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Metallicity and disorder at the alkali-metal/GaAs(001) interface
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We have investigated the adsorption of sodium and potassium on(@&Ast temperatures ranging be-
tween 85 K and 300 K. Photoreflectance spectroscopy and electron-energy-loss spectroscopy are used to
characterize the formation of a metallic phase through, respectively, the photovoltage value and the presence of
surface plasmons in the loss spectrum. Reflectance-anisotropy spectroscopy allows us to characterize the
disorder of the adsorbate as found from the width of the line at 2.3 eV, which characterizes the spectrum of the
gallium-rich surface. If the alkali-metal adsorption is performed at a temperature lower than 200 K, there
occurs a nonmetal-metal transition at a submonolayer coverage. The metallic phase appears abruptly near
0.4-0.5 ML, and there exists a transition regime where both metallic and nonmetallic phases coexist. Subse-
guent adsorption leads to the abrupt disappearance of the nonmetallic phase. At low temperature, the adsorbate
is found to be disordered since surface diffusion of sodium and to some extent of potassium is prohibited. The
metallic phase is metastable and irreversibly disappears under annealing to RT, at a temperature at which
surface diffusion becomes thermally allowed. As a result, the presence of metallicity is directly related to the
disorder of the adsorbate. For Na and for K, we have determined the diagram of existence of the disordered
metallic phase as a function of temperature and coverage, as well as of the transition region.
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[. INTRODUCTION the adsorbate. For the cleavage face of GaAs, several ordered
phases have been observed at submonolayer coverages using

Adsorption of alkali metal$AM’s) on various substrates scanning-tunneling microscog$TM).® These phases are in-
has been widely investigated because of the simplicity of theulating, which has been explained as due to electron-
interface formation and because of its technological interestorrelation effects so that at RT the system behaves as a Mott
Such adsorption has been investigated in detail in the case fsulator’ For RT adsorption on silicon, the adsorption sites
metallic substratés* and gives rise to a wealth of regimes, of several alkali atoms and the metallicity of the surface have
which have been described under the form of phase diagranfeen investigated using ST#photoemissio, electron-
as a function of coverage and temperature. At low coveragesnergy-loss spectroscopgELS),'° and x-ray diffraction
the interaction between the adsorbate atoms is negligible so In comparison with the above works, only a small number
that the atoms occupy preferential adsorption sites detenf studies have considered the effect of adsorption tempera-
mined by the substrate. If the coverage is increased, thettere on the structure and electronic properties of the
occurs a competition between the adatom-substrate interaadsorbaté?~1’ Such an effect should be very strong since
tion and the adatom-adatom interaction, in which several dissurface diffusion of adatoms, which is usually characterized
tinct phases can be observed. These phases can be orderedbpictivation energies of the order of 0.5-0.7 eV, is generally
disordered, and commensurate or incommensurate with thenpossible at low temperatuf&€T) and becomes allowed at
substrate. At a larger coverage, the stronger adatom-adatosome temperature, intermediate between LT and®RYAt
interaction favors the formation of incommensurate phased,T, one therefore expects that the alkali atoms adsorb in a
in which the adsorbate structure is less dependent on thdisordered way® The present system constitutes a model
substrate. The effect of temperature is important for thecase for a two-dimensional disordered system, where the ge-
structure of the adsorbate, since it has been fouhdt at  ometry of the adsorbate is weakly dependent on the interac-
low temperature surface diffusion is prohibited so that thetion with the substrate. There should form at the surface-
adsorbate is relatively disordered, whereas upon increasingjsordered clusters, the geometrical properties of which are
the temperature surface diffusion becomes allowed, whiclletermined by percolationlike theories. The phases deposited
leads to a disorder-order phase transition. at low temperature should be out of equilibrium because of

AM adsorption on semiconducting substrates has alsthe electrostatic repulsion between alkali atoms and because
been intensively investigated in order to analyze the effect 0bf the absence of surface diffusion. Annealing to RT allows
the substrate on the geometrical and electronic properties dlie atoms to diffuse at the surface in order to maximize their
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mutual distances and induces an irreversible evolution to ashape of the Ga, As, and KMM lines was found to be
equilibrium configuration. Such irreversibilities have alreadyindependent on coverage, and we monitored the peak-to-
been observéd™® and have been related to structural peak amplitudes of their first derivatives. Analysis of the Na
changes in the adsorbates using electron-diffraction resultsKLL line at 990 eV is less straightforward. First, there is a
In the present work, we investigate the metallicity and thesignificant overlap between this latter line and the Ga Auger
degree of disorder of AM adsorbates on the gallium-rich sursignal. As a result, we subtracted from the measured signal
face of GaA#001) between 85 K(LT) and RT. We have the signal of the clean surface taking into account the attenu-
compared the adsorptions of potassium and sodium foation of the main Ga line at 1070 eV induced by Na adsorp-
which the magnitudes of the adatom-adatom and adatontion. Second, since the shape of the sodium Auger signal is
substrate interactions are different. The presence of metalliknown to be strongly dependent on the metallic charé&cter,
transport, localized within the surface clusters, is charactewe used for coverage calibration the integrated Auger Na
ized using two transitions thus revealing that, at this temsignal, which is weakly dependent on the line shape.
perature, surface diffusion of Na and K atoms becomes pos- Electron-energy-loss measurements have been performed
sible. The disappearance of the metallicity under annealingvith an incident beam energy of 200 eV and a total resolu-
occurs at the same temperature as the onset of surface difftion of about 1 eV, which was sufficient to detect collective
sion. We conclude that the metallicity of the adsorbed phasexcitations of the adsorbed alkali atoms under the form of
is related to its degree of disorder. Finally, we determine, fosurface and bulk plasmons. The intensity of the plasmon
both Na and K, the temperature and coverage range of exipeaks has been evaluated after subtraction of the back-
tence of the disordered metallic phases. ground.
The PR technique consists in monitoring the change of
reflectivity for a probe beam of energy near the fundamental
Il. PRINCIPLES AND EXPERIMENT band gap, induced by the modulation of the photovoltage

The ultrahigh vacuum system has been describeénduced by a modulated pump be&fiThe spectra exhibit
before? It consists of a chamber with a background pressurdéhe well-known Franz-Keldysh oscillations at above-band-
in the low 10 '-mbars range. This very low pressure al- 9ap energies from the positions _of which one obtains the
lowed us to limit the spurious effects of surface contaminaSurface-barrier value. This value is reduced with respect to
tion, since no contaminants were detected using Auger speéS valueVg in the absence of light exictation because of the
troscopy and since the adsorbate electronic properties weRhotovoltageVs and is given by
found not to change over a period of several hours. We have
used UP™ structures, well-suited for photoreflectance ex- Ve=Vg—Vs. 1)
periments, composed of a thid00 nm layer of undoped
(U) GaAs grown on a highlyp-doped P*) GaAg001) un- The photovoltage is known to increase upon sample
derlayer. The structures had been encapsulated by arsemiooling’ and to be modified by the presence of a surface-
after molecular-beam epitaxy growth. After introduction into metallic phase. Here, for analyzing the data, we have com-
UHV the sample was annealed at increasingly high temperguted the modulus of the complex Fourier transform of the
tures, up to 850 K, in order to remove the arsenic overlayersignal in order to determine the surface barrier from the pe-
Such a procedure is known to produce the gallium-rich surfiod of the oscillation€® The uncertainty of the determina-
face of GaAs(001)-(%2)/c(8%2) 2! which we have veri- tion of the barrier value, as found from the position of the
fied since the reflectance-anisotrofA) spectrum, shown corresponding peak, is of the order of 50 meV. The system
below, exhibits an intense negative line at 2.3 eV, which ifor PR measurements is a standard one. For the probe beam,
characteristic of this reconstructiéhThe sample holder, as we have used a quartz halogen lamp and a monochromator,
described elsewhefé,allowed us to stabilize the tempera- while the light detector was a silicon photodiode. The pump
ture at any value between 85 K and 850 K. It incorporated dight, generated by a He-Ne laser, was modulated at a very
liguid-nitrogen cooler and a heating element situated undetow frequency of 10 Hz. The probe-beam power density was
neath the sample, which guaranteed that the temperature whised and equal to 1uW/cn?, whereas the pump power
homogeneous throughout the sample surface. This temperdensity was of the order of 1 mW/émWe have verified
ture was determined, within an uncertainty of 10 K, from thethat the results are weakly sensitive to the pump-power
position of the zero-order extremum of the photoreflectancealue.

(PR) spectra using the known temperature dependence of the Reflectance anisotropy spectroscofyAS) consists in
fundamental gap of GaX4.The AM depositions were per- monitoring the dependence as a function of light energy of
formed using thoroughly outgassed generators purchasetle quantityA R/R=(R170;— R110)/R, which is a measure
from SAES. The pressure in the chamber during adsorptionf the dependence of the reflectivity on the orientation of
was always in the 10'-mbars range. After each adsorption, linearly polarized light along two principal axes of tf@01)

the AM’s were removed by briefly annealing the sample tosurface. For the RAS measurements, the excitation source
850 K. was a xenon lamp and a monochromator, and its linear po-

For the Auger and EELS measurements we have used larization was modulated at 100 kHz using a quartz modula-
VG hemispherical analyzer. Auger spectra were recorded itor. The light reflected from the sample was detected by a
the derivative mode, with a peak-to-peak modulation ampliphotomultiplier tube, the output of which was connected to
tude of 3 eV at an incident electron energy of 3 keV. Thethe input of a lock-in detector. The high-voltage supply of
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= 14 mrrrrrr e pears. This allows us to conclude that the change of slope at
= ® s~ 30 min is due to a change of sticking coefficiéht! As is
g L2F &, 1ML i <« - :
2 Y LT} = usually performed for this type of interfac®the coverage at
'g Lo 1 & saturation will be taken as a reference for 1 ®fLFor LT
= 08 Jio ¢ potassium adsorption, the signal increases almost linearly up
g o6k ] s to saturation with a low-coverage behavior, which closely
£ ; ; follows the RT changes and saturates at the same level as at
& 04F 15 = RT. Also shown in the figure is the change of the sample
202 E 3 E current under excitation by the electron beam. This current,
< 4 0 & which gives the rate of secondary electron emission, exhibits
- 20 40 60 80 100 120 140 a maximum near a coverage of 0.2—0.3 ML. Such measure-
K deposition time (min) ment has been showhto give the same physical informa-
tion as photocurrent measurements with the advantage of
= being usable at low AM coverages at which the photocurrent
5 15% is very small. We conclude that potassium adsorption at the
= g (00D GaAs surface proceeds in a way similar to cesium ad-
& - sorption at the same surface, and at variance with what has
= 2.0k 10 “E been found for potassium adsorption at thé0) surface'*
£ 1.5E g One observes a saturation at a coverage, which is defined as
‘@ 0 ! 5 2 1 ML and is independent on temperature. Up to 0.6 ML, the
"‘;‘u “E E- sticking coefficient is independent on temperature and for
: = larger coverages it decreases with increasing temperature.
0 . . . . 0~ For sodium, our results are shown in Figb). which
2 0 50 100 150 200 250 exhibits the dependence of the integrated Na signal as a func-
Na deposition time (min) tion of exposure. At RT, the signal saturates at a coverage,

) . which we define as 1 ML, and whereas before saturation, the
_ FIG. 1. Dependence of the potassitahand sodiurtb) Auger- ticking coefficient is weakly dependent on coverage. In
signal intensities on RT and LT adsorption time. For potassium a”%trong contrast, under LT adsorption no saturation is ob-
for RT sodium adsorption, one sees a saturation of the signal, Whicgerved. The curve exhibits breaks at 40 min and 130 min,
is our definition of 1-ML coverage. LT sodium adsorption enableswhich allows us to exclude three-dimensional grov?\?tlgﬁ
to deposit more than 1 ML in a layer-by-layer mode. Also shown inThe sodium integrated signal at the first break is, within ex-
the figures is the change of sample current as a function of adsorgserimental uncertainty, very similar to the saturation level at
tion time. RT. This indicates that this break is due to completion of the
o first monolayer, whereas the second break is due to comple-
the photomultiplier tube was regulated so that the averagfion of the second monolayer. This interpretation is in agree-
signalR was constant over the spectrum. Thus, the output ofnent with the fact that the LT sample current, also shown in
the lock-in amplifier was simply proportional to the anisot- the figure, exhibits a maximum after an exposure of 15 min,

ropy signalAR/R. which corresponds to a coverage similar to the one found for

potassium. We conclude that sodium adsorption at

Iil. DETERMINATION OF THE K AND Na ADSORPTION GaAg001]) is strongly dependent on temperature and pro-
PROCESSES ceeds in a way similar to potassium adsorption at(fi)

surface: At LT, the adsorption proceeds in a layer-by-layer

For the (110 cleavage face, potassium adsorption hasnode with breaks revealing completion of the successive
been found to saturate at RT and to proceed in a layer-bymonolayers, whereas at RT adsorption saturates at 1 ML.

layer mode at LT* For the same orientation, the kinetics of ~ Finally, we can rule out the hypothesis of a reactive so-

sodium adsorption has, to our knowledge, only been investidium adsorption at RT, which has been proposed for adsorp-
gated at RE® Several breaks in the adsorption kinetics buttion on the cleavage facé.indeed, we have monitored the

no clear evidence of saturation have been found. This a(j}”agn'tUde of the sodium Auger signal as well as of the gal-

sorption has been shown to be reactive at RT, at which inte um S|gna! during annealing to RT after LT a_1dsorpt|on of 2
mixing with the substrate has been sho\A? ML of sodium, and.have fpund that these signals stay con-
For the(001) surface, the processes of K and Na adsorp—s'tant under anrjealmg. This demor_lstrates th"?‘t f_o_r(]JfD@)_
. ' . . .surface, annealing to RT does not induce a significant inter-
tion, to our knowledge, have not been investigated pr(':‘V"mixing with the substrate as well as sodium desorption. Even

ously. Our results for K are summarized in Figall which 5415146 coverages, we found that no sodium desorption oc-
shows the peak-to-peak amplitude of the potassiuvhM curs up to 350 K.

line at 252 eV as a function of exposure. For RT adsorption,

there is a change of slope at 30-min exposure and the signally,. NONMETAL-METAL TRANSITION AS A FUNCTION
eventually saturates at large exposures. In order to distin- OF COVERAGE AND TEMPERATURE

guish between completion of the first monolayer and the
change of sticking coefficient, we have plotted the potassium
Auger signal against the signal of the substrate atoms and Figure 2 shows the PR spectra of the clean surface and
have observed that the change of slope near 30 min disapfter selected LT potassium exposufkst pane) as well as

A. Formation of a metallic phase under LT adsorption

085310-3



O. E. TERESHCHENKO, D. V. DAINEKA, AND D. PAGET PHYSICAL REVIEW B4 085310

14] Transition (a) 4
1.2 F Nonmetallic region  Metallic -
—~ - region ___region -
> L0} > .
L L g 0—o—o
o 08} -
o & L <
= g » “'ﬂ%ﬂx\ﬂ/ﬂ O+o0p—o -
oo = 5y i o-LT ]
@ ) MR 04} b -
W = o000 O-RT |
2] = 0.2 PR N TR 1 S T A N TR M
g 8 0 02 04 06 08 10
§ E K coverage (ML)
= 02 1.4
bt = 1 o ) 4
B = . Transition .
S =] 1.2 [ Nonmetallic yegjon Metallic o
g = - '(ﬂioné (_)g(ﬂ)'
= 2 10f ——at —e -
A - I 4
-
0.8} -
= 06 e IT 1
== - 4
04 Lk o O-RT

’—I—I—I—I—I—I—I—
14 15 16 17 02 06 1.0 14
Photon Energy (eV)  Barrier (eV)

e
(¥

L 1 L [ L [ L [ [ L [ [
0 02 04 06 08 10 12 14
FIG. 2. The left column shows photoreflectance spectra taken Na coverage (ML)

for the clean surface and after selected potassium exposures. For FIG. 3. Surface-barrier changes for(¥) and Na(b) adsorption
each spectrum, the surface barrier is found from a Fourier analysiﬁnder LT .and RT adsorption
as shown in the corresponding spectra in the right column. The '

onset of the nonmetal-metal transition occurs at a coverage of 0.42

ML and is revealed from the abrupt appearance of a second peak f®lack dot the observed barrier values. At a coverage of
the Fourier spectrum. 0.42 ML at which a second peak abruptly appears in the

Fourier spectrum, we have represented two dots that, respec-
their Fourier analysigight pane). The spectrum of the clean tively, correspond to the two distinct barrier values. We de-
surface, shown in curva, exhibits the well-known Franz- fine a transition region as the coverage range where two bar-
Keldysh oscillations for which the period is related to therier values are simultaneously observed. This region,
surface-barrier value. As found in cuns for the clean delimited by vertical lines in the figure, extends between
surface, the main peak in the Fourier spectrum correspond$42 ML and 0.55 ML.
to a barrier value of 0.3 eV. In agreement with Ef), the Sodium adsorption at LT induces changes of the PR spec-
barrier value is smaller at the RT value because of the phdra, which are similar to the ones induced by potassium ad-
tovoltage, which is larger at L. After adsorption of 0.4 ML ~ sorption. The corresponding surface-barrier changes as a
of potassium, the PR spectruiurveb), as well as its Fou- function of coverage, summarized in Fighg are qualita-
rier transform(curveb’) show only slight changes with re- tively the same as for potassium adsorption. The final value
spect of the clean surface. Subsequent evaporation of ve@f the surface barrier is near 1 eV, while the transition region,
small amounts of K leads to strong changes of the spectrurds revealed by Fourier analysis, is broader than for potassium
shape. After additional adsorption of only 0.02 Mturve Since it extends between 0.5 ML and 0.9 ML.

c), there appears additional extrema at an energy situated Such modifications of the surface barrier can be under-
above 1.60 eV. Such modification is revealed most clearly irptood if there occurs a nonmetal-metal transition at the sur-
the Fourier spectruntcurvec’), which exhibits, in addition face. Under formation of a metallic phase, the two terms that
to the above peak at 0.3 eV, an intense peak that correspon@gpear in Eq(1) are modified. There is a consensus that the
to a barrier value of 0.9 eV. The presence of two peaks ingiformation of a surface-metallic phase leads to a decrease of
cates that the surface is laterally inhomogeneous and considtse surface photovoltagés.>*>*¢Such an effect indicates

of parts characterized by a barrier value of 0.3 eV togethean increase of the surface-recombination velocity and can
with other parts where the barrier is of 0.9 eV. The physicahave several distinct explanations. First, the overlap of the
implications of such lateral inhomogeneities will be dis- metallic clusters with randomly situated surface defects in-
cussed in Sec. VI. Subsequent adsorption leads to the abrupbduces a new efficient path for surface recombination. Sec-
decrease of the peak at 0.3 eV so that, in the final stage @nd, the majority-carrier recombination at the surface states
this evolution(0.55 ML, curvese ande’), only the peak at becomes easier because of the appearance of a continuum of
0.9 eV is observed in the Fourier transform. The changes ofurface states in the gap reginpr because the overlap
surface barrier induced by potassium adsorption at LT aréetween the hole wave functions and the delocalized metallic
summarized in Fig. @). For each coverage, we have shownstates is now strongly enhanced. In Efj, the barrier in the
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~ 03 7 —3 resolution EELS during the metallization of GaA%0 by K
.*E A s 'T« adsorption at L®* As expected, beyond the saturation cov-
= 02l B ¢ 1ML erage, the plasmon peak no Ionger_ chan_@mvef). The
2 Y ‘ final plasmon energy is that of two-dimensional surface plas-
A A= 'k albosition thme (min) mons with no clear bulk-plasmon signal at 3.7%8\6hown
§= 0.1 ; in the inset of Fig. &) is the evolution of the integrated
2 intensity of the plasmon signal as a function of exposure
‘E time. The surface-plasmon peak starts to develop at 0.3-0.5
= 0.0 remireevngee X . ML, in good agreement with the EELS results on GéAS)

1 2 3 4 5 6 7 at LT and with the surface-barrier changes at tb61)

Loss Energy (eV) surface, shown in Fig.(@). These results fully support the

occurrence of a nonmetal-metal transition.

For sodium, electron-energy-loss spectroscopy confirms
the appearance of a metallic phase. Figufe) 4hows se-
lected spectra for the clean surfaecgrvea) and for several
“ AP, Na LT exposures. At 0.5 ML, we observe an increase of the
" Wy, Na deposition time (min) inelastic background indicating the formation of Na-induced

; it surface states in the subgap region and above the gap. At 1
ML (curveb) there appears a peak at 3.9 eV, which corre-
sponds to the two-dimensional surface-Na-plasmon erférgy.
* 9' Subsequent deposition leads to further increase of the loss-
Loss Energy (eV) peak intensity. The shape of the Na-plasmon peak becomes
asymmetric and is composed of a surface-plasmon signal

FIG. 4. Electron-energy-loss spectra under adsorption K near 3.9 eV and of a shoulder at the bulk-plasmon energy
and Na(b). For potassium adsorption, the curves, respectively, cor{5.7 eV), marked by an arrow in the figure. The bulk plas-
respond to the clean surfa¢a), coverages of 0.3 Mi(b), 0.5 ML mon is observed at a coverage larger than approximately 1.5
(c), 0.7 ML (d), 0.8 ML (e), and 1 ML(f). For sodium adsorption, ML as shown in curvesc and d taken at, respectively,
the curves were taken for the clean surféag and coverages of, 16-ML and 2.2-ML coverages. The present result further
respectively, 1 ML(b), 1.6 ML (c), and 2.2 ML(d). Shown in the  confirms the conclusion of the Auger analysis that it is pos-
inset of the two panels are the changes of the integrated-plasmaflp|e to adsorb more than 1 ML at LT.
signals as a function of adsorption time. The inset of Fig. &) shows the dependence of the sum of

surface- and bulk-plasmon intensities as a function of Na-

dark Vg is also changed because the surface Fermi level igeposition time. In agreement with the Auger results, the
now pinned by metal-induced gap states at an energy, whickitegrated-plasmon intensity is a linear function of the depo-
is different from that of the nonmetallic states, which pin thesition time of Na and does not saturate, at least up to 2.5 ML.
Fermi level before the transitiolf. Note that in previous Surface plasmons are observable above a coverage of 0.8—
studies®® metallization of alkali adsorbates on Cu at LT was 0-9 ML, that is, at a coverage slightly higher than the onset
also observed near 0.5 ML. of the surface-barrier change, which occurs 0.5-0.7 ML.

In order to provide independent proof for the formation
metallicity, we have performed EELS investigations of the
interface looking for two-dimensional surface plasmons of
alkali metals, which are characteristic of a metallic ph”é?se. In sharp contrast with the results presented in the preced-
Figure 4a) shows the measured loss spectra after several kg subsection, the nonmetal-metal transition is not observed
exposures. The signal is normalized to the intensity of thef adsorption is performed at room temperature. Shown in
elastic peak, not shown in the figure. In agreement with prerFigs. 3a) and 3b) is the coverage dependence of the barrier
vious works?"* the spectrum of the clean surfa@irvea)  for, respectively, potassium and sodium adsorption at RT as
shows a weak increase of the loss signal with increasing los®und using PR spectroscopy. The maximum coverages is
energy due to the transition between the valence and condu0-9 ML, since beyond this value the PR signal is very weak.
tion bands*? After 0.1-ML K deposition, we find that the loss For the clean surface, we find a barrier of approximately 0.6
intensity above the gap increases with respect to the cleagV, in reasonable agreement with previous restifS The
surface. After deposition of 0.3 Mlcurve b) the inelastic  most significant barrier changes are obtained for coverages
background is increased, indicating the formation ofsmaller than 0.1 ML. The surface barrier increases by 0.2 eV,
K-induced surface states in the subgap region and above tlie a way similar to what has been reported for cesium
gap’* At a coverage of 0.5 Ml(curvec), a weak but detect- adsorptiofi* because the adsorbed AM atoms behave as elec-
able peak appears at 2.3 eV. As shown in curdeande,  tron donors, transferring the charge to acceptor states of
additional deposition leads to the increase of the intensity op-type GaAs:>**No abrupt barrier change is observed under
this peak and to its shift towards higher energy up to thesubsequent adsorption and at large coverage the barrier of
energy of surface plasmons equal to 2.6*6¥ This shiftis 0.7 eV, is lower than the LT one by 0.3 eV. If a significant
similar to the one of the loss peak Il observed by high-metallic phase was present at the surface, the photovoltage

0.2 §

Intensity (arb. units)

B. RT adsorption

085310-5



O. E. TERESHCHENKO, D. V. DAINEKA, AND D. PAGET PHYSICAL REVIEW B4 085310

=
=

would be negligible and the Fermi level would be pinned at
the same position as at LT. We conclude that, as found from
PR spectroscopy, no metallicity develops at RT. In the same
conditions, we did not observe two-dimensiofD) surface
plasmons of K and Na during deposition at RT as the mea-
sured spectrum only showed an inelastic background. The
absence of Cs-plasmon peaks on GAA§) surface at RT is
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also confirmed by EELS investigatiofs. ) 1
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C. Annealing to RT after LT adsorption: Metal-nonmetal = _: 1.5 - IMLK
transition E = i
The results presented in the preceding section suggest that E E Lo 7
the metallic phase created by LT adsorption should be de- R E 05 [
stroyed under anneal to RT. Indeed, if at the end of the LT & T y
adsorption, we anneal to RT and perform a subsequent cool- £ ool
ing to LT, we observe that the PR spectrum is completely g z F 3
identical with the one obtained after LT adsorption before the Cr Yy
onset of the transitiofcurveb of Fig. 2) The barrier is now =
back to its value of 0.3 eV because a significant photovoltage = 028
can build up. On the other hand, Auger spectroscopy shows 3
that in the same conditions, the alkali atom concentration 2 024
stays constant and that no alkali desorption takes place. This =
indicates that the destruction of the metallic phase under an- % 0.20
nealing is irreversible and that this latter phase is o
metastablé’ In order to determine the temperature range in 100 150 200 250 300
which the metal-nonmetal transition occurs, we have per- Temperature (K)

formed a series of annealings to increasing temperatures. Af-

ter each annealing, the sample was cooled again to LT and FIG. 5. Effect of annealing following K adsorption at LT. The
the PR spectrum was taken. All the spectra were thus takei@p panel shows the change of surface bartfall circles) as a

in identical conditions of temperature and coverage, and thefinction of annealing temperature, as found from the PR spectrum
differences can only be due to irreversible modifications oftaken at LT after the anneal. In the intermediate temperature range
the electronic properties of the adsorbate caused by structurggtween 130 K and 200 K, a distinct barrier value is found in the
changes, which occur during annealing. Shown in Fig) 5 Fourier analysis of the spect_rur(whlte circles _whlch reveals the
(full circles) is the barrier change as a function of annealing@PPearance of the nonmetallic phase. The middle panel stfoiks

temperature after LT adsorption of 0.9 ML of potassium. Upcircles) the changes of plasmon-signal intensity under anneal as a

. . unction of temperature. The bottom panel shows the changes of the
to .130 K, the parrler decreases, which shows that some evévidth of the line at 2.3 eV of the RA signakee Fig. 7 after
lution occurs in the adsorbate but that the surface phase IS

. - . nnealing to a given temperature and cooling to LT. In the three
still metallic. In thg temperat'ure range Sltuqted bgtyveen 13§anels, full squares show the evolution of the corresponding quan-
K'and 200 K, Fourier analysis revea!s that, in addition to thetities during a second annealing procedure following the first one.
peak that corresponds to the metallic phase, there appears a
second peak close to 0.3 ¢Wwhite dots in Fig. 5a)], which
is characteristic of the nonmetallic phase. This shows that, iRlasmon peak completely disappears and the final spectrum
the same way as for the appearance of metallicity under LTeasured at RT is similar to the spectrum measured at a
adsorption, the destruction of this metallicity under anneapotassium coverage of 0.3 Murveb of Fig. 4@)] as well
exhibits an intermediate regime where both a metallic and as to the spectrum observed after adsorption of 1 ML at RT.
nonmetallic phase coexist. Note that in the present case, tHa the same way as the surface-barrier change, the disappear-
barrier that characterizes the metallic phase continuously dence of the surface plasmon signal is irreversible. Note that
creases, whereas its value under LT adsorption is constatite temperature at which this signal disappears, 270 K, is
and independent on coverage. After annealing above 210 Karger than the temperature of 210 K at which the evolution
the barrier has recovered its value of 0.3 eV and only on®f the surface barrier is complete.
peak is observed in the Fourier spectrum, which proves that For sodium, the behavior of surface barrier and plasmon
the metallic phase has essentially been destructed by the lantensity is qualitatively the same as for potassium. As
ter anneal. As expected, a second series of anneditig shown in Fig. 6a), the surface barrier recovers its initial
squaresdoes not induce any further barrier change. value of 0.3 eV after annealing to 200 K. Figuréosshows

The temperature change of the intensity of the surfacethat the temperature at which the plasmon peak disappears is
plasmon peak during annealing is shown in Figh)5After 250 K. One significant difference with the case of potassium
an initial intensity decrease up to 125 K, the signal is con-adsorption is, however, that the surface barrier as well as the
stant up to 200 K and decreases upon further anneal. Thalasmon intensity do not decrease at initial stages of anneal-
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FIG. 7. Curvea shows the RA spectrum of the clean surface
taken at LT. Curveb shows the corresponding spectrum after LT
adsorption of 0.3 ML of potassium. Cureeshows the spectrum of
the same surface after cycling to RT. The fact that this latter curve
exhibits a smaller linewidth is a manifestation of the disorder-order
transition, which occurs under anneal.

0.36

0.32

and the broadening induced by LT adsorption is due to the

RAS-line width (eV)

0.28
Lo = -2 changes of surface-barrier and -plasmon signal intensity
100 150 200 250 300 shown, respectively, in Figs.(® and Gb). The disappear-
Temperature (K) ance of the sodium metallic phase occurs at a temperature of

220 K, at which surface diffusion becomes allowed. Unlike
FIG. 6. Same as Fig. 5, effect of annealing after Na adsorptiorthe case of potassium, the linewidth and the plasmon signal
stay constant up to at least 180 K, which shows that little
ing, and that the changes of barrier- and surface-plasmoﬁo_dium'surface diffusion occurs for temperatures lower than
signal are more abrupt than for potassium. this value and that at LT all the degrees of freedom of the
adsorbate are frozen.
The temperature at which surface diffusion takes place is
D. Surface diffusion of alkali atoms and disorder-order related to the value of the surface-diffusion constant, which
transition is characterized by an activation eneigy for surface diffu-
In order to interpret the above results, it is necessary t&'0n- Using the same method as published elsevihere
determine the temperature at which surface diffusion of alWrite the diffusion constand in the form
kali atoms becomes allowed. This is performed in the present
section using RAS. Shown in cunaof Fig. 7 is the RA D=Dgexp(—Eq/kT)=1%/1, 2

spectrum of the clean surface at LT. This spectrum shows ghere 7 is the duration of the anneal ands the diffusion
negative signal near 2.3 eV, which is characteristic of th@ength of the order of the dimension of the unit cell. The
gallium-rich surface reconstructidf. Qualitative informa- preexponential factob = a7 is related to the interatomic
tion about the order of the adsorbate can be obtained frorjisiance a,=0.4 nm and to a phonon frequency

the observation of the width of th.is latter signa}l in t'he SaMe_ 1013 Hz. Taking the temperature at which the linewidth
way as performed _befor]@.Shown in curveb Qf Fig. 7 is the strongly changes under annealing, we find that this activation
RA spgctrum obt_alne_d at_LT after adsorption of 0.3 ML (_)f energy for sodium is of the order of 0.60 eV. For potassium,
potassium. The line is shifted to 2.2 eV because potassiufya qominant activation energy is of the order of 0.70 eV,
adsorption modifies the energy of the levels that participatgpereas some sites have an activation energy smaller than
in the optical transition, and it is significantly broader thang 4 o\ These values should be compared with the activation

the corresponding line for the clean surface. Shown in CUNV@nergy of 0.7 eV found for diffusion of cesium at the same

c is the spectrum measured at LT after cycling to RT. Thesurfacel.g Note that for potassium diffusion on Fa01) at

overall position of the line at 2.2 eV is unchanged but its,5q K, the activation energy was found to be smaller and
width is significantly smaller. These results are the same aéqual t0 0.35 eV a®=0.33 ML4

the ones observed for cesium adsorptieand can be given

the same interpretation. The modification of the RA signal is
due in the perturbation of the localized electronic states par-
ticipating in the optical transitions by the adsorbed atoms, We have shown the following in the preceding sections.

E. Phase diagrams
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sample to LT after each adsorption process. Fourier analysis

Q 250k KIG“S:S::: d Nonmetal @ 3 of these spectra also revealed the presence of a transition
e F ... O raeann region, where both a metallic phase and an insulating phase
5 200 coexist at the surface. For each temperature, the onset of the
-] s metallicity and the maximum coverage of the transition re-
S 150F Disordered gion are shown by full circles and by open circles, respec-
E" Nonmetal tively.
s 100p The distinction between metallic and transition regions
[ s .
P T N T i allows us to reveal a fundamental aspect of the adsorbate:
0 02 04 06 08 1 We find that, at significant coverages and intermediate tem-
K coverage (ML) peratures, there exists a region, shown cross hatched in the
figure, where the electronic properties depend on the history
. of the system preparation. If adsorption is performed at in-
~ 250 | Na/GaAs(100) ®) J termediate temperature the system is metallic. If, on the other
E, Ordered Nonmetal hand, the same AM coverage is adsorbed at LT followed by
AT R St an anneal to intermediate temperature, the system is partly
g metallic and partly insulating although the coverage and tem-
g 150F perature are the same as in the former case. Such phenom-
=3 Disordered enon has also been observed for AM adsorption on netals
S 100f Nonmetal ; and has been correlated with structural properties. Distinct
= L , Metal systems such as spin glasses are also known to exhibit a
0 02 04 06 08 1.0 1.2 1.4 16 space of configurations, which consists of many distinct free-
Na coverage (ML) energy valleys separated by high mountains, which induces a

strong dependence of the system configuration on the history

FIG. 8. Phase diagrams of k) and Na(b) as a function of ~ Of its preparatior?
coverage and temperature. These diagrams show both the metallic-
ity (as found using PR spectroscopgnd the degree of order.

Shown as shaded regions are the zones where a metallic and a . . ) .
nonmetallic region coexist at the surface. Also shown as hatched COMPplete interpretation of the above results requires in-

regions are zones where the electronic-surface properties depend Mﬁstigation of the geometry of t_he adsorbate on a micro-
the history of the preparation procedure. scopic scale as well as calculations of electronic structure

and is beyond the scope of the present work. Since experi-
mental investigatiorfsand theoretical analysShave so far

t(l) Ata covgragzlsmallﬁr thgn O'b5 ML argjq at dLT; %Oéh for heen performed essentially for RT adsorption on the cleavage
potassium and sodium, the adsorbate Is disordere €Calgfee; we limit ourselves here to a qualitative discussion.
surface diffusion is not allowed, and is insulating.

(ii) At coverages larger than 0.5 ML at LT, there abruptly
appears a metallic phase and there exists an intermediate
coverage range in which both metallic and nonmetallic
phases are found to coexist. At larger coverage, the insulat- The observation of metallicity indicates that there appear
ing phase disappears and only the metallic phase is observeat. the surface, clusters containing a number of atoms larger

(iii) Under annealing to RT, surface diffusion becomesthan a critical valuéN.. For regular 3D clusters, if the atom
allowed and induces a disorder-order transition. For sodiunmumber is larger than this value, the energy difference be-
this diffusion becomes allowed rather abruptly, whereas fotween discrete electronic levels, equal to the widttof the
potassium some diffusion already occurs at the initial stageAM-induced band divided by the numbét of atoms, be-
of annealing. comes smaller thakT so that a continuum of states appears.

(iv) Upon annealing, there also occurs a converse metalFhis phenomenon has been called a size-induced nonmetal-
nonmetal transition at a temperature similar to the one ametal transitior?*
which ordering takes place at low coverage. For potassium adsorption, and for sodium adsorption at

These results are presented in the form of phase diagranssibmonolayer coverage, the adsorbate consists of two-
as a function of temperature and coverage, shown in Figslimensional clusters. At LT, since surface diffusion of iso-
8(a) and 8b) for potassium and sodium, respectively. Thelated atoms is only allowed at a larger temperature, the alkali
full squares show as a function of coverage the temperaturatom adsorbs at the site where it impinges at the surface.
of complete disappearance of the metallicity under annealAs a result, the clusters are disordered and their geometrical
ing. The open squares show the onset of the transition regioproperties are described by percolationlike thectids. the
at which one starts to observe a nonmetallic behavior. Iframework of these theories, the cluster size increases with
order to completely determine the limits of the metallic coverage as a power law, that explains the abrupt appearance
phase, we have also performed AM depositions at intermesf clusters that have a sufficient number of atoms to exhibit
diate temperatures. In the same way as for the results prenetallic properties. Due to this strong dependence of the
sented above, the PR spectra were taken after cooling th@uster size on coverage, the coverage at which metallicity

V. DISCUSSION

A. LT adsorption: Nonmetal-metal phase transition in a
percolationlike system
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appears should only weakly depend on the chemical nature
of the AM, and should be slightly smaller than the percola-
tion threshold(equal top.~0.59 for site percolation on a
square lattice at which an infinite cluster is formed. The
experimental coverage for metallicity is indeed closepto
and is similar for sodium and potassium.

The fact that the nonmetal-metal transition is discontinu-
ous and the coexistence of two phases near the transition
suggests that, in the same way as proposed at the Li/Bi
interface? the transition is of first order. In order to evaluate
the cluster size for metallicity near the transition threshold, it
is necessary to discuss the experimental techniques in more I R AT T P I
detail. Here, we use two criteria for metallicity, which are the 14 15 16 17 02 06 1.0 14
presence of a peak in the loss spectrum at the known energy Photon energy (V) Barrier (¢V)

of the surface plasmon and the abrupt disappearance of the g1 g, The Ieft column shows photoreflectance spectra, taken

photovoltage. This disappearance occurs when the metallig, the clean surface at 180 ), after adsorption of 0.9 ML of
clusters overlap randomly situated defects, which introducegotassium at 180 Kb) and after subsequent cooling to 85(¥).

an additional efficient path for surface recombination. Suctror each spectrum, the surface barrier is found from a Fourier
phenomenon occurs when the cluster size is comparable witdhalysis, as shown in the corresponding spectra in the right column.
the average distance between surface defects. Since the den-

sity of surface states is of the order of '30to 5 finct peaks in the Fourier spectrufmurvec’). The explana-

X 10" cm™2>* the average distance between these stategon is that, at LT the surface conductivity is reduced so that
can be qualitatively estimated as of the order of 5-10 nMiateral charge inhomogeneities can develop at the surface. As
Taking an AM coverage at saturation of 4x80"-cm ?  found from elementary electrostatics, this implies that the
range;® such clusters should contain approximatelf 380  characteristic dimension of the lateral inhomogeneities is
oms. This value is probably an upper boundary since thergomparable with the depth at which the PR signal is ob-
may exist metallic clusters smaller than the distance betweeserved, which is of the order of a fraction of the space-charge

defects. The EELS results also give us a lower boundary tgayer. As a result, we conclude that the extension of the lat-
the critical cluster size for metallicity, since an amount of 10eral inhomogeneities is of the order of 10 nm.

atoms is known to be sufficient for surface plasmons to be
excited in the clustett From a theoretical point of view, the
number of atoms for metallicity can be estimated from the
Mott-loffe-Regel criterion, according to which the size- The system under annealing to RT progressively loses its
induced nonmetal-metal transition occurs in a 1.5—4-nm repercolation nature as surface diffusion becomes thermody-
gion. Thus, in order to observe metallic properties in a 2Dnamically allowed. In order to interpret the evolution of the
cluster, a number of at least 20 atoms is required, whiclyeometrical and electronic properties of the adsorbate, we
corresponds with the above order of magnitude estimates. distinguish three regimes depending on coverage.

We now discuss the presence of a transition region in (i) At low coverage, the effect of adatom-adatom repul-
which both a metallic and a nonmetallic phase coexist at theion is weak and the observed disorder-order transition is due
surface, and the characteristic dimension of the lateral inhato diffusion of individual atoms at the surfat®.
mogeneities. The observation of such lateral photovoltage (ii) For intermediate coverages larger than the one at
inhomogeneities implies that the electrical conductivity inwhich the nonmetal-metal transition is observed, the reorga-
the plane of the surface is not sufficient to equilibrate thenization of the adsorbate rather occurs because of the repul-
electric charges between the metallic and nonmetallicsive interaction between AM'’s, in order to minimize the
patches of the surface. We have verified the validity of suclstrain energy, and via elementary AM diffusion processes
hypothesis by changing the temperature, which shouldowards unoccupied surface sites. As shown elsewhere using
strongly modify the surface conductivity. Shown in curees simulationst® the larger clusters should be broken into
andb of Fig. 9 are the PR spectrum of the clean surface an@maller clusters that are likely to be nonmetallic depending
the same spectrum after deposition of 0.9 ML of potassium abn their size and shape.
an intermediate temperature of 180 K. The corresponding (iii) If the coverage is near saturation, there are few empty
Fourier spectra are shown in cuna'sandb’. As seen inthe sites at the surface so that surface diffusion cannot occur in
phase diagram of Fig.(8 using the coverage and tempera- the same way. In this regime, it is quite surprising to note
ture values, this case corresponds to the transition regiotthat the change under annealing of the surface-plasmon in-
However, curveb only exhibits one peak. The explanation is tensity at saturation coverage is in perfect correspondence
that, at this increased temperature, the surface conductivity igith the RAS measurements taken at 0.3 ML. Such agree-
sufficient to average out the electrical charge at the surfacenent demonstrates that, at saturation, the elementary evolu-
Subsequent cooling to LT, which is known not to change theion steps for disruption of the metallic phase are still diffu-
system’s geometrical properties, strongly modifies the specsion of adsorbed atoms out of the surface potential wells in
trum (curvec), and gives rise to the appearance of two dis-which they are trapped. The irreversible evolution of the ad-

Photoreflectance signal
Fourier transform

B. Driving force for ordering under annealing to RT
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sorbate may also involve a change of the distance between VI. CONCLUSION

the adatom and the substrate, in order to maximize the dis- Wi Il th . its of th ¢ K
tances between AME e recall the main results of the present work.

The main difference between the structures of the adsor-, (& We have investigated the adsorption process of potas-
bates at RT and at LT is the difference in the cluster size. AIUM and of sodium on GaA®00) at LT and RT. Whereas
RT, the measured loss spectra at saturation only show dnf @nd RT adsorption of potassium as well as RT adsorption
increase of the inelastic background below and above th@f sodium saturate at a coverage that we define as 1 ML, itis
gap. As already observed at RT in distinct systéffdtwo  Possible to deposit at LT more than 1 ML of sodium.
loss peaks have been found in the subgap region and have (P) If adsorption is performed at a temperature lower than
been attributed to collective excitations in small 2D clusters@pproximately 200 K, both potassium and sodium form me-
such as the clusters found for G4A%0) at RT, which con- tallic phases near a coverage of 0.5 ML. These phases are out
tain five Cs atoms or four K atonfsNote finally that, as ©f equilibrium and are irreversibly destroyed under annealing
shown in Figs. 5 and 6. the disappearance of metallicity unfo RT. We have obtained their diagrams of existence as a
der annealing as probed by PR occurs at a temperature lowB#nction of coverage and temperature. These diagrams in-
than the one at which the plasmon signal in the loss spectruiglude a nonmetallic and a metallic region as well as a tran-
disappears. This is because the decrease of the photovolta?élon region where the two phases coexist at the surface.
revealed by PR spectroscopy is only observed if there existhese diagrams are quite similar for Na and K although the
clusters larger than the average distance between the surfadali-alkali and alkali-substrate interactions are different for
traps, which are able to efficiently discharge them. Such siz&1€ two atoms.
is likely to be larger than the actual cluster size for metallic- () At LT, the adsorbate is disordered, since the activation
ity, as characterized from the observation of surface plasenergy for alkali-atom-surface diffusion is lar¢@.6 eV for
mons in the loss spectrum. The same argument explains thg@dium, and 0.7 eV for potassigyrso that this diffusion is
the appearance of metallicity, as found by PR, is more abrugtot possible at LT. For sodium, such diffusion only becomes

than as found by EELS. allowed near 200 K, at which the adsorbate becomes or-
dered. For potassium, surface diffusion becomes progres-
C. Comparison between Na and K sively allowed, with some individual motions being allowed

at a temperature lower than 150 K, whereas diffusion be-
The main difference between the phase diagrams lies igomes completely allowed at 230 K.
the larger width of the transition region for sodium. At LT,  (d) The evolutions under annealing of the surface barrier
this width is of 0.35 ML for sodium and of 0.17 ML for and of the plasmon intensity are closely correlated with the
potassium. However, one would expect that the Na and the Ignset of surface diffusion, which demonstrates that the onset
phase diagrams exhibit more significant differences, sincgf surface diffusion is the reason for the destruction of the

both the alkali-alkali interaction and the alkali-substrate in'meta”ic phase’ so that both a metal-nonmetal and a disorder-
teraction are different. The activation energy for diffusion of grder transition take place under annealing.

individual atoms at the surface, which was estimated using
RAS, is a measure of the interaction with the substrate and
has been found here to differ for the two atomic spe(ieé
eV for sodium and 0.7 eV for potassitnmiThe repulsive
adatom-adatom interaction induced by the electrostatic inter- Fruitful discussions with J. F. Gouyet, M. Plapp, V. L.
action between the AM-induced dipoles or the steric effect isAlperovich, and A. S. Terekhov are gratefully acknowledged.
also different between K and Na because of the differenWe would like to thank R. Houdréor growing the samples
amount of charge transfer. used in the present work. The authors are grateful to H. E.
At intermediate temperatures, a possible explanation foScheibler for the help in evaluation of photoreflectance spec-
the similarity is that the maximum size of the AM clusters istra by Fourier-transform analysis. This work was performed
mostly determined by the strain energy of the substrate. Thiwith financial support from NATO(O.E.T) and from the
maximum size may be different for potassium and sodiuntCenter National de la Recherche ScientifigDeV.D.). This
because of the different repulsion between AM'’s, but thework was partly supported by the Russian Foundation for
maximum strain energy, which determines the temperature ddasic ResearckiGrant Nos. 01-02-17694 and 01-02-16802
disruption of the metallic clusters, is similar for the two and by the Federal program “Surface Atomic Structure”
AM’s because it depends mostly on the substrate. [Grant No. 107-280)-P].
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