dominant process on the surface. The path of the intensity curve 
will be different, forming the lower branch of the hysteresis loop. The changes are 
not only the result of the variation in the temperature but also of the delay caused 
by the transformation of the phases into one another. In other words, during the 
spontaneous transformations between equal energy states the stable states will 
stay; therefore the growth of the domains will not be dependant solely on 
temperature. (The transformation takes up energy). The loop at lower temperature 
for GaAs is similar to that of InAs, because the polar surfaces in both cases are 
solely determined by the behaviour of the As. The process around the loop of InAs 
at higher temperature (and the pseudo loop of GaAs) is determined mostly by the 
metallic component, so the difference is greater. 

We can observe the (4x2) reconstruction at higher temperatures, where the 
dimmer lines of the In/Ga propagate in [110] direction [39, 40]. It is obvious that 
for the InAs the [110] direction represents the pinned structure, causing the As 
rich “hard” hysteresis. As the temperature increases the pinning is destroyed, the 
surface transforms quickly into an In rich (2x4) surface, resulting in a sudden 
intensity drop. This is what causes the double loop “soft” branch. The intensity 
change in this loop is much greater than in the previous one, because the sudden 
disappearance of the As, against the gradual drop in As before. 

The procedure for GaAs is different. The As rich (2x4) reconstruction is followed 
by another As rich (3x1) reconstruction [32], which overlaps with the Ga rich 
(4x2) reconstruction. This is why we can assume the domain like transformations. 
The transformations here are not at all like those of the two state systems of InAs. 
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This is rather similar to the loop at lower temperature. Because the reconstructions 
here differ greatly energy wise as well as structurally, the speed up and the slow 
down effects of the domain interactions are not present. We can also assume that, 
the roughness of the surface plays an important role in the intensity change due to 
the varying structure and layering. It is possible therefore that the temperature 
sweep in both directions would result in the same intensity versus temperature 
curve. 

2.4 Modeling of the Hysteresis in the RHEED Intensity 
Although hysteresis has been known for a long time and well documented, 
coupled hysteretic systems spin–valves were only discovered forty years ago [41]. 
Its counterpart, the inverse spin–valve, is less than ten years old [42]. Although the 
phenomenon described in this paper is far removed from the physical mechanism 
of inverse spin-valves, its general character is strikingly similar. In general terms, 
the spin-valve effect involves two coupled hysteretic processes and is 
characterized by two hysteresis loops flowing into each other as the excitation 
varies periodically. Although there are a number of known models for describing 
hysteresis in magnetism, e.g. Preisach, Jiles, Stoner-Wohlfart, etc. [43-45], so far 
it is only the T(x) hyperbolic model which can describe this rather complex 
phenomenon of two coupled hysteretic processes, forming a spin-valve character, 
on non magnetic terms [46]. The hyperbolic model has successfully been applied 
in several cases [47, 48]. 

The model is based on the Langevin’s theory of ferromagnetism and well 
described in literature [41]; therefore here only a brief reminder will be given to 
the reader. For further information the reader is referred to the literature. 

In the hyperbolic model each of the independent constituent components are 
identified and formulated by their separate hyperbolic functions. The components 
are separately analyzed and then linearly superimposed using Maxwell’s 
superposition principle. The fundamental equations are shown in normalized 
canonic form: 
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Here y is the RHEED specular spot intensity in normalized form, A is the intensity 
amplitude (maxima), � is the speed of the process or reaction, a0 is the measure of 
the hysteresis, xm is the maximum temperature swing used in the experiment and n 
is the number of components present in the process (for spin-valve like systems 
n=2 for both the ascending and the descending branch). The positive and the 
negative sign represent the ascending and the descending branch within a single 
loop respectively. In spin-valve like processes the two coupled loop has opposite 
hysteretic rotation, represented by the opposite sign of their a0 parameter. 

The model leads to the calculation of the activation energy of each of the 
constituent processes involved in the surface reconstruction. Following 
Boltzman’s relations [49, 50] the �activation energy involved in each leg of the 
hysteresis loop can be calculated as 0( )x a kTε α= − , where � is the 
inclination of the leg of the loop in K-1, representative of the speed of the process 
or reaction at x = a0  temperature (in K) including hysteresis, k is the Boltzman 
constant and T is the mid temperature of the processes in K [4, 51]. 

During calculations we assumed a linear relationship between the surface process 
and the RHEED specular spot intensity. In order to refine our results, presented 
here, further tests are planned to check the influence of the method of detection 
and the linearity of the instrumentation used, on the experimental results. 

2.4.1 The Hysteretic Phenomenon in Case of InAs 

The hysteresis in the RHEED specular spot intensity occurs between 425 °C and 
475 °C for InAs surface. This temperature range is low relative to other substances 
like GaAs, indicating lower binding forces, supported by the lower thermo-
stability [6]. With gradually increasing temperatures, the desorption of the As will 
increase, changing the ratio on the surface between As and the III/As in favour of 
the metallic component. It is known from observations that, during heat treatment, 
the As background will vanish and after a time a continuous layer of Ga will form 
on the surface. As a result the RHEED picture becomes diffused and the specular 
spot blends into the background [25]. The same happens when the surface is 
subjected to metallic flux without the presence of As. We can assume a strong 
relation between the intensity of the specular spot and the presence of the metallic 
substance in the upper surface layer. This is supported by the ongoing (2x4) and 
(4x2) reconstructions. Within the investigated temperature range there are two 
interactive hysteresis loops, as depicted in Fig. 7, showing the measured loop and 
the one predicted by the model. The parameter values (normalized and in physical 
units) used in the calculations, representing the best fit to the experimental data, 
are tabulated in Table 1. This table also includes the energies involved in the 
individual processes. 
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Table 1 
The numerical parameters of InAs hysteresis loop calculated from the model 

Amplitudes in 
arbitrary units

Speed of 
process 
normalized 

Speed of 
process in 
/C0 units 

Hysteresis 
�T   
normalised 

Hysteresis �T 
in C0 units Energy in  eV 

 T C A1 A2 �1 �2 �1 �2 a01 a02 a01 a02 �1 �2 

Up 1.5 0.2 25 17.5 0.4 0.28 0.25 -0.17 15.62 -10.65 -1.00 -0.24 

Down 440 1.5 1.5 25 17.5 0.4 0.28 -0.1 0.65 -6.25 40.62 -0.76 0.26 

Up 1.5 0.2 25 17.5 0.4 0.28 0.25 -0.17 15.62 -10.65 -0.16 0.381 

Down 471.5 1.5 1.5 25 17.5 0.4 0.28 -0.1 0.65 -6.25 40.62 0.112 0.92 

 
Figure 7 

Measured and modeled InAs I(t) loops showing the inverse spin-valve effect involving two coupled 
hysteretic processes, characterized by two hysteresis loops 

This first successful modeling of the phenomenon has far reaching implications. 
The model predicts that there are two separable, simultaneous coupled processes 
taking place on the surface of InAs crystals at a given time. In one temperature 
cycle, in both cases, the up and down processes involves two single simultaneous 
physical processes, namely the surface morphology and the surface stoichiometry. 
Each of the four processes is described by one separate function in the model. In 
the phase of up-going temperature the dominant process is stoichiometric, 
representing nearly 85% of the RHEED intensity changes. The rest is due to the 
changes in morphology. However, when the temperature is decreasing, the 
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contributions of the two processes are equal (50%-50%). This finding strengthens 
the physical explanation given before and the results of the RHEED studies 
carried out on InAs. 

2.4.2 The Hysteretic Phenomenon in Case of GaAs 

The hysteresis in the RHEED specular spot intensity occurs between 545 °C and 
610 °C for GaAs surface. This temperature range is higher than that of InAs, as 
shown before, indicating higher binding forces. The (2x4) and (3x1) surface 
reconstructions as well as the (3x1) and (4x2) dominating the process are the same 
as before for the InAs. This represents a temperature shift in the region where the 
same surface forces come into play at higher temperature. The first loop of 16.8 
°C wide appears at the lower end of the range. The loop at higher temperatures is 
degenerative. This is a phenomenon which is not uncommon in the spin-valve 
character. The loop, predicted by the model, gives a good fit to the measured 
specular spot intensity versus temperature I(T) curve as shown in Fig. 8. 

 
Figure 8 

Measured and modeled GaAs I(t) loops showing the inverse spin-valve effect involving two coupled 
hysteretic processes, characterized by two hysteresis loops 

Although the model predicts the presence of a very narrow loop in the GaAs 
intensity plot at higher temperatures as well, its width is probably within the 
experimental error. It is interesting to note that while the physical parameters used 
in modeling are different for the two substances the approximate ratios between 
the amplitudes (An) remained nearly the same. This is a good indication that 
although the range of temperature shifted, the surface reactions are the same for 
the two experimental substances as we have initially assumed. The best fitting 
numerical parameters and the appropriate energy values are tabulated in Table 2. 
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Table 2 
The numerical parameters of GaAs hysteresis loop calculated from the model 

Amplitudes 
in arbitrary 
units  

Speed of 
process 
normalized 

Speed of process 
in /C0 units  

Hysteresis 
ΔT   
normalised 

Hysteresis ΔT 
in C0 units  Energy in eV  

GaAs  T 
C0  

A1 A2  α1 α2  α1  α2  a01 a02  a01  a02  ε1 ε2  

Up  1.5 0.2  4  6  0.0246 0.037  0.1  0.1  16.21 16.21 -0.065 -.0108   

Down  
562  

1.5 1.5  6  5.5  0.037  0.0339 0.52 0.1  84.32 16.21 -
0.0898  0.19  

Up  1.5 0.2  4  6  0.0246 0.037  0.1  0.1  16.21 16.21 0.007  0.1  

Down  
588  

1.5 1.5  6  5.5  0.037  0.0339 0.52 0.1  84.32 16.21 0.01  0.309  

Conclusion 

In former literature, the RHEED intensity variation in InAs es a GaAs has a 
completely different interpretation, attributed to different physical processes [1]. 
The one in InAs is described as a first order phase transition, whilst the one in 
GaAs is regarded as a second order phase transition. We propose in this paper that 
the driving force in this kind of surface phenomenon is the same for both of the 
investigated substances with only a different emphasis on its constituent 
components. The model predicted the presence of two hysteresis loops in both 
cases, showing the two processes involved. (At higher temperatures, in the case of 
GaAs the second loop is present but narrow or degenerate). The model describes 
in both cases with identical formulation using the same physical parameters with 
different numerical values. This shows a logical approach and points towards a 
unified way of describing the phenomena without introducing different 
interpretations in each individual case. We also pointed out that the double 
hysteresis loop is due to the absorption-desorption process and the changing, 
domain-structured surface morphology (surface reconstruction). The explanations, 
given for the intensity change, are the stoichiometry, polarization and surface 
roughness. We can distinguish between a soft and a hard loop, which also 
characterizes the spin-valve configuration. The constituent processes causing the 
double hysteresis loop (absorption-desorption and the changing reconstructions) 
affect the phenomenon in a different way when the temperature increases or 
decreases. The model showed that whilst the two processes play an equal role 
(approximately1:1) when the temperature decreases, this ratio is substantially 
different (approximately 3:1) when the temperature is on the increase, due to the 
kinetics of As incorporation. 
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