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Two Dimensional Phase Separation for Co Adsorbed on Si(111)
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We have used low energy electron microscopy to monitor the high-temperature behavior of surface
phases in the GBi(111) system at submonolayer coverages. We observe a reversible phase separation
from a disordered (1 X 1)” phase to well-defined coexisting regions of ordef@dx 7)-reconstructed
and disordered phases. The transition temperature is depressed by ned@y®0he addition of 0.1
monolayer of cobalt. The shape of the coverage-temperature phase boundary allows us to estimate the
latent heat of thé¢7 X 7) order-disorder transition. [S0031-9007(97)03320-6]

PACS numbers: 68.35.Rh, 61.16.—d, 81.30.Hd, 82.65.Dp

Surface effects in bulk alloying systems is a topic ofdensity lattice gas arrangement of RC’s exists at domain
long-standing interest, with important fundamental andooundaries of the(7 X 7) reconstruction. It was not
practical aspects such as surface segregation, grain bourglear from STM “quench and look” observations whether
ary embrittlement, impurity gettering, and faceting behav-these structures exist at high temperature or what their
ior. More recently, studies of heteroepitaxial growth haveinteractions might be.
highlighted the importance of understanding the thermo- As we describe below, we find that, at high temperatures,
dynamics of coupling between overlayers and substratdRC phases of C(5i(111) are stable against the dissolution
In view of the above, and the ubiquity of compositional of Co into bulk silicon or condensation into bulk silicides
phase separations in bulk systems, it is perhaps surprisirgn an observable time scale. With increasing Co coverage
to find no report in the literature of two-dimensional (2D) we observe a sequence of single and coexisting ordered
phase separation of a surface segregant. One reason ford disordered surface structures suggestive of binary
this is that surface segregants in most systems are essexutectic behavior. We analyze the shape of the boundary
tially equilibrated with the bulk at temperatures of inter- separating a uniform disordered RC-containing phase from
est. This results in a single-phase surface structure at atbexisting ordered7 X 7) and disordered1 X 1)-RC
temperatures, even though the surface may exhibit a phapbases, using a local equilibrium-based description, based
transition in which coverage increases suddenly below an the reversability of transitions across it.
critical temperature, following a miscibility gap phase di- The principle of operation of the LEEM is described
agram [1]. A second reason may be that it is experimenin detail elsewhere [2], as is the microscope used in this
tally difficult to observe phase separation with diffractionwork [4]. The base pressure in the instrument \@as
techniques, which are almost exclusively used for sucH0~!° torr. The Si sample was heated via electron bom-
studies. On the other hand, phase separation is directljardment. Temperature measurement was via an infrared
observable using surface imaging techniques such as lopyrometer which was calibrated at the clean surfac
energy electron microscopy (LEEM), which is capable of7) to (1 X 1) transition temperature [5]. Sample cleaning
distinguishing phases with differing atomic structure, withwas done by heating briefly in UHV to 128C. Evapora-
approximately 100 A lateral resolution, high contrast, andive deposition was done by direct current heating of a high
at high temperature [2]. In this paper, we report directpurity Co wire, and measured situ using a quartz crys-
LEEM observations of a reversible phase separation baal thickness monitor, calibrated from the knovs}an_
tween ordered and disordered 2D phases for a prototyp@ ML = 7.8 X 10'* atonycn?) saturation coverage of
metal-semiconductor system, £2i(111). the (v/7 X +/7)R19.1° phase [3].

Previously, Bennetet al., using scanning tunneling  We first explored the phase diagram of /Si(111) by
microscopy (STM) and medium energy ion scatteringslowly increasing the amount of Co on the surface at a
(MEIS) found that a remarkably stable “ring-cluster” (RC) fixed temperature. The LEEM images of Fig. 1 show a
structure exists for all group VIII metals adsorbed onSi(111) surface just before and during deposition of Co
Si(111), with each RC consisting of a single metal atomat a flux of 0.0017 Ml/s and a temperature of 736.
in a substitutional silicon site plus an overlying ring Figure 1(a) shows the surface shortly after cleaning, and
of six silicon adatoms [3]. In the case of cobalt anbefore deposition starts, on which we observey a< 7)
ordered arrangement of RC’s with (&7 X +/7)R19.1°  low-energy electron diffraction (LEED) pattern. This
unit cell forms at the close-packed density éfML. image is nearly featureless except for a step- “pinning
At lower coverages a disordered, ofl“X 1),” variable center,” which provides a fixed reference point in the
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image. Panels (b)—(f) show the time evolution of this As the Co dose continues, a third structure, dark gray
surface as Co is deposited. Already, by 0.02 ML, theunder these imaging conditions, becomes evident. It also
formation of a second (dark) structure is evident. Ingrows inward from step edges. B&ML [panel (e)] it
LEEM, the images give a spatial map of the electronmnearly covers the surface. At this coverage the surface has
reflectivity, and the contrast observed in these brighta LEED pattern consisting of two orientational domains
field LEEM images is consistent with measurements obf (/7 X +/7)R19.1° reflections. Beyond approximately
different LEED IV profiles for the specular reflection 1 ML, we begin to observe the formation of small particles
above and below th¢7 X 7) to (1 X 1) transition [5].  which we believe to be CoSislands [6].

As the Co coverage is increased, the dark regions in |nterestingly, the observed sequence of surface phases
the image form at, and spread outward from, atomiGormed during Co deposition follows that of a bulk binary
height steps and domain boundaries of tf#®eX 7)  eutectic system above the eutectic temperature [7]. In
reconstruction at the expense of the existitWyxX 7)  the top of Fig. 2 we show the average image intensity
regions, indicating a phase separation. The dark regionfom a multidomain region on the surface, taken from the
are evidently the samél X 1)-RC structure seen in sequence of Fig. 1. At the bottom of the figure we show a
STM images at room temperature [3]. By a coverageschematic eutectic phase diagram for the case of negligible
of 0.1 ML [panel (d)] the dark regions essentially covermytual solubility of RC's and patches ¢ X 7) in the

the entire surface. The LEED pattern from this surfacq7 x 7) and (+/7 x +/7) ordered phases, respectively.
shows only(1 X 1) reflections plus a diffuse background. since the average image intensity is a linear combination
The growth mode of thél X 1)-RC structure indicates of intensities from the coexisting phases, the continuous
limited solubility of RC’s in regions of the ordered changes in gray scale are qualitatively consistent with
(7 X 7) phase. We have earlier observed a qualitativelymoving along the constant temperature coexistence “tie
similar separation for NiSi(111) [4]. lines” of this diagram. The contrast betwg@nx 7), (1 X

1) RC, and(+/7 X /7) varies with energy, and can even
reverse. For these imaging conditions, with the intensity
from the (1 X 1) RC being the lowest, the minimum in
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FIG. 2. Top: average image intensity during Co deposition as
FIG. 1. Bright field LEEM images of Si(111) surface during in Fig. 1 for a selected multidomain region of the images in
deposition of Co at 73% at coverages of (a) 0.00 ML, which the terrace widths range ové60 + 200 A. Bottom:
(b) 0.02 ML, (c) 0.04 ML, (d) 0.10 ML, (e) 0.13 ML, and schematic equilibrium phase diagram for surface phases of Co
(f) 0.16 ML. The (7 X 7) appears as white, thd X 1) RC  on Si(111). Dashed arrow shows the trajectory for the Co
as black, and thé/7 X /7) as gray at these conditions. Here deposition experiment of Fig. 1. Gray bars show tie lines
and in Fig. 3 the incident energy is 3.6 eV, incident angle®’js 0 connecting points of coexisting phases in two-phase regions.
and the field of view iy um. Note the horizontal scale change from the top panel.
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the average intensity shown in the bottom of Fig. 2 givesles produced arrangements essentially identical to that of
the approximate median coverage for a sindgle-x 1)-  panel (f) at the same temperature. The measured tran-
RC phase, and an approximate location of the eutectisition temperatures vs Co coverage are plotted in Fig. 4.
composition. Above 800°C the transition temperatures on heating and

To check for reversibility across the phase boundaryooling are very nearly the same, provided that the total
separating disorderdd X 1) RC from coexisting ordered time at temperatures near 88D is less than a few min-

(7 x 7) and disorderedl X 1)-RC structures, we imaged utes. Beneath 80, a small hysteresis is observed. The
the surface during heating and cooling experiments at phase separation from uniforfid X 1) RC into coexist-
series of different Co coverages, as shown in Fig. 3 foing (7 X 7) and(1 X 1) RC is otherwise reversible with

a Co coverage of 0.04 ML. Thé& X 7)-reconstructed temperature.

(light) regions are segregated at the step edges. As the Attempts to observe reversible transitions across other
temperature is increased, these regions shrink [panels (bhase boundaries show that a eutectic-based model can
and (c)] and completely disappear at 825 leaving a sur-  provide only partial understanding of the early stages of the
face which is entirely1 X 1) RC [panel (d)]. Lowering growth of Co on Si(111). Transitions across the boundary
the temperature results in a reappearance of(the 7) separating thé\/7 X +/7) and(1 X 1)-RC structures are
reconstruction at step edges at very nearly the same temet reversible due to the formation of silicide islands at
perature, 824C. Further cooling results in a growth of coverages nea,’ ML, which locally deplete the surface of
the (7 X 7) outward from the step edges at the expensé&€o. We also find that the separation betwé€erx 7) and

of the (1 X 1)-RC regions [panels (e) and (f)]. A slight (1 X 1) becomes increasingly sluggish for temperatures
difference in the arrangement 6f X 7) regions in pan- below that for the growth sequence of Fig. 1, precluding
els (a) and (f) comes from the nucleation of ffex 7)  observation of transitions across the lower boundary, to
at step edges during cooling through the phase boundargpexisting(7 X 7) and(~/7 X +/7) structures, on the time

in contrast to the nucleation of tHé X 1) RC at domain scale of our observations. However, as we observe that
boundaries of thé7 X 7) during deposition of Co. Im- transitions acros&’ X 7) to (1 X 1)-RC phase boundary
ages acquired during subsequent heating and cooling care reversible, we next consider a thermodynamic model
to explain its shape.

The clean-surface Qil1)-(7 X 7) to (1 X 1) order-
disorder transition is believed to be first order [8] so that
a latent heat, which is proportional to the difference in en-
tropy between the two phases at the transition temperature,
must be added to disorder tfie X 7). In spite of great in-
terestin thg7 X 7) to (1 X 1) transition [5,8], there have
been very few published values for this fundamental ther-
modynamic parameter [9]. Next we show that the shape
of the transition temperature vs Co coverage curve shown
in Fig. 3 allows us to estimate the clean surface-transition
latent heat.
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FIG. 4. Temperature at whicki7 X 7)-reconstructed (white)
regions completely disappear from LEEM image on heating
FIG. 3. Bright field LEEM images of Si(111) during heating (solid circles) and reappear on cooling (open squares) vs ring-
and cooling sequences after deposition of 0.04 ML Co atluster coveragg®c,) for Co/Si(111). The dashed curve
767°C. (a) T =768°C (first heating). (b)T = 806°C shows the optimum fit to the form of Eq. (1). The solid curve
(heating). (c)T = 816 °C (heating). (d)I' = 827°C (begin  shows the optimum fit of the transition temperature on heating
cooling). (e)T = 816 °C (cooling). (f)T = 768 °C (cooling).  (solid circles) to the form of Eq. (2).
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The depression of th&7 X 7)-disordering temperature spacing, corresponding to a coverage of 0.036 ML, which
can be understood qualitatively as coming from the enis near the middle of the range of the fit of Fig. 4. At
ergy cost of having RC’s within regions @7 X 7) re-  this coverage the interactions between ring clusters raise
construction rather than within the disordered phase. Ththe energy of the surface iyl + 0.5 meV/(1 X 1)—unit
simplest model for this system is a noninteracting latticecell, or 30 * 14 meV/RC. Equating this value to the
gas of RC’'s. Equating the 2D spreading pressures [10] isum of the interactions of an individual RC with all of
the (7 X 7) and (1 X 1)-RC phases and assuming negli- its neighbors, we estimate a repulsive interaction potential
gible solubility of RC’s in thg7 X 7) ordered phase yields between individual pairs of RC’s 39 = 18 eV A3/r3.

7711 In summary, we find that the observed phase separation
In(1 — Orc) = A a/kg(1/To = 1/T), (1) petween ordered and disordered surface phases of Co
where®xc is the RC coverage (which is equal to the Co2dsorbed on Si(111) is in good agreement with a local-
coverage),h”*7 %1 is the latent heat of thé7 X 7) to equilibrium thg_rmodynamlc model of a solution Wl_th small
(1 X 1) transition, « is the area of &1 X 1) unit cell, mutual solubilities in the ordered phases. This model

andT, is the disordering temperature for the clean Si(111!lows us to estimate the latent heat of disordering of the
surface. The best fit of our data to the form of Eq. (1)(7 X 7) reconstruction and the interaction between Co-

is shown by the dashed curve in Fig. 4. The fitted curvéOntaining ring clusters on the surface. Finally, we note
is nearly linear, with slightly upward curvature, and de-that itis the use of direct imaging in LEEM which makes
viates systematically from the experimental data, whicHPossible the |d.ent|f|cat|on of the phase separatlo.n'between
displays the opposite curvature. A natural refinement oprdered and dllsor'dered structures, _and the precision of the
the model is to include an “excess enthalpy®S, due LEEM determlnatpn of the separation temperature which
to interactions between RC’s. We do not know the func-2/lows the evaluation of RC-interaction enthalpy and the
tional form of this interactiora priori [11], but consider 'atent heat of th&7 X 7) to (1 X 1) transition.
dipole-dipole interactions, either strain mediated [12] or W€ thank N.C. Bartelt for a number of fruitful con-
electrostatically mediated, to be plausible. Such interac/érsations, and a careful reading of the manuscript.
tions fall off as the inverse cube of the separation, and NS _Work was supported by the NSF under Grant

as the average separation is proportional to the squafi?- DMR9528503. One of us (R.J.P.) received sup-
L /2 port from the Laboratory for Physical Sciences and an
root of the coverage; this leads to a factor ®£C per

dipole in the interaction term. Multiplying by the den- NSF-MRG.
sity of dipoles gives another factor @frc for an overall

@f{cz dependence fok*S and a spreading pressure equa-
tion as follows:
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