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Metallicity and disorder at the alkali-metal ÕGaAs„001… interface
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We have investigated the adsorption of sodium and potassium on GaAs~001! at 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-
quent 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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I. INTRODUCTION

Adsorption of alkali metals~AM’s ! on various substrate
has been widely investigated because of the simplicity of
interface formation and because of its technological inter
Such adsorption has been investigated in detail in the cas
metallic substrates1–4 and gives rise to a wealth of regime
which have been described under the form of phase diagr
as a function of coverage and temperature. At low covera
the interaction between the adsorbate atoms is negligibl
that the atoms occupy preferential adsorption sites de
mined by the substrate. If the coverage is increased, t
occurs a competition between the adatom-substrate inte
tion and the adatom-adatom interaction, in which several
tinct phases can be observed. These phases can be orde
disordered, and commensurate or incommensurate with
substrate. At a larger coverage, the stronger adatom-ad
interaction favors the formation of incommensurate phas
in which the adsorbate structure is less dependent on
substrate. The effect of temperature is important for
structure of the adsorbate, since it has been found5 that at
low temperature surface diffusion is prohibited so that
adsorbate is relatively disordered, whereas upon increa
the temperature surface diffusion becomes allowed, wh
leads to a disorder-order phase transition.

AM adsorption on semiconducting substrates has a
been intensively investigated in order to analyze the effec
the substrate on the geometrical and electronic propertie
0163-1829/2001/64~8!/085310~11!/$20.00 64 0853
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the adsorbate. For the cleavage face of GaAs, several ord
phases have been observed at submonolayer coverages
scanning-tunneling microscopy~STM!.6 These phases are in
sulating, which has been explained as due to electr
correlation effects so that at RT the system behaves as a
insulator.7 For RT adsorption on silicon, the adsorption sit
of several alkali atoms and the metallicity of the surface ha
been investigated using STM,8 photoemission,9 electron-
energy-loss spectroscopy~EELS!,10 and x-ray diffraction.11

In comparison with the above works, only a small numb
of studies have considered the effect of adsorption temp
ture on the structure and electronic properties of
adsorbate.12–17 Such an effect should be very strong sin
surface diffusion of adatoms, which is usually characteriz
by activation energies of the order of 0.5–0.7 eV, is genera
impossible at low temperature~LT! and becomes allowed a
some temperature, intermediate between LT and RT.18,19 At
LT, one therefore expects that the alkali atoms adsorb i
disordered way.15 The present system constitutes a mod
case for a two-dimensional disordered system, where the
ometry of the adsorbate is weakly dependent on the inte
tion with the substrate. There should form at the surfa
disordered clusters, the geometrical properties of which
determined by percolationlike theories. The phases depos
at low temperature should be out of equilibrium because
the electrostatic repulsion between alkali atoms and beca
of the absence of surface diffusion. Annealing to RT allo
the atoms to diffuse at the surface in order to maximize th
©2001 The American Physical Society10-1
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mutual distances and induces an irreversible evolution to
equilibrium configuration. Such irreversibilities have alrea
been observed13–16 and have been related to structur
changes in the adsorbates using electron-diffraction resu

In the present work, we investigate the metallicity and
degree of disorder of AM adsorbates on the gallium-rich s
face of GaAs~001! between 85 K~LT! and RT. We have
compared the adsorptions of potassium and sodium
which the magnitudes of the adatom-adatom and adat
substrate interactions are different. The presence of met
transport, localized within the surface clusters, is charac
ized using two transitions thus revealing that, at this te
perature, surface diffusion of Na and K atoms becomes p
sible. The disappearance of the metallicity under annea
occurs at the same temperature as the onset of surface d
sion. We conclude that the metallicity of the adsorbed ph
is related to its degree of disorder. Finally, we determine,
both Na and K, the temperature and coverage range of e
tence of the disordered metallic phases.

II. PRINCIPLES AND EXPERIMENT

The ultrahigh vacuum system has been descri
before.20 It consists of a chamber with a background press
in the low 10211-mbars range. This very low pressure a
lowed us to limit the spurious effects of surface contami
tion, since no contaminants were detected using Auger s
troscopy and since the adsorbate electronic properties w
found not to change over a period of several hours. We h
used UP1 structures, well-suited for photoreflectance e
periments, composed of a thin~100 nm! layer of undoped
~U! GaAs grown on a highlyp-doped (P1) GaAs~001! un-
derlayer. The structures had been encapsulated by ars
after molecular-beam epitaxy growth. After introduction in
UHV the sample was annealed at increasingly high temp
tures, up to 850 K, in order to remove the arsenic overla
Such a procedure is known to produce the gallium-rich s
face of GaAs(001)-(432)/c(832),21 which we have veri-
fied since the reflectance-anisotropy~RA! spectrum, shown
below, exhibits an intense negative line at 2.3 eV, which
characteristic of this reconstruction.22 The sample holder, a
described elsewhere,23 allowed us to stabilize the tempera
ture at any value between 85 K and 850 K. It incorporate
liquid-nitrogen cooler and a heating element situated und
neath the sample, which guaranteed that the temperature
homogeneous throughout the sample surface. This temp
ture was determined, within an uncertainty of 10 K, from t
position of the zero-order extremum of the photoreflecta
~PR! spectra using the known temperature dependence o
fundamental gap of GaAs.24 The AM depositions were per
formed using thoroughly outgassed generators purcha
from SAES. The pressure in the chamber during adsorp
was always in the 10211-mbars range. After each adsorptio
the AM’s were removed by briefly annealing the sample
850 K.

For the Auger and EELS measurements we have us
VG hemispherical analyzer. Auger spectra were recorde
the derivative mode, with a peak-to-peak modulation am
tude of 3 eV at an incident electron energy of 3 keV. T
08531
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shape of the Ga, As, and KLMM lines was found to be
independent on coverage, and we monitored the peak
peak amplitudes of their first derivatives. Analysis of the N
KLL line at 990 eV is less straightforward. First, there is
significant overlap between this latter line and the Ga Au
signal. As a result, we subtracted from the measured sig
the signal of the clean surface taking into account the atte
ation of the main Ga line at 1070 eV induced by Na adso
tion. Second, since the shape of the sodium Auger signa
known to be strongly dependent on the metallic characte25

we used for coverage calibration the integrated Auger
signal, which is weakly dependent on the line shape.

Electron-energy-loss measurements have been perfor
with an incident beam energy of 200 eV and a total reso
tion of about 1 eV, which was sufficient to detect collecti
excitations of the adsorbed alkali atoms under the form
surface and bulk plasmons. The intensity of the plasm
peaks has been evaluated after subtraction of the b
ground.

The PR technique consists in monitoring the change
reflectivity for a probe beam of energy near the fundamen
band gap, induced by the modulation of the photovolta
induced by a modulated pump beam.26 The spectra exhibit
the well-known Franz-Keldysh oscillations at above-ban
gap energies from the positions of which one obtains
surface-barrier value. This value is reduced with respec
its valueVB in the absence of light exictation because of t
photovoltageVS and is given by

VF5VB2VS . ~1!

The photovoltage is known to increase upon sam
cooling27 and to be modified by the presence of a surfa
metallic phase. Here, for analyzing the data, we have co
puted the modulus of the complex Fourier transform of
signal in order to determine the surface barrier from the
riod of the oscillations.28 The uncertainty of the determina
tion of the barrier value, as found from the position of t
corresponding peak, is of the order of 50 meV. The syst
for PR measurements is a standard one. For the probe b
we have used a quartz halogen lamp and a monochrom
while the light detector was a silicon photodiode. The pum
light, generated by a He-Ne laser, was modulated at a v
low frequency of 10 Hz. The probe-beam power density w
fixed and equal to 1mW/cm2, whereas the pump powe
density was of the order of 1 mW/cm2. We have verified
that the results are weakly sensitive to the pump-pow
value.

Reflectance anisotropy spectroscopy~RAS! consists in
monitoring the dependence as a function of light energy
the quantityDR/R5(R[110]2R[110])/R, which is a measure
of the dependence of the reflectivity on the orientation
linearly polarized light along two principal axes of the~001!
surface. For the RAS measurements, the excitation so
was a xenon lamp and a monochromator, and its linear
larization was modulated at 100 kHz using a quartz modu
tor. The light reflected from the sample was detected b
photomultiplier tube, the output of which was connected
the input of a lock-in detector. The high-voltage supply
0-2
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METALLICITY AND DISORDER AT THE ALKALI - . . . PHYSICAL REVIEW B 64 085310
the photomultiplier tube was regulated so that the aver
signalR was constant over the spectrum. Thus, the outpu
the lock-in amplifier was simply proportional to the aniso
ropy signalDR/R.

III. DETERMINATION OF THE K AND Na ADSORPTION
PROCESSES

For the ~110! cleavage face, potassium adsorption h
been found to saturate at RT and to proceed in a layer
layer mode at LT.14 For the same orientation, the kinetics
sodium adsorption has, to our knowledge, only been inve
gated at RT.29 Several breaks in the adsorption kinetics b
no clear evidence of saturation have been found. This
sorption has been shown to be reactive at RT, at which in
mixing with the substrate has been shown.12,29

For the~001! surface, the processes of K and Na adso
tion, to our knowledge, have not been investigated pre
ously. Our results for K are summarized in Fig. 1~a!, which
shows the peak-to-peak amplitude of the potassiumLMM
line at 252 eV as a function of exposure. For RT adsorpti
there is a change of slope at 30-min exposure and the si
eventually saturates at large exposures. In order to dis
guish between completion of the first monolayer and
change of sticking coefficient, we have plotted the potass
Auger signal against the signal of the substrate atoms
have observed that the change of slope near 30 min di

FIG. 1. Dependence of the potassium~a! and sodium~b! Auger-
signal intensities on RT and LT adsorption time. For potassium
for RT sodium adsorption, one sees a saturation of the signal, w
is our definition of 1-ML coverage. LT sodium adsorption enab
to deposit more than 1 ML in a layer-by-layer mode. Also shown
the figures is the change of sample current as a function of ads
tion time.
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pears. This allows us to conclude that the change of slop
30 min is due to a change of sticking coefficient.30,31 As is
usually performed for this type of interface,30 the coverage at
saturation will be taken as a reference for 1 ML.32 For LT
potassium adsorption, the signal increases almost linearl
to saturation with a low-coverage behavior, which close
follows the RT changes and saturates at the same level
RT. Also shown in the figure is the change of the sam
current under excitation by the electron beam. This curre
which gives the rate of secondary electron emission, exhi
a maximum near a coverage of 0.2–0.3 ML. Such meas
ment has been shown31 to give the same physical informa
tion as photocurrent measurements with the advantag
being usable at low AM coverages at which the photocurr
is very small. We conclude that potassium adsorption at
~001!GaAs surface proceeds in a way similar to cesium
sorption at the same surface, and at variance with what
been found for potassium adsorption at the~110! surface.14

One observes a saturation at a coverage, which is define
1 ML and is independent on temperature. Up to 0.6 ML, t
sticking coefficient is independent on temperature and
larger coverages it decreases with increasing temperatur

For sodium, our results are shown in Fig. 1~b!, which
exhibits the dependence of the integrated Na signal as a f
tion of exposure. At RT, the signal saturates at a covera
which we define as 1 ML, and whereas before saturation,
sticking coefficient is weakly dependent on coverage.
strong contrast, under LT adsorption no saturation is
served. The curve exhibits breaks at 40 min and 130 m
which allows us to exclude three-dimensional growth.33,34

The sodium integrated signal at the first break is, within e
perimental uncertainty, very similar to the saturation leve
RT. This indicates that this break is due to completion of
first monolayer, whereas the second break is due to com
tion of the second monolayer. This interpretation is in agr
ment with the fact that the LT sample current, also shown
the figure, exhibits a maximum after an exposure of 15 m
which corresponds to a coverage similar to the one found
potassium. We conclude that sodium adsorption
GaAs~001! is strongly dependent on temperature and p
ceeds in a way similar to potassium adsorption at the~110!
surface: At LT, the adsorption proceeds in a layer-by-la
mode with breaks revealing completion of the success
monolayers, whereas at RT adsorption saturates at 1 ML

Finally, we can rule out the hypothesis of a reactive s
dium adsorption at RT, which has been proposed for ads
tion on the cleavage face.12 Indeed, we have monitored th
magnitude of the sodium Auger signal as well as of the g
lium signal during annealing to RT after LT adsorption of
ML of sodium, and have found that these signals stay c
stant under annealing. This demonstrates that for the~100!
surface, annealing to RT does not induce a significant in
mixing with the substrate as well as sodium desorption. E
at large coverages, we found that no sodium desorption
curs up to 350 K.

IV. NONMETAL-METAL TRANSITION AS A FUNCTION
OF COVERAGE AND TEMPERATURE

A. Formation of a metallic phase under LT adsorption

Figure 2 shows the PR spectra of the clean surface
after selected LT potassium exposures~left panel! as well as
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O. E. TERESHCHENKO, D. V. DAINEKA, AND D. PAGET PHYSICAL REVIEW B64 085310
their Fourier analysis~right panel!. The spectrum of the clea
surface, shown in curvea, exhibits the well-known Franz
Keldysh oscillations for which the period is related to t
surface-barrier value. As found in curvea8 for the clean
surface, the main peak in the Fourier spectrum correspo
to a barrier value of 0.3 eV. In agreement with Eq.~1!, the
barrier value is smaller at the RT value because of the p
tovoltage, which is larger at LT.27 After adsorption of 0.4 ML
of potassium, the PR spectrum~curveb), as well as its Fou-
rier transform~curveb8) show only slight changes with re
spect of the clean surface. Subsequent evaporation of
small amounts of K leads to strong changes of the spect
shape. After additional adsorption of only 0.02 ML~curve
c), there appears additional extrema at an energy situ
above 1.60 eV. Such modification is revealed most clearl
the Fourier spectrum~curvec8), which exhibits, in addition
to the above peak at 0.3 eV, an intense peak that corresp
to a barrier value of 0.9 eV. The presence of two peaks in
cates that the surface is laterally inhomogeneous and con
of parts characterized by a barrier value of 0.3 eV toget
with other parts where the barrier is of 0.9 eV. The physi
implications of such lateral inhomogeneities will be d
cussed in Sec. VI. Subsequent adsorption leads to the ab
decrease of the peak at 0.3 eV so that, in the final stag
this evolution~0.55 ML, curvese ande8), only the peak at
0.9 eV is observed in the Fourier transform. The change
surface barrier induced by potassium adsorption at LT
summarized in Fig. 3~a!. For each coverage, we have show

FIG. 2. The left column shows photoreflectance spectra ta
for the clean surface and after selected potassium exposures
each spectrum, the surface barrier is found from a Fourier ana
as shown in the corresponding spectra in the right column.
onset of the nonmetal-metal transition occurs at a coverage of
ML and is revealed from the abrupt appearance of a second pe
the Fourier spectrum.
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~black dots! the observed barrier values. At a coverage
0.42 ML at which a second peak abruptly appears in
Fourier spectrum, we have represented two dots that, res
tively, correspond to the two distinct barrier values. We d
fine a transition region as the coverage range where two
rier values are simultaneously observed. This regi
delimited by vertical lines in the figure, extends betwe
0.42 ML and 0.55 ML.

Sodium adsorption at LT induces changes of the PR sp
tra, which are similar to the ones induced by potassium
sorption. The corresponding surface-barrier changes a
function of coverage, summarized in Fig. 3~b!, are qualita-
tively the same as for potassium adsorption. The final va
of the surface barrier is near 1 eV, while the transition regi
as revealed by Fourier analysis, is broader than for potass
since it extends between 0.5 ML and 0.9 ML.

Such modifications of the surface barrier can be und
stood if there occurs a nonmetal-metal transition at the s
face. Under formation of a metallic phase, the two terms t
appear in Eq.~1! are modified. There is a consensus that
formation of a surface-metallic phase leads to a decreas
the surface photovoltageVS .13,35,36Such an effect indicates
an increase of the surface-recombination velocity and
have several distinct explanations. First, the overlap of
metallic clusters with randomly situated surface defects
troduces a new efficient path for surface recombination. S
ond, the majority-carrier recombination at the surface sta
becomes easier because of the appearance of a continuu
surface states in the gap region,37 or because the overla
between the hole wave functions and the delocalized met
states is now strongly enhanced. In Eq.~1!, the barrier in the

n
For
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e
42
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FIG. 3. Surface-barrier changes for K~a! and Na~b! adsorption
under LT and RT adsorption.
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dark VB is also changed because the surface Fermi leve
now pinned by metal-induced gap states at an energy, w
is different from that of the nonmetallic states, which pin t
Fermi level before the transition.38 Note that in previous
studies,39 metallization of alkali adsorbates on Cu at LT w
also observed near 0.5 ML.

In order to provide independent proof for the formati
metallicity, we have performed EELS investigations of t
interface looking for two-dimensional surface plasmons
alkali metals, which are characteristic of a metallic phas40

Figure 4~a! shows the measured loss spectra after sever
exposures. The signal is normalized to the intensity of
elastic peak, not shown in the figure. In agreement with p
vious works,37,41 the spectrum of the clean surface~curvea)
shows a weak increase of the loss signal with increasing
energy due to the transition between the valence and con
tion bands.42 After 0.1-ML K deposition, we find that the los
intensity above the gap increases with respect to the c
surface. After deposition of 0.3 ML~curve b) the inelastic
background is increased, indicating the formation
K-induced surface states in the subgap region and above
gap.14 At a coverage of 0.5 ML~curvec), a weak but detect-
able peak appears at 2.3 eV. As shown in curvesd and e,
additional deposition leads to the increase of the intensity
this peak and to its shift towards higher energy up to
energy of surface plasmons equal to 2.6 eV.41,43 This shift is
similar to the one of the loss peak II observed by hig

FIG. 4. Electron-energy-loss spectra under adsorption of K~a!
and Na~b!. For potassium adsorption, the curves, respectively, c
respond to the clean surface~a!, coverages of 0.3 ML~b!, 0.5 ML
~c!, 0.7 ML ~d!, 0.8 ML ~e!, and 1 ML~f!. For sodium adsorption
the curves were taken for the clean surface~a!, and coverages of
respectively, 1 ML~b!, 1.6 ML ~c!, and 2.2 ML~d!. Shown in the
inset of the two panels are the changes of the integrated-plas
signals as a function of adsorption time.
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resolution EELS during the metallization of GaAs~110! by K
adsorption at LT.14 As expected, beyond the saturation co
erage, the plasmon peak no longer changes~curve f ). The
final plasmon energy is that of two-dimensional surface pl
mons with no clear bulk-plasmon signal at 3.7 eV.43 Shown
in the inset of Fig. 4~a! is the evolution of the integrated
intensity of the plasmon signal as a function of expos
time. The surface-plasmon peak starts to develop at 0.3–
ML, in good agreement with the EELS results on GaAs~110!
at LT14 and with the surface-barrier changes at the~001!
surface, shown in Fig. 3~a!. These results fully support th
occurrence of a nonmetal-metal transition.

For sodium, electron-energy-loss spectroscopy confi
the appearance of a metallic phase. Figure 4~b! shows se-
lected spectra for the clean surface~curvea) and for several
Na LT exposures. At 0.5 ML, we observe an increase of
inelastic background indicating the formation of Na-induc
surface states in the subgap region and above the gap.
ML ~curve b) there appears a peak at 3.9 eV, which cor
sponds to the two-dimensional surface-Na-plasmon energ43

Subsequent deposition leads to further increase of the l
peak intensity. The shape of the Na-plasmon peak beco
asymmetric and is composed of a surface-plasmon sig
near 3.9 eV and of a shoulder at the bulk-plasmon ene
~5.7 eV!, marked by an arrow in the figure. The bulk pla
mon is observed at a coverage larger than approximately
ML as shown in curvesc and d taken at, respectively
1.6-ML and 2.2-ML coverages. The present result furth
confirms the conclusion of the Auger analysis that it is p
sible to adsorb more than 1 ML at LT.

The inset of Fig. 4~b! shows the dependence of the sum
surface- and bulk-plasmon intensities as a function of N
deposition time. In agreement with the Auger results,
integrated-plasmon intensity is a linear function of the de
sition time of Na and does not saturate, at least up to 2.5 M
Surface plasmons are observable above a coverage of
0.9 ML, that is, at a coverage slightly higher than the on
of the surface-barrier change, which occurs 0.5–0.7 ML.

B. RT adsorption

In sharp contrast with the results presented in the prec
ing subsection, the nonmetal-metal transition is not obser
if adsorption is performed at room temperature. Shown
Figs. 3~a! and 3~b! is the coverage dependence of the barr
for, respectively, potassium and sodium adsorption at RT
found using PR spectroscopy. The maximum coverage
0.9 ML, since beyond this value the PR signal is very we
For the clean surface, we find a barrier of approximately
eV, in reasonable agreement with previous results.44,45 The
most significant barrier changes are obtained for covera
smaller than 0.1 ML. The surface barrier increases by 0.2
in a way similar to what has been reported for cesiu
adsorption44 because the adsorbed AM atoms behave as e
tron donors, transferring the charge to acceptor states
p-type GaAs.12,44No abrupt barrier change is observed und
subsequent adsorption and at large coverage the barrie
0.7 eV, is lower than the LT one by 0.3 eV. If a significa
metallic phase was present at the surface, the photovol
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on
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would be negligible and the Fermi level would be pinned
the same position as at LT. We conclude that, as found f
PR spectroscopy, no metallicity develops at RT. In the sa
conditions, we did not observe two-dimensional~2D! surface
plasmons of K and Na during deposition at RT as the m
sured spectrum only showed an inelastic background.
absence of Cs-plasmon peaks on GaAs~100! surface at RT is
also confirmed by EELS investigations.46

C. Annealing to RT after LT adsorption: Metal-nonmetal
transition

The results presented in the preceding section sugges
the metallic phase created by LT adsorption should be
stroyed under anneal to RT. Indeed, if at the end of the
adsorption, we anneal to RT and perform a subsequent c
ing to LT, we observe that the PR spectrum is complet
identical with the one obtained after LT adsorption before
onset of the transition~curveb of Fig. 2! The barrier is now
back to its value of 0.3 eV because a significant photovolt
can build up. On the other hand, Auger spectroscopy sh
that in the same conditions, the alkali atom concentrat
stays constant and that no alkali desorption takes place.
indicates that the destruction of the metallic phase under
nealing is irreversible and that this latter phase
metastable.47 In order to determine the temperature range
which the metal-nonmetal transition occurs, we have p
formed a series of annealings to increasing temperatures
ter each annealing, the sample was cooled again to LT
the PR spectrum was taken. All the spectra were thus ta
in identical conditions of temperature and coverage, and t
differences can only be due to irreversible modifications
the electronic properties of the adsorbate caused by struc
changes, which occur during annealing. Shown in Fig. 5~a!
~full circles! is the barrier change as a function of anneal
temperature after LT adsorption of 0.9 ML of potassium.
to 130 K, the barrier decreases, which shows that some
lution occurs in the adsorbate but that the surface phas
still metallic. In the temperature range situated between
K and 200 K, Fourier analysis reveals that, in addition to
peak that corresponds to the metallic phase, there appe
second peak close to 0.3 eV@white dots in Fig. 5~a!#, which
is characteristic of the nonmetallic phase. This shows tha
the same way as for the appearance of metallicity under
adsorption, the destruction of this metallicity under ann
exhibits an intermediate regime where both a metallic an
nonmetallic phase coexist. Note that in the present case
barrier that characterizes the metallic phase continuously
creases, whereas its value under LT adsorption is cons
and independent on coverage. After annealing above 21
the barrier has recovered its value of 0.3 eV and only o
peak is observed in the Fourier spectrum, which proves
the metallic phase has essentially been destructed by the
ter anneal. As expected, a second series of annealing~full
squares! does not induce any further barrier change.

The temperature change of the intensity of the surfa
plasmon peak during annealing is shown in Fig. 5~b!. After
an initial intensity decrease up to 125 K, the signal is co
stant up to 200 K and decreases upon further anneal.
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plasmon peak completely disappears and the final spec
measured at RT is similar to the spectrum measured
potassium coverage of 0.3 ML@curveb of Fig. 4~a!# as well
as to the spectrum observed after adsorption of 1 ML at
In the same way as the surface-barrier change, the disap
ance of the surface plasmon signal is irreversible. Note
the temperature at which this signal disappears, 270 K
larger than the temperature of 210 K at which the evolut
of the surface barrier is complete.

For sodium, the behavior of surface barrier and plasm
intensity is qualitatively the same as for potassium.
shown in Fig. 6~a!, the surface barrier recovers its initia
value of 0.3 eV after annealing to 200 K. Figure 6~b! shows
that the temperature at which the plasmon peak disappea
250 K. One significant difference with the case of potassi
adsorption is, however, that the surface barrier as well as
plasmon intensity do not decrease at initial stages of ann

FIG. 5. Effect of annealing following K adsorption at LT. Th
top panel shows the change of surface barrier~full circles! as a
function of annealing temperature, as found from the PR spect
taken at LT after the anneal. In the intermediate temperature ra
between 130 K and 200 K, a distinct barrier value is found in
Fourier analysis of the spectrum,~white circles! which reveals the
appearance of the nonmetallic phase. The middle panel shows~full
circles! the changes of plasmon-signal intensity under anneal a
function of temperature. The bottom panel shows the changes o
width of the line at 2.3 eV of the RA signal~see Fig. 7! after
annealing to a given temperature and cooling to LT. In the th
panels, full squares show the evolution of the corresponding qu
tities during a second annealing procedure following the first on
0-6
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METALLICITY AND DISORDER AT THE ALKALI - . . . PHYSICAL REVIEW B 64 085310
ing, and that the changes of barrier- and surface-plasm
signal are more abrupt than for potassium.

D. Surface diffusion of alkali atoms and disorder-order
transition

In order to interpret the above results, it is necessary
determine the temperature at which surface diffusion of
kali atoms becomes allowed. This is performed in the pres
section using RAS. Shown in curvea of Fig. 7 is the RA
spectrum of the clean surface at LT. This spectrum show
negative signal near 2.3 eV, which is characteristic of
gallium-rich surface reconstruction.48 Qualitative informa-
tion about the order of the adsorbate can be obtained f
the observation of the width of this latter signal in the sa
way as performed before.18 Shown in curveb of Fig. 7 is the
RA spectrum obtained at LT after adsorption of 0.3 ML
potassium. The line is shifted to 2.2 eV because potass
adsorption modifies the energy of the levels that particip
in the optical transition, and it is significantly broader th
the corresponding line for the clean surface. Shown in cu
c is the spectrum measured at LT after cycling to RT. T
overall position of the line at 2.2 eV is unchanged but
width is significantly smaller. These results are the same
the ones observed for cesium adsorption18 and can be given
the same interpretation. The modification of the RA signa
due in the perturbation of the localized electronic states p
ticipating in the optical transitions by the adsorbed atom

FIG. 6. Same as Fig. 5, effect of annealing after Na adsorp
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and the broadening induced by LT adsorption is due to
changes of surface-barrier and -plasmon signal inten
shown, respectively, in Figs. 6~a! and 6~b!. The disappear-
ance of the sodium metallic phase occurs at a temperatu
220 K, at which surface diffusion becomes allowed. Unli
the case of potassium, the linewidth and the plasmon sig
stay constant up to at least 180 K, which shows that li
sodium-surface diffusion occurs for temperatures lower th
this value and that at LT all the degrees of freedom of
adsorbate are frozen.

The temperature at which surface diffusion takes plac
related to the value of the surface-diffusion constant, wh
is characterized by an activation energyEd for surface diffu-
sion. Using the same method as published elsewhere18 we
write the diffusion constantD in the form

D5D0 exp~2Ed /kT!5 l 2/t, ~2!

wheret is the duration of the anneal andl is the diffusion
length of the order of the dimension of the unit cell. Th
preexponential factorD05a0

2t is related to the interatomic
distance a050.4 nm and to a phonon frequencyn
'1013 Hz. Taking the temperature at which the linewid
strongly changes under annealing, we find that this activa
energy for sodium is of the order of 0.60 eV. For potassiu
the dominant activation energy is of the order of 0.70 e
whereas some sites have an activation energy smaller
0.4 eV. These values should be compared with the activa
energy of 0.7 eV found for diffusion of cesium at the sam
surface.18 Note that for potassium diffusion on Ru~001! at
220 K, the activation energy was found to be smaller a
equal to 0.35 eV atQ50.33 ML.4

E. Phase diagrams

We have shown the following in the preceding section

n

FIG. 7. Curvea shows the RA spectrum of the clean surfa
taken at LT. Curveb shows the corresponding spectrum after
adsorption of 0.3 ML of potassium. Curvec shows the spectrum o
the same surface after cycling to RT. The fact that this latter cu
exhibits a smaller linewidth is a manifestation of the disorder-or
transition, which occurs under anneal.
0-7
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~i! At a coverage smaller than 0.5 ML and at LT; both f
potassium and sodium, the adsorbate is disordered bec
surface diffusion is not allowed, and is insulating.

~ii ! At coverages larger than 0.5 ML at LT, there abrup
appears a metallic phase and there exists an interme
coverage range in which both metallic and nonmeta
phases are found to coexist. At larger coverage, the insu
ing phase disappears and only the metallic phase is obse

~iii ! Under annealing to RT, surface diffusion becom
allowed and induces a disorder-order transition. For sodi
this diffusion becomes allowed rather abruptly, whereas
potassium some diffusion already occurs at the initial sta
of annealing.

~iv! Upon annealing, there also occurs a converse me
nonmetal transition at a temperature similar to the one
which ordering takes place at low coverage.

These results are presented in the form of phase diagr
as a function of temperature and coverage, shown in F
8~a! and 8~b! for potassium and sodium, respectively. T
full squares show as a function of coverage the tempera
of complete disappearance of the metallicity under ann
ing. The open squares show the onset of the transition re
at which one starts to observe a nonmetallic behavior
order to completely determine the limits of the metal
phase, we have also performed AM depositions at inter
diate temperatures. In the same way as for the results
sented above, the PR spectra were taken after cooling

FIG. 8. Phase diagrams of K~a! and Na~b! as a function of
coverage and temperature. These diagrams show both the me
ity ~as found using PR spectroscopy! and the degree of order
Shown as shaded regions are the zones where a metallic a
nonmetallic region coexist at the surface. Also shown as hatc
regions are zones where the electronic-surface properties depe
the history of the preparation procedure.
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sample to LT after each adsorption process. Fourier anal
of these spectra also revealed the presence of a trans
region, where both a metallic phase and an insulating ph
coexist at the surface. For each temperature, the onset o
metallicity and the maximum coverage of the transition
gion are shown by full circles and by open circles, resp
tively.

The distinction between metallic and transition regio
allows us to reveal a fundamental aspect of the adsorb
We find that, at significant coverages and intermediate te
peratures, there exists a region, shown cross hatched in
figure, where the electronic properties depend on the his
of the system preparation. If adsorption is performed at
termediate temperature the system is metallic. If, on the o
hand, the same AM coverage is adsorbed at LT followed
an anneal to intermediate temperature, the system is p
metallic and partly insulating although the coverage and te
perature are the same as in the former case. Such phe
enon has also been observed for AM adsorption on met5

and has been correlated with structural properties. Dist
systems such as spin glasses are also known to exhib
space of configurations, which consists of many distinct fr
energy valleys separated by high mountains, which induc
strong dependence of the system configuration on the his
of its preparation.49

V. DISCUSSION

Complete interpretation of the above results requires
vestigation of the geometry of the adsorbate on a mic
scopic scale as well as calculations of electronic struct
and is beyond the scope of the present work. Since exp
mental investigations6 and theoretical analysis50 have so far
been performed essentially for RT adsorption on the cleav
face; we limit ourselves here to a qualitative discussion.

A. LT adsorption: Nonmetal-metal phase transition in a
percolationlike system

The observation of metallicity indicates that there app
at the surface, clusters containing a number of atoms la
than a critical valueNc . For regular 3D clusters, if the atom
number is larger than this value, the energy difference
tween discrete electronic levels, equal to the widthW of the
AM-induced band divided by the numberN of atoms, be-
comes smaller thankT so that a continuum of states appea
This phenomenon has been called a size-induced nonm
metal transition.51

For potassium adsorption, and for sodium adsorption
submonolayer coverage, the adsorbate consists of t
dimensional clusters. At LT, since surface diffusion of is
lated atoms is only allowed at a larger temperature, the al
atom adsorbs at the site where it impinges at the surfac52

As a result, the clusters are disordered and their geomet
properties are described by percolationlike theories.53 In the
framework of these theories, the cluster size increases
coverage as a power law, that explains the abrupt appear
of clusters that have a sufficient number of atoms to exh
metallic properties. Due to this strong dependence of
cluster size on coverage, the coverage at which metalli

lic-

a
d
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appears should only weakly depend on the chemical na
of the AM, and should be slightly smaller than the perco
tion threshold~equal topc;0.59 for site percolation on a
square lattice! at which an infinite cluster is formed. Th
experimental coverage for metallicity is indeed close topc

and is similar for sodium and potassium.
The fact that the nonmetal-metal transition is discontin

ous and the coexistence of two phases near the trans
suggests that, in the same way as proposed at the L
interface,2 the transition is of first order. In order to evalua
the cluster size for metallicity near the transition threshold
is necessary to discuss the experimental techniques in m
detail. Here, we use two criteria for metallicity, which are t
presence of a peak in the loss spectrum at the known en
of the surface plasmon and the abrupt disappearance o
photovoltage. This disappearance occurs when the met
clusters overlap randomly situated defects, which introdu
an additional efficient path for surface recombination. Su
phenomenon occurs when the cluster size is comparable
the average distance between surface defects. Since the
sity of surface states is of the order of 1012 to 5
31012 cm22,54 the average distance between these st
can be qualitatively estimated as of the order of 5–10 n
Taking an AM coverage at saturation of 4 –631014-cm22

range,30 such clusters should contain approximately 102 at-
oms. This value is probably an upper boundary since th
may exist metallic clusters smaller than the distance betw
defects. The EELS results also give us a lower boundar
the critical cluster size for metallicity, since an amount of
atoms is known to be sufficient for surface plasmons to
excited in the cluster.51 From a theoretical point of view, the
number of atoms for metallicity can be estimated from
Mott-Ioffe-Regel criterion, according to which the siz
induced nonmetal-metal transition occurs in a 1.5–4-nm
gion. Thus, in order to observe metallic properties in a
cluster, a number of at least 20 atoms is required, wh
corresponds with the above order of magnitude estimate

We now discuss the presence of a transition region
which both a metallic and a nonmetallic phase coexist at
surface, and the characteristic dimension of the lateral in
mogeneities. The observation of such lateral photovolt
inhomogeneities implies that the electrical conductivity
the plane of the surface is not sufficient to equilibrate
electric charges between the metallic and nonmeta
patches of the surface. We have verified the validity of su
hypothesis by changing the temperature, which sho
strongly modify the surface conductivity. Shown in curvesa
andb of Fig. 9 are the PR spectrum of the clean surface
the same spectrum after deposition of 0.9 ML of potassium
an intermediate temperature of 180 K. The correspond
Fourier spectra are shown in curvesa8 andb8. As seen in the
phase diagram of Fig. 8~a! using the coverage and temper
ture values, this case corresponds to the transition reg
However, curveb only exhibits one peak. The explanation
that, at this increased temperature, the surface conductivi
sufficient to average out the electrical charge at the surf
Subsequent cooling to LT, which is known not to change
system’s geometrical properties, strongly modifies the sp
trum ~curvec), and gives rise to the appearance of two d
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tinct peaks in the Fourier spectrum~curvec8). The explana-
tion is that, at LT the surface conductivity is reduced so t
lateral charge inhomogeneities can develop at the surface
found from elementary electrostatics, this implies that
characteristic dimension of the lateral inhomogeneities
comparable with the depth at which the PR signal is o
served, which is of the order of a fraction of the space-cha
layer. As a result, we conclude that the extension of the
eral inhomogeneities is of the order of 10 nm.

B. Driving force for ordering under annealing to RT

The system under annealing to RT progressively loses
percolation nature as surface diffusion becomes thermo
namically allowed. In order to interpret the evolution of th
geometrical and electronic properties of the adsorbate,
distinguish three regimes depending on coverage.

~i! At low coverage, the effect of adatom-adatom rep
sion is weak and the observed disorder-order transition is
to diffusion of individual atoms at the surface.18

~ii ! For intermediate coverages larger than the one
which the nonmetal-metal transition is observed, the reor
nization of the adsorbate rather occurs because of the re
sive interaction between AM’s, in order to minimize th
strain energy, and via elementary AM diffusion process
towards unoccupied surface sites. As shown elsewhere u
simulations,16 the larger clusters should be broken in
smaller clusters that are likely to be nonmetallic depend
on their size and shape.

~iii ! If the coverage is near saturation, there are few em
sites at the surface so that surface diffusion cannot occu
the same way. In this regime, it is quite surprising to no
that the change under annealing of the surface-plasmon
tensity at saturation coverage is in perfect corresponde
with the RAS measurements taken at 0.3 ML. Such agr
ment demonstrates that, at saturation, the elementary ev
tion steps for disruption of the metallic phase are still diff
sion of adsorbed atoms out of the surface potential wells
which they are trapped. The irreversible evolution of the a

FIG. 9. The left column shows photoreflectance spectra, ta
for the clean surface at 180 K~a!, after adsorption of 0.9 ML of
potassium at 180 K~b! and after subsequent cooling to 85 K~c!.
For each spectrum, the surface barrier is found from a Fou
analysis, as shown in the corresponding spectra in the right colu
0-9
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O. E. TERESHCHENKO, D. V. DAINEKA, AND D. PAGET PHYSICAL REVIEW B64 085310
sorbate may also involve a change of the distance betw
the adatom and the substrate, in order to maximize the
tances between AM’s.55

The main difference between the structures of the ad
bates at RT and at LT is the difference in the cluster size
RT, the measured loss spectra at saturation only show
increase of the inelastic background below and above
gap. As already observed at RT in distinct systems,37,41 two
loss peaks have been found in the subgap region and
been attributed to collective excitations in small 2D cluste
such as the clusters found for GaAs~110! at RT, which con-
tain five Cs atoms or four K atoms.6 Note finally that, as
shown in Figs. 5 and 6. the disappearance of metallicity
der annealing as probed by PR occurs at a temperature l
than the one at which the plasmon signal in the loss spect
disappears. This is because the decrease of the photovo
revealed by PR spectroscopy is only observed if there e
clusters larger than the average distance between the su
traps, which are able to efficiently discharge them. Such
is likely to be larger than the actual cluster size for metal
ity, as characterized from the observation of surface p
mons in the loss spectrum. The same argument explains
the appearance of metallicity, as found by PR, is more ab
than as found by EELS.

C. Comparison between Na and K

The main difference between the phase diagrams lie
the larger width of the transition region for sodium. At L
this width is of 0.35 ML for sodium and of 0.17 ML fo
potassium. However, one would expect that the Na and th
phase diagrams exhibit more significant differences, si
both the alkali-alkali interaction and the alkali-substrate
teraction are different. The activation energy for diffusion
individual atoms at the surface, which was estimated us
RAS, is a measure of the interaction with the substrate
has been found here to differ for the two atomic species~0.6
eV for sodium and 0.7 eV for potassium!. The repulsive
adatom-adatom interaction induced by the electrostatic in
action between the AM-induced dipoles or the steric effec
also different between K and Na because of the differ
amount of charge transfer.

At intermediate temperatures, a possible explanation
the similarity is that the maximum size of the AM clusters
mostly determined by the strain energy of the substrate. T
maximum size may be different for potassium and sodi
because of the different repulsion between AM’s, but
maximum strain energy, which determines the temperatur
disruption of the metallic clusters, is similar for the tw
AM’s because it depends mostly on the substrate.
f
,

W
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VI. CONCLUSION

We recall the main results of the present work.
~a! We have investigated the adsorption process of po

sium and of sodium on GaAs~100! at LT and RT. Whereas
LT and RT adsorption of potassium as well as RT adsorpt
of sodium saturate at a coverage that we define as 1 ML,
possible to deposit at LT more than 1 ML of sodium.

~b! If adsorption is performed at a temperature lower th
approximately 200 K, both potassium and sodium form m
tallic phases near a coverage of 0.5 ML. These phases ar
of equilibrium and are irreversibly destroyed under anneal
to RT. We have obtained their diagrams of existence a
function of coverage and temperature. These diagrams
clude a nonmetallic and a metallic region as well as a tr
sition region where the two phases coexist at the surfa
These diagrams are quite similar for Na and K although
alkali-alkali and alkali-substrate interactions are different
the two atoms.

~c! At LT, the adsorbate is disordered, since the activat
energy for alkali-atom-surface diffusion is large~0.6 eV for
sodium, and 0.7 eV for potassium!, so that this diffusion is
not possible at LT. For sodium, such diffusion only becom
allowed near 200 K, at which the adsorbate becomes
dered. For potassium, surface diffusion becomes prog
sively allowed, with some individual motions being allowe
at a temperature lower than 150 K, whereas diffusion
comes completely allowed at 230 K.

~d! The evolutions under annealing of the surface bar
and of the plasmon intensity are closely correlated with
onset of surface diffusion, which demonstrates that the on
of surface diffusion is the reason for the destruction of
metallic phase, so that both a metal-nonmetal and a disor
order transition take place under annealing.
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