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Microscopic mechanisms of surface phase transitions on InA6801)
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Microscopic mechanisms of the ¥4) to (4X 2) surface phase transition on INA81) are identified using
a combination of theoretical and experimental methods. Two distinct transition stages are found, both rate
limited by As, desorption. The unusually high prefactors observed experimentally are traced back to the
microscopic As desorption processes. Calculated interactions between As dimers explain the observed disor-
der of the mixeda2(2X4) and B2(2x4) reconstructions and are not responsible for observed first order
behavior of the transition.
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[. INTRODUCTION The prefactory and activation energf, of the As, de-
sorption process for INA801) surfaces have been measured
Understanding phase transitions on surfaces is of fundasreviously using mass spectrometry and reflection high-
mental scientific interest as well as important for many techenergy electron diffractiotRHEED).™*? Assuming a single
nological applications. For semiconductor surfaces espeprocess, the data were fitted to
cially, a full microscopic understanding of reconstruction
transitions is desirable, but difficult to attain due to their
complex nature. Only in special cases can experimental data
alone unambiguously identify elementary surface processes.
As we will demonstrate, the application of modern theoreti-wherel is the desorption rat€], is the surface temperature,
cal and simulation methods, in combination with availableandkg is the Boltzmann constant. The prefactor deduced by
experimental techniques, can enable a significantly deep&asaoka, Kato, and Ustiwas v=10" s™*, anomalously
understanding of the microscopic processes underlying thedégh in comparison to prefactors for other desorption pro-
transitions. cesses, typically in the range of #Go 10" s™1. Their fit
A common and intriguing feature of tH@01) surfaces of with E,=2.86 eV only agreed at high temperatures with the
all 111-V semiconductor compounds is the wide variety of measured data. Liang and *fudetermined two activation
surface reconstruction@hases differing in symmetry and energies for a high- and low-temperature range. Indeed, large
stoichiometry that are observable, e.g., in molecular beardiscrepancies in reported activation energies are found in the
epitaxy (MBE), at different temperature and group V fluxes. literature ranging from 1.6 to 3.0 €¥.**
For the (001) surface of group Ill arsenide@IAs, GaAs, To investigate the microscopic processes involved in the
InAs), for instance, a (X4) symmetry is observed under a InAs(001) (2x4) to (4X2)-reconstruction transition we
wide range of flux conditions. In the metal rich regime, ahave employed an interactive combination of DFT calcula-
(4% 2) phase appears. Recedlb initio calculations using tions and kinetic Monte CarlgKMC) simulations together
density functional theoryDFT) have clarified the stabilify®  with scanning tunneling microscop§STM) and RHEED
and qualitative similarity of the arsenide surface measurements. We find that the transition can be divided into
reconstructiond:* The transitionsbetween these reconstruc- two distinct stages both rate limited by Adesorption kinet-
tions, however, have several interesting features, none afs: (1) a 82(2xX4) to a2(2X4) transition consisting only
which are understood at a microscopic level. For exampleof simple single As-dimer desorption aifid) an «2(2x4)
GaAd00)) changes reconstruction from ¥4) to (4x2)  to (4X2) transition accompanied by In sublattice rearrange-
continuously as a function of temperature, while the samenent. In addition, we find that the interactions between As
transition is first order for INA®01).” These changes in sur- dimers in the (X 4) reconstruction contradict explanations
face phase are intimately linked to the adsorption and deef the first order phase transition for In@91).”*° It also
sorption of arsenic, a subject of study since the inception ofollows that no ordered phase within the2(2xX4)-82(2
MBE.®° The desorbing molecule was identified to be,As x4) reconstruction regime exists at finite temperature.
(Refs. 10 and 1Llwhereas the experimentally determined We employ the following methodology in this study.
prefactors for desorption from ¢24) surfaces range from Time-dependent RHEED intensity measurements are used to
102 s! for GaAq001) to the unusually high value of monitor changes associated with the structure of the
10*° s for InAs(001).! These facts suggest that more InAs(001) surface observed under a zero As flux condition.
complicated processes than simple,Adesorption might Two distinct stages of the (24) to (4X2) transition are
control the (2<4) to (4X 2) phase transition. In spite of this revealed. STM images show that initially the surface has the
interesting behavior, however, even the simple question oB2(2x4) reconstruction, then transforms inte2 (2x4),
whether As or In kinetics controls these processes has nand finally into a metal rich (% 2) reconstruction. We fur-
been conclusively answered. thermore study static, annealed IfB81) surfaces under

FIVEX[Z(—EA/kBT), (1)
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constant As flux by STM. The microscopic processes in- 1822x4) a2(2x4) (4x2)
volved are investigated theoretically using DFT calculations
and kinetic Monte CarldKMC) simulations based on DFT-
determined energies. The prefactor for As desorption is de-
termined by direct comparison of the KMC simulation re-
sults to STM data for annealed surfaces at fixed As flux.
Finally we independently check our simulation results by
comparing to annealed surfaces under different As flux and
to the initial desorption experiment under zero flux condi-

Stage || Stage ll

Specular spot

S

Intensity [arb. units]

. 4x-feature
tions.
Il. EXPERIMENTS
Two different kinds of experiments are carried out to in- 0 20 40 60 80 100
vestigate the As kinetics on the In@91) surface. First, we Time [s]

study the dynamics of an initially As-rich surface under zero
As flux. Second, surfaces are annealed under fixed finite As FIG. 1. Evolution of RHEED intensity during the ¢24)-(4
flux and the static surfaces are then investigated by STM. X2) transition aff =430°C. To reduce background Asffects, the
We prepare As-rich surfaces of In@1) on undoped starting surface is stabilized in the X2) regime with the lowest

buffer layers 0.5 wm thick) grown at 470°C on undoped possible As flux and then “dos'ed".by qu!ck!y opening the valve.to
InAs(001) substrates using conventional techniques in a VG as=2-4 ML/s for 2 sedresulting in the initial dip and recovery in
80H (Ref. 16 machine. The magnitude of the incident flux intensity, and then shuttering and closing the valve.
from the valved EPI Ag source is measured by the uptake
method!’ The surface symmetry and changes in morphologywe clearly observe the double dimer rows associated with the
are monitored using the diffraction and specular features 0[32(2>< 4) reconstruction. The second sample, shown in Fig.
in situ RHEED at 13 keV and a nominal 1° angle of inci- 2(p), was produced using RHEED and PE signals that
dence. PhotoemissidiPE) from the InAs _surfgce, generated matched those just prior to the observation of<(2) as
by 5-7 eV photons from a Dlamp, is simultaneously  shown in Fig. 1. An atomic resolution STM image of a sur-
monitored.™ o face containingd2(2x4) as well ase2(2x4) unit cells is

_To investigate the kinetics of the ¢24) to (4X2) tran-  presented in Fig. 3. On the basis of the high resolution im-
sition, the InAs surface is stabilized in the As-richX2)  ages we are able to clarify structures of surfaces as presented
regime. The surface is then allowed to convert toX@) by  jn Fig. 2.
closing the As valve and shutter. The experiment is carried  From these STM results, we clearly observe a loss of
out at different temperatures. Upon cessation of the diregjpp-layer As dimers at lower Adluxes, indicating that prior
As, flux, we observe that the surface symmetry in RHEEDtq formation of the (4<2) phase, the surface transforms to a
stays (2<4) initially while the specular spot loses intensity primarily «.2(2x 4) structure. The microscopic structure for
(stage I in Fig. 1. A minimum in the specular spot intensity hoth the @2(2x4) and 82(2x4) reconstructions is sche-
is reached after which the intensity of tt@1/4) order streak  matically shown in Fig. 4. We have confirmed that these are
observed in thg110] azimuth begins to increase sharply, ingeed the most stable and likely structures for this surface,
indicating that the surface is converting tox2) (stage ). ~ poth by DFT (Ref. 4 and by atomic-resolution STRF.
Under the diffraction conditions used tf@1/4 order streak These observations strongly suggest that the desorption ex-
appears as a concentric light spot and will be called thgeriments can be rather simply interpreted: At the initial

4% feature in the following discussion. A similar behavior is stage, the surface is clear§2(2x4) whereas a primarily
noted in the PE signal as well, and the results are reported

elsewheré® The qualitative behavior is unchanged within
the temperature range investigated here (380°—470°C).

In order to understand the variations in surface structure
that are responsible for the observed changes in the RHEEI
and PE, several surfaces were studied using STM. Sample
were quenched from a steady-state annealing condition by
simultaneously shutting off the substrate heater power, clos;
ing the shutter and valve on the Asource, and rotating the
sample towards the cryopanel. The samples were transferrep
in UHV through a gated transfer tube to a connected analysis
chamber containing an Omicron LS full-wafer STM where
they were subsequently imaged at room temperature. The
first sample was prepared with RHEED and PE signals that FIG. 2. Filled-states constant current STM ima@®5V bias,
matched those observed at the initial state of the sufface  0.05 nA) of an InAS001) surface annealed at 420°C for 20 min
just prior to shuttering the As sourcé\s shown in Fig. 2a)  with (@) Fp,=0.8 ML/s and(b) F5c=0.02 ML/s.
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neal: we observe fewer of the larger structures at either
higher As flux or decreased anneal temperature.

This correlation suggests that these features may be con-
nected to an equilibrium adatom populatiriThe surface
adatom concentration theoretically should have a similar de-
pendence on anneal conditions, and this has been observed
experimentally for GaA43 However, unlike the observations
on GaAs, these extended structures, while sometimes span-
ning several dimer rows, fall short of appearing rason-
structedislands when quenching from moderate anneal tem-
peratures (380-430°C). Only quenching from higher

(. temperatures 440°C) appears to produce morphologies

FIG. 3. Atomic resolution filled-state constant current STM im- similar to_ thos_e o_bserved for Gaas. W_e feel thz_it these fea-
age (1.3 V bias, 0.05 nA of an InAS001) surface annealed at tures, while ublgunous, do not have a_d|spr0port|0nate effect

on our desorption measurements. If indeed these structures

380 °C for 60 min withF,s=0.08 ML/s. Special unit cells are ble ad | h h il di
marked and the corresponding As coverage in the top layer is giver{epresent stable adatom complexes, then they will disrupt at
most a few percent of the surface.

a2(2x4) surface is observed at the minimum in the In stage Il of the phase transition, the surface changes
RHEED specular intensity shown in Fig. 1. from a2(2X4) to a (4x 2) reconstructed surface. Using the
Aside from the reconstructed units on the surface, we findime dependence (Zf the>4 diffraction feature, measured
that there are numerous larger, nonperiodic defect structurd&®m T=430 to 490°C, we determined the activation energy
such as trench-filling defects and bright “on-row” features for the a2(2x4) to (4x2) transition to be 2.80.2 eV. The

that appear to sit either symmetrically or asymmetricalIy_Co”eSponding prefactor obtained from the experimental data

atop the dimer rows, as well as more extended, islandlikéS v=10"° s7%.
structures. Similar structures have also been observed previ-

ously on InAs surfacé$ quenched~ 100 times faster than

our estimated quench rate of 2—3°C/sec. We have done nu4il. DENSITY FUNCTIONAL THEORY CALCULATIONS
merous experiments to trace the source of these features. For_ ) ) _
instance, the quantity of these features does not correlate 10 investigate As desorption from INA€0D) theoreti-

with extended exposure to post-anneal conditions in th&@lly, we first calculate energies for As dimers bonded to
growth chamber, transfer tube, or STM chamber. In fact!NAS(00D-(2x4) surfaces employing DFT calculations.

there appears to be a slight tendency for the overall popula‘{[hese calculatior_ls are carrie_d out v_vi'Fhin the generalizgd gra-
atiofGGA) usingab initio norm-conserving

Double dimer
B2(2x4) cell
50 % coverage

Single dimer
a2(2x4) cell
25 % coverage

[ JNe N JNoNN BNy JNel ]

[e]

tion to decrease with increased time at the anneal temper&i€nt approximationi( :
ture. The strongest correlation appears to be with substrai%seUdOD‘?tem'a@ Energies and structural data are con-
temperature and the magnitude of the As flux after the an}_/erged with respect to ce.II size. Wave functions are expanded
in a plane wave basis with a converged cutoff energy of 12
ecece ecece ece Ry and integrated using an equivalent set ofk6doints per
;:j ;13(2 :}: Z\I\E ° :}:: g@g:i (1x 1) cell. A slab geometry with periodic boundary condi-

o E tions is used consisting of the converged thickness of eight
seoece I eoece I eoece atomic layers for each vacuum and slab with the back surface
2:{2}3 m N : o o passivated by pseudohydrogen. All layers are allowed to re-
e T YV B e lax except the bottom.

I :C :(: :{: The As dimer bond energy to the surface is defined as the
mA *lor—_° c S@ D ° total energy difference between the situation where the mol-
ceocwe .-o-e ecule is in the vacuum and where it is adsorbed on the sur-
;:: ‘m I {}3{2 I ‘i}:}:} :C b face. The local configurations seen by an As dimer can vary.
d ¢ [-110] Figure 4 depicts several Asdsorption sites on (24) re-
o o ceose o T | o As constructed surfaces with calculated bond energies as de-
[110] o In scribed in the caption. Comparing the bond energies of sites
| ; A and B we find that the effective interaction between As
/\m(\/ W [001] dimers in thg 110] direction is negligible. The interaction in
p2(2x4) '02(2x4) [116] the[110] dire_zction is_ therefore given by th_e difference of the
bond energies of sites A and C or, equivalently, B and D,
FIG. 4. Adsorption sites of As dimers ar2(2x4)-g2(2x4) ~ 'esulting in a repulsive interaction of 0.71 eV between
reconstructed surfaces. The determined adsorption energies a#Mers on next neighbor sites. Tests onx(&) cells show
E(A)=2.48 eV, E(B)=2.48 eV, E(C)=3.19 eV, E(D) that there is no effective interaction between the top As
=3.19 eV,E(E)=2.8 eV. TheB2(2x4) (solid line) ande2(2  dimers in adjacent (4) cells in the[110] direction. These
x 4) (dashedl unit cells are marked and given with their respective anisotropic interactions are understandable, given the micro-
side view. scopic structure. Neighboring As dimers in tHeL0] direc-
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tion share a common In pair that constrains any subsequer
relaxation leading to an effective repulsive interaction. In 2.5+ =

. /.—_.

contrast, As dimer neighbors in tHd10] direction share
only a second nearest neighbor in a bulklike bonding situa- 2.0
tion which has only a negligible effect.
Interestingly, neither next-neighbor dimer interaction 1.5
agrees even qualitatively with the same interactions for>
GaAg001) determined by ltoket al?” using KMC simula-
tions fit to STM data; both interactions were found to be w

positive. Furthermore, the electrostatic interaction betweer

the filled dangling bonds of the As dimers in th£10] di- 0.51

rection appears to be fully screened. Therefore it is question

able whether arguments explaining total energy differences 0-0-|

between reconstructions solely by electrostatic interactions . T

due to charge transfeare applicable here. 0 1 2 3 4 5
The lack of any interaction between dimers along the d [A]

[TlO] direction reveals another important fact: The (2 FIG. 5. Total energy of an As dimer desorbing from 1B2(2
X X 1 H _ . .

4)_and,82(2 .4) reconstructions are not, in a ther.m.Ody X 4) surface dependent on its center-of-mass distance from the sur-
namic sense, different phases of the surface. Describing tr}gce
surface by an Ising-type model, where every spin represents
a (2x4) cell, the interaction parameter is zero in both direc- . L
tions. Our calculations predict, therefore, that there are ng To show that the As dimer desorption is slower than In

v atoms leaving thex2(2X 4) reconstruction, we calculate the
_orderedBZ(th 4.),[h0m2(2><4). phatselzs at fll?lte(;errgﬁerstur_es nergy barrier for removal of an In atom using DFT. We find
N agreement with our experimental resufts. On the basis of, upper bound for this process of 1.5 eV, giving a much

these results we also concludg_ that the fwst-order (%igher rate than the Asdesorption at the relevant growth
X 4)-(4x2) InAS(001) phase transitiosannotbe explained  emperatures. For higher temperatures, however, we cannot
by the attractive As-As interactions proposed by Yamaguchiycjyde the possibility that the In diffusion will be rate lim-
and Horikoshi’'*® iting.

We now turn the discussion to stage Il of the transition.
Obviously the initial desorption fron32(2x 4) must be fol-

lowed by further desorption of Asto convert the surface to IV. DISCUSSION
a metal-rich stoichiometry. The natural choice for the initial | the following we combine the experimental results for

stage of this process is a dimer desorbing directly fromsiatic surface$STM) with the DFT calculations as input for
a2(2x4) (dimer D in Fig. 4. We find the activation energy KMC simulations. The considered microscopic processes for
for this process to be 3.19 eV. However, our theoretical inthe (2x4) to (4x 2) phase transition and their interplay are
vestigation indicates that the activation energy for the dejustified by comparing independent experimenf@HEED
sorption of any As dimer generally increases whenever the land STM and simulated results. The discussion is divided
atoms supporting that dimer form bonds to additional In atinto two stages(Fig. 1) corresponding to the regions of
oms, as is the case for the2 (2X4) structure. Specifically, RHEED signature followed by a discussion of the preexpo-
removal of the two In atoms in the2(2X4) reduces the nential factor of the As desorption, and comparison to
activation energy by 370 meléite E in Fig. 4 t0 2.82 eV.  GaAg001).
Next, we simulate the full desorption process of an As
dimer from theB2(2x 4) reconstructed surfadéelimer A in
Fig. 4) using DFT. The center-of-mags.m. of the desorb-
ing As dimer is fixed at different points above the surface To model the surface transition kinetics on the atomic
and all other degrees of freedom are allowed to fully relaxscale we combine individual microscopic processes within a
enabling a calculation of the minimum system energy at dif-KMC simulation. All KMC parameters that determine the
ferent heights. The resulting function of the total energythermodynamical equilibrium are taken from DFT as well as
monotonically increasewith the distance of the c.m. from the As-adsorption energies. Based on the results discussed
the surface as seen in Fig. 5. Recent DFT calculations usingbove, the desorption within the KMC model is described by
LDA (Ref. 28 for InAs are in qualitative agreement with our a direct, unimolecular process from surface to vacuum with
findings. Because no maximum or saddle point is found iman activation energy depending only on the local configura-
the energy, the direct desorption of the As dimer perpendicution. The DFT results are mapped with no additional free
lar to the surface is the optimal, and fastest possible desorgparameters to the As interactions within the KMC simulation
tion process. This also implies that the calculated adsorptiomcluding anisotropic nonlinear contributions up to the next
energies for the different dimer positions are identical to thenearest in-plane As dimer neighbor. Additionally, As-In in-
activation energies for desorption. teractions influencing the activation energy of the desorption

tot [e

1.0 4

A. Phase transition stage |
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FIG. 6. KMC simulation under identical conditions as used in
exp_eriment shown in Fig. 2. Only the top As dimers are shown for 0 5 10 15 20
clarity. Time [s]

are included as is the case, e.g., for the dimers D and E in FIG. 7. Comparison of RHEED specular spot inteng#ttyaight
Fig. 4. A full description of the KMC simulation will be line) and As dimer densitydashed determined from KMC within
published elsewhere. stage I.

Only the prefactor for Asdesorption is to be determined

by comparison to experiment. We therefore carry out simus,ng for our simulation results. We therefore conclude that
lations equivalent to the experiments presented in Sec. Il. B

varying the prefactor within the KMC simulation, the As : : :
dimer densities are correlated with those of the STM experiIhe desorption of a single As dimer per>(2l) cell for stage
. . I. In summary, the local reconstruction changes fr6&(2
ments. In Fig. 2) we show an STM image of a surface that ny 2 (2% 4 h h icallv in Fia. 8
is annealed at 420°C for 20 min while exposed to ap s X 4) into a2(2x 4), as shown schematically in Fig. 8.
of 0.02 ML/s. From this image, we determine the surface
unit cells to be 16%82(2x4) and 84%«w2(2X4), resulting
in a top layer As dimer density of 29%. Using the desorption
energies determined by DFT, the prefactor required in the The experimentally determined activation energy of the
KMC simulation to reproduce this dimer density is «@2(2X4) to (4X2) transition E,=2.8=0.2 eV is far
=10" s 1. The simulation result is shown in Fig(th. Asa  lower than the activation energy calculated by DFT for the
first confirmation that the relevant microscopic processes ardirect desorptiorE,=3.19 eV of dimer D in Fig. 4. How-
included and described with the correct parametprefac-  ever, the activation energy is in good agreement with the
tor, activation energywe compare the experimental result of desorption process of dimer E. The necessary removal of In
Fig. 2(a) to the simulation using identical parameters in Fig.atoms from thex2(2X4) reconstruction in order to change
6(a). The As-dimer density is significantly increased as ex-the local configuration from D to E is found to be much
pected using the higher As flux. The surface is close to théaster for InAs than the As desorption under typical tempera-
pure B82(2x4) reconstruction and only a small number of tures used in MBE. Therefore, the As desorption is also rate
As dimers are missing in quantitative agreement betweehmiting for the transition stage Il. The corresponding unusu-
theory and experiment. If we would have assumed the usuallly high prefactor ofr=10" s ! is also consistent with
prefactor v=10"% s~ for the As desorption an activation this As rate limitation. If In diffusion would be rate limiting
energy of 1.92 eV for the desorbing2 (2x4) dimer(dimer

D in Fig. 4) would have been necessary to produce the same

As dimer density in the simulation at the temperatdre /\m\/\
=420°C. This value is far outside the error of the DFT cal-

culation (= 0.1 eV) that gave 2.48 eV as the activation en- | :

ergy of the same As dimer.
Having determined all parameters for stage | of the sur-

face transition we confirm the suggested As kinetics in a

second independent test by comparing to the initial RHEED /\/OW\,

experiment shown in Fig. 1. Starting from thg2(2x 4) I

reconstructed surface in the simulation and using the As-

desorption prefactor determined above, we monitor the As e/\/@'\/\/\ [001]

dimer density during the initial stage of the surface transfor-

mation. The close correspondence between specular spot [110]

RHEED intensity and simulated As dimer densigee Fig.

7) strongly suggests that the As-desorption process is de- FIG. 8. Schematic of basic processes of thex® to (4% 2)

scribed correctly. Furthermore, we observe experimentally 8urface transition. Stage |: Desorption of ti#2(2x4) dimer.

reduction of the transition time at higher temperatures alStage Il: Removal of In atoms out of the reconstruction followed by
though it is difficult to quantify. The faster transition is also desorption of the As dimer.

B. Phase transition stage |l
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a prefactor ofv=10" s ! would be expected. Figure 8 usually high prefactor; a quantitative investigation, however,
summarizes the processes involved in stage Il of the transheeds a complete calculation of the PES.

tion schematically. The different prefactors for the two desorbing As dimers
is explainable by the compensation law, or Meyer-Neldel
C. Preexponential factor of As desorption rule (MNR).%2 This law states that within a family of pro-

. . . cesses following an Arrhenius dependence on temperature,
Here we discuss why an unusually hlgh prefactor is NOthe prefactor obeys the empirical relation
unreasonable for desorption of an As dimer and why the

prefactor should be even higher for the second desorbing
dimer in stage Il. Within transition state theo(yST) the

escape rate in aks-dimensional configuration space can be Ea
written as® v=Toexp |, (4)
MN
3N-1 H*
iHl dqidpiex;{ - kBT) wherel ' is a constant ané, is the Meyer-Neldel energy
I'=kgT—=3x . 2 specific to the investigated processes. Therefore, the change
IT dgdpexd — i of the activation energy is partially compensated by a change
=1 4P kgT of the prefactor. The MNR was shown recently to hold for

metal on metal diffusion process&sThe higher prefactor
The total system is described by its Hamiltonidraround a  for the desorption of the As dimer in stage Il of the phase
stable site whereabl* describes the subsystem excluding transition indicates that the MNR could also hold for desorp-
the coordinate associated with the transition pathway. Thigion processes from semiconductor surfaces. Moreover, be-
formula allows the calculation of the transition rate knowing cause the transition energy for desorption processes is always
the potential energy surfadPES. In principle the full PES identical to the vacuum level, the prefactor might change
could be calculated by DFT. However, this is time consum-correspondingly to the adsorption energy of an adsorbate.
ing due to the large number of degrees of freedom and ndualitatively, the higher activation energy leads to a larger
attempted here. Instead, we give plausible arguments aboaurvature at the adsorption site and therefore to an increase
what could lead to the unusually high prefactor. Expandingof the prefactor according to E(B).
the potential within harmonic approximation around the
stable and transition sites leads to the well-known expression

by Vineyard [compare to Eq(1)] D. Comparison to GaA<001)

Given the similarity between the phase diagrams of

3N
_ InAs(001) and GaA$001),* the question arises why the more

1 L@ E;—Eg typical prefactor of 18 s ! is measured for the GaAs

I'=s a1 exp{ S ) (3)  B2(2x4) to (4x2) transition** Assuming that the micro-

scopic mechanisms are qualitatively similar for both surfaces
i=1 two principle possibilities exist. Either, thrate limiting pro-
cess for GaAs is also the As desorption or the rate limiting
The fundamental frequencies at the stable site are denoted lpyocess changes to the removal of the metal atoms. If the rate
w; and at the transition site by . Their ratio determines is limited by As desorption then a qualitatively different be-
the total preexponential facter. The activation energig, is  havior of the As dimer on GaAs compared to InAs has to be
given by the difference between the transition endfgyand  postulated. This different behavior of the As desorption could
the energy at the stable si&; . be due to the different shape of the PES. Whereas the total
The desorption of an As dimer could be interpreted as a&nergy of the pathway for Asdesorbing from InAs is a
process where the saddle point of the transition is far awaynonotonic function of the distance to the surfésee above
from the surface. Hence, the stable site is given by an adhe PES of Ag desorbing from GaAs was recently found to
sorbed As molecule at the surface whereas the transition stabeve an additional maximuf.
is given by the free As dimer in the vacuum. In vacuum the If Ga atoms limit the total rate, two different explanations
additional two translational degrees of freedom perpendicuean be given why a change of the rate limiting process
lar to the desorption pathway only have a weak energetishould occur between InAs and GaAs. First, the relative
dependence, implying that their associated fundamental frédond strength between either Ga-Ga or Ga-Basnds is dif-
guencies go to zero. Similar arguments hold for the rotationalerent compared to InAs, hence changing the rate limiting
degrees of freedortor vibrational degrees at the surfack process to one controlled by Ga. Second, the ratio of the
the fundamental frequencies of certain modes become smatietal detachment to the Aslesorption rate in stage Il of the
at the transition site with respect to the stable site at théransition decreases with increasing temperature due to dif-
surface then the preexponential factor can only increasderent activation energies and prefactors. Thus, at the higher
Similar arguments were given also by Sasekal!! These temperatures typically used for GaAs, Ga detachment could
qualitative arguments may explain why we measure an unbe rate limiting.
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V. SUMMARY thermore, that the mixed2(2Xx4)-B2(2X4) reconstruc-
tion region has no ordered phase at finite temperature.
In summary, we have investigated thex(2)-(4X2) sur-
face phase transition on InA301) and revealed two distinct
stages both limited by Asdesorption. Stage | of the transi-
tion involves only a unimolecular desorption process of As We gratefully acknowledge discussions with J.H.G.
from the B2(2x4) reconstructed surface. Stage Il consistsOwen, C. Ratsch, and R.S. Ross, as well as experimental
of a removal of In and the following desorption of the secondsupport by R. Watkins. This work is supported by NSF and
As, molecule. We trace unusually high prefactors deducedARPA through cooperative agreement DMS-9615854 as
from experimental data back to Adesorption. We find fur-  part of the Virtual Integrated Prototyping Initiative.
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