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Thin Cu/Ag(111) and Ag/Cu(111) structures studied with monoenergetic positrons
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The early stages of crystal growth have been studied with variable-energy positrons in conjunc-
tion with low-energy electron diffraction and Auger-electron spectroscopy. We report measure-

ments of positron branching ratios for (0.1—10)-monolayer (ML) Cu overlayers grown on Ag(111)
and for (0.1-100)-ML Ag overlayers grown on Cu(111). The results are discussed in terms of the
structural and electronic properties of the surfaces as well as positron-interaction mechanisms at the
surfaces. Our method is not sensitive to open-volume defects created during the early stages of crys-
tal growth. Information on positron implantation at small incident energies, positron surface pro-
cesses, and positron thermalization properties is extracted from experimental data.

I. INTRODUCTION

Recently there has been a lot of research activity in
metallic layered structures. In particular, the early stages
of crystal growth have attracted a great deal of attention
(see, e.g. , Ref. 1). This phase is important to many appli-
cations where surface-related properties play a major
role. For example, metallic coatings may passivate the
surfaces against corrosion and radiation damage, and
they may result in specific optical or electrical properties
or a unique catalytic activity being achieved. A myriad
of different surface-sensitive techniques, normally based
on interactions of electrons, ions, or electromagnetic ra-
diation with the solid, has been utilized. In the present
work we report on experiments done with monoenergetic
positrons on heteroepitaxial systems at low coverages.

The progress in monoenergetic positron beams has
made it possible to utilize positrons in surface and near-
surface studies. By adjusting the incident beam energy
from several eV up to 50 keV, the region from the outer-
most atomic layers to the depth of several pm can be
monitored. Positrons are, due to their positive charge,
sensitive to open-volume defects inside the crystal (see,
e.g., Ref. 3}. The first study of metallic epitaxial over-
layers with positrons was performed by Schultz et al.
They studied Cu grown on W(110) and were able to ob-
serve positron trapping at defects near the interface.
Koymen et al. have compared positron results with
low-energy-electron-diffraction (LEED) measurements in
homoepitaxial Ni(110) structures. Alkali-metal-covered
Ni surfaces have been examined in order to study posi-
tronium (Ps) formation on a metallic surface. Gidley
and Frieze developed the concept of reemitted positron
energy spectroscopy (RPS), which has recently been used
by Ociepa et al. to study the growth of Co on W(110) in
connection with LEED and Auger-electron-spectroscopy
(AES} measurements. Gidley has also studied with RPS
the phase transition from coherent to incoherent growth
when Ni is evaporated on different low-index Cu surfaces.

Positron measurements normally include a lot of infor-
mation from the region well below the surface. The most
surface-sensitive quantities are the branching ratios to

difFerent surface channels. They give information on the
positron-surface interaction, as well as on other physical
phenomena occurring at the surface. In this work we
have changed the surface conditions in a controlled
manner by evaporating foreign material on a single-
crystal substrate. Experiments have been done with posi-
trons, LEED, and AES for Cu grown on Ag(111) and Ag
grown on Cu(111). The studied overlayer thicknesses
vary, respectively, from 0.1 monolayers (ML) up to 10
ML and from 0.1 ML up to 100 ML. Both systems have
been previously studied by using various techniques.
When Cu is grown on Ag(111), the growth has been re-
ported to start by formation of either one' or two"'
complete ML and to proceed by island formation [i.e.,
the Stranski-Krastanov (SK) growth mode]. In this work
we observed the one monolayer to be formed before is-
landing. In the complementary system, Ag/Cu(111),
layer-by-layer growth proceeds beyond the detection lim-
it of Auger-electron spectroscopy"' ' in accordance
with our observations. We are not able to correlate the
positron results with structural changes in overlayers, but
new information on mechanisms governing positron-
surface interaction can be extracted.

The rest of the paper is organized as follows. In Sec. II
the positron-surface interaction is discussed. Experimen-
tal conditions and measured quantities are described in
Sec. III. Results are presented in Sec. IV and discussed
in Sec. V. The paper is concluded in Sec. VI.

II. POSITRON-SURFACE INTERACTION

All positron measurements presented in this paper are
based on the analysis of the positrons that have diffused
back to the entrance surface after implantation (see, e.g.
Ref. 3). After penetrating the solid keV energies, posi-
trons rapidly lose their energy ( (10 ps) and undergo a
diffusive motion at thermal energies. Diffusion is
governed by scattering from acoustic phonons (for a re-
view on thermal positron motion, see Ref. 15). During
the positron lifetime ( —100 ps), a certain fraction of
them, depending on the incident energy, reenter the sur-
face. The flux of positrons can be evaluated using the
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diffusion model (see, e.g., Refs. 3, 16, and 17). In the very
thin overlayers presently considered, the positrons stop-
ping into the overlayer can be neglected. The positron
backdiffusion probability J(E) for an incident energy E is
equal to the Laplace transform of the implantation profile
p(z, E}as

cape of thermal positrons is formed on the surface. In
the complementary case, Ag/Cu(111), thermal positrons
gain energy from the interface and retherrnalize in the
layer or reach the surface with hyperthermal energies.

III. EXPERIMENT

J(E)=f p(z, E)exp( —z/L+ )dz,
0

where L+ is the positron diffusion length. For the posi-
tron implantation profile we have adopted the form of the
Gaussian derivative: p(z, E)=(exp[ —(z/zo) ])dz with
zo=(4. 5 pg cm ) [E/(1 keV)]'

After thermalization and backdiffusion, those positrons
returning to the surface have several possible fates. The
most common interaction processes at a metal surface are
(i) reemission into the vacuum as a free positron, pro-
vided the positron work function is negative; (ii) localiza-
tion of the positron into the image-induced potential well
or trapping into a surface defect; ' (iii) emission as a posi-
troniurn (Ps) by a pickup of a near-surface electron; (iv)
emission as a Ps atom due to the thermal excitation from
a surface bound state; and (v) reflection of the positron
wave by the potential at a surface.

The positron surface processes have recently been a
subject of extensive studies. The understanding of
positron-surface interaction was revised to some extent
when it was observed that reflection from the surface po-
tential is one of the major positron processes at the sur-
face, especially dominant at lower temperatures. ' Pos-
itron energetics plays an important role when surface
processes are discussed. Positron emission is mainly an
elastic process governed by the positron work function
p+. z Spontaneous reemission occurs if p+ is negative.
Ps emission, an energetically more favorable process than
e+ emission, is a nonadiabatic process with a sudden
pickup of e at the low-electron-density tail at the sur-
face and subsequent emission as a Ps atom. Experimen-
tally it has been observed that Ps formation and reemis-
sion show a similar temperature dependence on sur-
faces. This suggests that Ps formation can be relatively
accurately described by a two-process model. Positron
transmission through the surface potential gives almost
all the T dependence, and it can be treated separately
from the choice between electron pickup and free posi-
tron emission, which is done independent of the tempera-
ture. Positron trapping into the surface state happens via
electron-hole pair excitation showing only weak tempera-
ture dependence. In the present work we have adopted
to some extent a different way to study positron-surface
interaction. Positron energetics is changed by evaporat-
ing a foreign material on a single-crystal substrate. This
effects the surface dipole component on the work func-
tion.

At the interface of two bulklike materials, a thermal
positron experiences a potential difference, which equals
the difference of the material specific positron aSnities.
For a detailed discussion on the interface potential, see
Refs. 31 and 32. The magnitude of the positron aSnity
for Ag is 0.55 eV larger than for Cu. ' Thus, when Cu is
grown on Ag(111), a potential barrier preventing the es-

A. Experimental conditions

The experiments were performed with a magnetically
guided positron beam in an ultrahigh-vacuum system.
The beam has been discussed fully elsewhere. We ob-
tain with a Co source and a W(110) backscattering
moderator a current of typically 10 e+/s at the sample.
The energy of the beam was varied from 0 up to 25 keV
in the present work. We achieved the energy width ~ 3
eV, and the beam diameter was approximately 3 mm at
the sample location. The pressure during the measure-
ments was below 5 X 10 ' mbar from which it rose dur-
ing the in situ evaporations up to SX10 ' mbar. The
measurement chamber is equipped with 4-grid retarding-
field analyzer for LEED and AES analysis, ion sputter-
ing, and residual-gas-analysis facilities for sample and
vacuum characterization. A high-purity Ge detector is
utilized to monitor the annihilation y rays.

Both of the high-purity single-crystal samples
[99.999% pure Ag(111) and 99.9999% pure Cu(111)]
were mechanically and electrolytically polished prior to
the insertion in the vacuum system. The samples were
cleaned in situ by Ar+-ion etching, first with a high ener-

gy (& 1 keV} and finally with a lower energy (250—500
eV). After each sputtering cycle the samples were given a
heat treatment at a high temperature [Ag(111) at 700'C
and Cu(111) at 750'C] for —30 min in order to anneal
out the sputtering-induced damage from the surface.
Auger-electron spectroscopy was used to confirm the
chemical cleanliness of the crystal surfaces. It showed no
trace of carbon and oxygen contamination above the 0.1-
ML level. In Cu crystals sulfur is a common bulk impur-
ity, which segregates to the surface. We did not observe
any sulfur in our crystals. For checking the crystalline
order both LEED and positronium fraction measure-
ments ' were performed.

The evaporations were done with an effusion cell sys-
tem. Cu and Ag evaporants with a purity better than
99.999% were placed in a crucible made of pyrolythic bo-
ron nitride. The crucibles were heated with a standard
effusion cell which was efBciently surrounded by cooling
water and liquid nitrogen. In addition to cooling, the
liquid-nitrogen trap served as a local cryopump which en-
abled the system pressure to stay near the base pressure
during the evaporations. When the Auger signal intensi-
ty is plotted versus evaporation time (AST plot), abrupt
changes occur in the slope of the Auger intensity at cov-
erages corresponding to complete monolayers. In order
to calibrate the layer thicknesses, we utilize these break-
points at AST plots. When the growth proceeds by is-
land formation the curves are smooth. Because both sys-
tems grow at least partly through the layer-by-layer mode
[Cu/Ag(111) 1 ML plus islanding and Ag/Cu(111) at
least 3 ML], the 1-ML breakpoint gives a reference in
both cases (see Figs. 3 and 6). In the AES experiments
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the instrument was tuned to produce the best possible
signal from the Ag MNX transition emitting a 351-eV
electron. The thickness calibrations were done using this
peak. The Cu MNN peak (60 eV) was disturbed due to
the high background of the retarding field analyzer at low
electron energies. In the same time the quartz crystal
thickness monitor was calibrated and was used to check
the stability of the material Aux from the effusion oven.
The evaporation rate (typically 10 A/s) proved to be
constant over long time periods. At low coverages (i.e.
below 10 ML) a relative accuracy of 10% in the layer
thickness determination is achieved.

In a typical measurement sequence at the coverage
range from 0 up to 5 ML, we grew three subsequent
monolayers and measured the annihilation spectra with
typically 10 incident energies from each layer, the grid in
front of the sample both positively and negatively biased.
After this sequence, taking approximately 45 min, the
surface was cleaned by Ar+-ion sputtering and the crys-
tal was annealed. The thicker overlayers () 5 ML) were
grown and characterized one at a time.

B. Measured quantities

Vacuum Sample

Incident
positrons

Ps

plantation
fi le p(z E)

sion

Reemi Bulk
annihilations

Grid Sur
state

FIG. 1. Schematic view of the experimental arrangement. A
fraction of implanted positrons return to the entrance surface
where they can escape as a free e+ or Ps atom, localize into a
surface state, or reflect from the surface potential back to the
crystal. Reemitted positrons are either turned back to the crys-
tal by a positively biased grid or allowed to escape the detection
area by a negatively biased grid.

A schematic view of the experimental situation is
shown in Fig. 1. Our measurements are based on the ma-
nipulation of freely reemitted positrons. They can be ei-
ther turned back to the sample by a positive bias voltage
in the retarding grid or taken away from the sample area
by a negative bias. In the latter case the positrons are
directed by an EXB filter (not shown in Fig. 1) to annihi-
late outside the detection area of the y detector. By fol-
lowing the change in the total count rate T the fraction
for reemitted positrons can be determined as

T+ —T
T+

where T+ corresponds to the total count rate measured
when the grid is positively biased and T, respectively,
when it is negatively biased.

The positronium emission yield can be determined by
distinguishing the 3y annihilations of the orthopositroni-
um from all other events. In this paper we determined
the positronium fraction f by measuring the y energy
spectrum from which f can be calculated using the for-
mula

P, (R, —R)
Po (R —Ro)

(3)

fe+ T+(E) T(E)—
E J(E),T+(E )

(4)

f,(E) fp (E)(I—f,+«))
J(E) J(E)

s 1 Eps E +
e

(6)

where fp, is the true Ps fraction. J(E) is the returning
probability for the incident energy E, and it can be calcu-
lated as the known positron diffusion length. For the
positron diffusion length in Cu we adopted the value
L+=1400 A, and for Ag, correspondingly L+=1100
A, ' which are the values measured from the same crys-
tals used in the present study.

In addition to the branching ratio measurements and
positronium fraction measurements, we performed de-
tailed reemission measurements with some incident ener-
gies in order to get information on the energy distribu-
tions of reemitted positrons. The measurements were
done by changing the bias between the sample and the re-
tarding grid and monitoring the total count rate. In this
way the integral yield distribution is measured, and by
differentiating it the energy distribution of the emitted
positrons can be obtained (see, e.g., Ref. 4).

IV. RESULTS

Both the substrate crystals used in this study, Cu(111)
and Ag(111), are smooth close-packed fcc surfaces.
Copper and silver have a small mutual solubility, and are

where the ratio R is defined by R =(T P)IP—. »s the
rate of detected y quanta in the whole energy spectrum
and P correspondingly those detected in the 511-keV an-

nihilation peak. The calibration parameters R, and Ro
correspond to the situation where 100% and 0% of posi-
trons, respectively, are emitted as positronium atoms
from the surface. Their values depend strongly on the
measurement geometry. ' Typical values for parame-
ters are R, =12.0, R0=3.5, and P, /Po=0. 4. If we

denote the fraction calculated in this way when the grid
is positively biased (=conventional positronium fraction)
with fp, (E) and for negatively biased grid fp, (E), the

energy indep-endent thermal positron branching ratios
for positron emission (e +) and Ps emission (ep, ) and oth-

er surface events ( e, ), respectively, can be written as
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by the decrease in the backdiffusion probability, which
decreases the signal and thus increases the statistical un-
certainty.

A. Cu/Ag(111)

The LEED pattern was monitored around an electron
energy of 150 eV as the Cu growth proceeded. The pat-
tern remained a sharp p(1 Xl) up to 0.5 ML. Only a
slight increase in the spot intensity when compared to the
background signal was observed. Above 0.5 ML the
LEED pattern was still p(1 X 1}showing, however, clear
tails in spots. This indicates that Cu growth on Ag(111}
begins at submonolayer coverages by the formation of
two-dimensional islands due to net attractive Cu-Cu la-
teral interactions. Above 1 ML, a sharp decrease in the
ratio between beam and background intensities was ob-
served supporting the AST observation (Fig. 3) about
three-dimensional islanding after 1-ML completion. The
dashed line in Fig. 3 corresponds to layer-by-layer growth
calculated based on the semiempirical curve of Seah and
Dench for the inelastic mean free path (IMFP) of elec-
trons. From our data we obtain an IMPF of 13.3 A for
351-eV electrons in Cu, which agrees well with the
semiempirical value for the IMFP of 10.3 A.

In Fig. 4, the branching ratios measured as a function
of an epitaxial Cu coverage on Ag(111) are presented. In
this case the reverse interface potential [theoretically
bed+=0. 55 eV (Ref. 31)] prevents the escape of those
thermalized positrons implanted into the substrate to the
surface. The work function P+ of Ag(111) for a positron
is positive and during the Cu (P+= —0.3 eV at room
temperature ) growth the energy level of thermal posi-
trons in Ag never exceeds the vacuum level. These facts
close the reemission as an escape channel throughout the
coverage range. Being energetically allowed Ps forma-
tion is possible from Ag(111) with a probability of 0.4 at
room temperature. The abrupt decrease in the Ps forma-0.6 I
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FIG. 2. Experimental branching ratios 6' + E'p and e, of
e

positron to various surface interface channels as a function of
incident positron energy measured from 17-ML Ag on Cu(111).
The variable behavior below 2 keV is due to nonthermal effects
(Ref. 41), and the constant level at F. )2 keV describes thermal
e branching ratios into channels.

FIG. 3. Auger signal vs evaporation time (AST) plot for the
Cu/Ag(111) system. The dashed line corresponds to layer-by-
layer growth predicted by the semiempirical formula of Seah
and Dench (Ref. 42). Squares denote the completion of a mono-
layer.

the only material pair among the noble metals that does
not alloy. ' We define a monolayer (ML) as to corre-
sponding to the atomic density of the substrate surface,
since both systems begin to grow coherently. The atomic
densities for Cu(111) and Ag(111) are 4.3X10' and
3.4 X 10' cm, respectively. %hen Cu grows on
Ag(111), the lattice structure is more open than that of
Cu(111), favoring the formation of the open-volume de-
fects as the lattice parameter relaxes towards Cu(111) lat-
tice parameters. In the complementary case the Ag over-
layer is compressed and it seems less likely that open-
volume defects capable to trap positrons are formed.
These phenomena have been observed in thick layers and
are discussed in a separate publication.

The positron branching ratios for the major escape
processes are denoted by e + for reemission and ep, for Ps

e

emission. In the present experimental arrangement it is
not possible to distinguish surface localization and
reflection back to the bulk from each other. Thus, we are
only able to obtain their sum e, =e„+e„s[Eq. (5)]. A
way of distinguishing surface trapping and reflection
would be, e.g., to study the fraction of positrons annihi-
lating at the surface state through the intensity of the sur-
face lifetime component. The three branching ratios
were determined for each incident positron energy. An
example is shown in Fig. 2, where data from the 17 ML
Ag/Cu(111) structure is shown. From Fig. 2 it can easily
be seen that the branching ratios vary in the low-energy
region. This is due to nonthermal effects, ' where posi-
trons escape from the crystal before completion of
thermalization (see Sec. V). The branching ratios were
determined by taking the arithmetic average of the values
corresponding to incident positron energies between 4
and 12 keV. The upper-limit energy value is determined
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a function of Cu coverage on Ag(111). Solid lines are guides for
the eye. The arrows on the left and right are for clean Ag(111)
and Cu(111), respectively.

FIG. 5. Integral distributions of reemitted positron yield vs

grid-bias voltage measured from 40-ML Cu/Ag(111), bulk

Cu(111), and 4-ML Cu/Ag(111) at incident positron energy 500
eV. The data measured from Ag(111) coincide with those from
4-ML CU/Ag(111).

tion between 2 and 3 ML can again be attributed to the
formation of the interface potential. In this coverage re-
gion the positron wave still has some overlap with the
low-electron-density tail outside the surface, where Ps
formation occurs. The simultaneous increase in e„
which actually is a complement to the sum of e + and ep„
reflects the same phenomenon. The arrows in the figure
correspond to the branching ratios for bulk Ag(111) and
Cu(111) (see also Table I). The branching ratio curves do
not approach the bulk values for Cu(111) due to the re-
verse positron potential, which prevents thermal posi-
trons from reaching the surface, making the analysis im-
possible.

The measured integral distributions of reemitted posi-
trons from 4-ML.Cu/Ag(ill), 40-ML Cu/Ag(111), and
Cu(111) for the incident energy 500 eV are shown in Fig.
5. The distribution from Ag(111) coincides with 4-ML
Cu/Ag(111), and no thermal emission is observed due to
the positive work function. The total yield of 5'%//ob-
served from 4-ML Cu/Ag(111) arises totally from a non-
thermal contribution. The total yield of 40-ML
Cu/Ag(111) has not reached the level of Cu(111). There
are two reasons for that. A fraction of the positrons is
implanted beyond the interface and slows down to ener-
gies where it cannot overcome the reverse interface bar-
rier. On the other hand, open-volume defects in the over-
layer may reduce the amount of returning positrons
through trapping.

B. Ag/Cu(111)

The growth observed when Ag is evaporated on
Cu(111) is much more ordered than in the complementa-
ry case. The AST analysis (Fig. 6) shows that the layer-
by-layer growth mode continues for at least 2, maybe 3,
ML, which is supported by LEED patterns showing rela-
tively sharp spots and a low background up to 5 ML.
The dashed lines in Fig. 6 correspond again to layer-by-
layer growth. The Ag Auger intensity follows the pre-
dicted curve giving an IMFP corresponding well to that
calculated from the semiempirical formula. The inten-
sity for bulk Ag was taken from that corresponding to

Ag coverage (ML)

a
~y4

r

Ag/Cu(111)

D

0
I

20()

Ea aporation time (s)

300

&Ps
E'

e

Es

CU(111)

0.29
0.23

0.48

Ag(111)

0.40
0.01

0.59

TABLE I. Thermal positron branching ratios for pure
defect-free Cu(111) and Ag(111) surfaces at 300 K. FIG. 6. Experimental Auger signal vs evaporation time

(AST) plot for the Ag/Cu(111) system. Solid dots correspond to
the Ag MNN transition and the open ones to the Cu MNN tran-
sition. Dashed lines with open squares at each completion of a
monolayer correspond to layer-by-layer growth predicted by the
semiempirical formula of Seah and Dench (Ref. 42). The solid
line is a guide for the eye.
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FIG. 8. Integral distributions of reemitted positron yield vs

grid-bias voltage measured at 4-ML Ag/Cu(111), bulk Cu(111),
and 40-ML Ag/Cu(111) with incident positron energy 500 eV.
The data from Ag(111) coincide with those from 40-ML
Ag/Cu(111).

15-min evaporation ( —12 ML}. The agreement between
the predicted and the measured Cu peak attenuations is
not so good. The difference can be attributed to the low
sensitivity of the used retarding-field analyzer at low elec-
tron energies. From Cu data we obtain an IMFP 1.6 A
for 60-eV electrons in Ag, which is much smaller than
the predicted 3.8 A. However, the Cu data also show a
clear breakpoint at approximately a 1-ML coverage (solid
line in Fig. 6).

The branching ratios for the system Ag/Cu(111) are
shown in Fig. 7. Several interesting features can be ob-
served in the curves. The simplest of the positron surface
processes is (quasi)elastic positron reemission. Its proba-
bility decreases only slightly at submonolayer coverages
until, after the completion of the first overlayer, it starts
to decrease rapidly. Above 10-ML coverage there is no
reernission, due to the positive work function of silver.
Between 2 and 10 ML the data are scattered. The
reasons for this will be discussed later. The Ps-formation
probability begins to increase from the very beginning
()0. 1 ML) and continues to do so up to 5 ML. After
this thickness the E'p curve begins to approach the value
corresponding to bulk Ag. From the e, curve we observe
that below 1 ML the fraction of positrons remaining in
the bulk or trapping into the surface state is reduced
strongly. Above 1 ML the rise starts towards the bulk
value. The arrows in the figure correspond to bulk
Cu(111) and Ag(111) (see Table I).

In Fig. 8 the integral distribution of reemitted posi-
trons is shown measured with 500-eV incident positron
energy for 4-ML Ag/Cu(111) together with those for 40-
ML Ag/Cu(111) and Cu(111) for comparison. Ag(111}
distribution is equal to that of 40-ML Ag/Cu(111). 4-ML
Ag/Cu(111} is in the coverage region in which the
branching ratio measurements show scattered data (Fig.
7). From Fig. 8 we can conclude that the 4-ML
Ag/Cu(111) structure shows, in addition to nonthermal

positrons, a remarkable component of thermal positrons.
The distribution is slightly broadened when compared to
clean Cu(111) and its center of mass is moved towards
positive work-function values.

0.6

0.5

0.4

0.3

0.2

I

10

Positron energy (keV)
FIG. 9. Experimental Ps fractions vs incident positron ener-

gy from bulk Cu{111)(open dots), from the 8-ML Ag/Cu(111)
structure {open squares), and from the 100-ML Ag/Cu(111)
structure (solid dots). Solid lines correspond to the best least-

0
squares fits with fixed diffusion length L+ =1400 A. The inset
shows the branching ratio for the Ps emission in an expanded
scale (see Fig. 7).
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The results of the positronium fraction versus incident
positron energy for three different samples are presented
in Fig. 9. The lowermost of the measured data sets (open
dots) originates from defect-free bulk Cu(111). In the
center (solid dots) data obtained for 100-ML Ag/Cu(111)
are shown and the uppermost data set (open squares) cor-
responds to an &-ML Ag/Cu(111) structure. The thinner
overlayer is thin enough so that positron stopping in it
can be neglected, and the curves describe positron
diffusion in the Cu substrate, whereas in the 100-ML
structure positrons start to thermalize at low incident en-
ergies ( (2 keV} within the overlayer. We have applied
the standard diffusion model for the semi-infinite crystal
for the data. The solid lines in Fig. 9 present the best
least-squares fits with a fixed positron diffusion length for
Cu L+ =1400 A. ' It can be observed that the diffusion
model explains the data obtained for the 8-ML
Ag/Cu(111) structure throughout the entire energy
range, whereas in the other two curves it was necessary
to omit the low-energy data points, which have a consid-
erable contribution from epithermal positrons. In the
100-ML Ag/Cu(111) case, skipping of data points below
4 keV was necessary before the diffusion analysis was
capable of modeling the data. For Cu(111) the minimum

energy is E;„=6 keV. ' In the inset of Fig. 9 the
branching ratio for Ps emission is shown as a function of
Ag coverage in a linear coverage scale and expanded E'ps

scale. The data are the same as shown in Fig. 7 in the
logarithmic coverage scale. A linear decrease is observed
in the Ps-emission probability as the Ag layer thickens on
Cu(111}.

V. DISCUSSION

A. Comparison with earlier experiments

Several studies exist on the early stages of epitaxial
growth of Cu on Ag(111). Horng and Vook report the
Stranski-Krastanov (SK) growth mode at room tempera-
ture. 2 ML are formed prior to island formation,
whereas the growth on a substrate at 500 K shows three-
dimensional islands from the very beginning. Gibson and
Dobson' have done similar observations with 1-ML SK
growth at 300 K. Recently, the Cu/Ag(ill) system has
been studied with surface extended energy-loss fine-
structure (SEELFS} (Ref. 12} and extended fine Auger
structure (EXFAS} (Ref. 45) measurements. In these ex-
periments it is observed that Cu growth begins commens-
urately but the registry breaks down between the third
and fifth layers. Shapiro et al. ' report surface segrega-
tion of Ag even at room temperature. If we combine
these, to some extent controversial results, with our ob-
servations of 1-ML SK growth, no unique conclusions
can be done. The differences are probably due to slight
differences in sample preparation. The Cu/Ag(111)
structures seem to be very unstable and Ag readily en-
riches to the surface: a 5 min/200'C heat treatment to
40-ML Cu/Ag(111) leads to an observation of a clear Ag
signal by AES.

Ag/Cu(111} has been an attractive system for studying
two-dimensional electronic structure in overlayers.
The layer-by-layer growth and the sharp interface allow

such studies. Early experiments showed island growth,
whereas in recent experiments it has been shown convinc-
ingly that the growth proceeds layer by layer at least to 2
ML."' These are in good accordance with our AST re-
sults suggesting at least 3 complete monolayers be
formed. Shapiro et al. have observed the monolayer
formation to appear via large monolayer thick islands in-
commensurately with the substrate. The overlayer and
the substrate are growing mutually parallel, i.e., they
have the same crystal orientation. Our observations do
not support incommensurate growth.

B. Positron surface processes

In the present work we have followed the positron-
surface interaction by changing the positron energetics at
the surface with adsorbates. The situation is different
from temperature-controlled experiments, in which the
temperature influences mostly the bulk energetics. In
the present study adsorbates at submonolayer coverages
change directly the surface dipole making the under-
standing of surface processes more complicated. The
influence of the energy-level changes can most directly be
observed from e + curves in Figs. 4 and 7. In Fig. 4 the

negligible reemission probability throughout the coverage
range reflects two facts: Firstly, it manifests the positive
work function for Ag(111), and secondly the existence of
the reverse potential barrier, which is formed when Cu is
grown on Ag(111). When Ag is grown on Cu(111}, the
effect of an interface potential can also be observed. Ac-
cording to calculations, the difference between the posi-
tron affinities (i.e., the interface potential height) in Cu
and Ag is hy+ =0.55 eV (Ref. 31}and the Ag(111) work
function P~+s=0. 62 eV. This means that a thermal pos-
itron must overcome a potential barrier of 0.07 eV in or-
der to be able to escape as a free positron if the Ag over-
layer has the properties corresponding to the bulk Ag.
Secondary effects (e.g. , in sample preparation) can cause
shifts of 0.1 eV in energy levels, and thus the scatter in
the data between 2 and 10 ML is interpreted to be due to
this phenomenon. This is supported by the 4-ML
Ag/Cu(111) integral distribution in Fig. 8, in which a
clear contribution from positrons emitted from the sub-
strate can be observed. Above 10 ML, the interface is
fully formed and free positrons cannot escape through
the Ag(111) overlayer. The nonzero branching ratio for
reemission from Ag(111) (see Table I) indicates that the
work function for Ag(111) is relatively near the vacuum
level, and positrons at the tail part of the Maxwell-
Boltzmann energy distribution may be able to escape as
free positrons.

In principle, there are two main factors influencing the
distribution of emitted Ps atoms: the initial combined
positron-electron state at the surface and the Ps-
formation mechanism. The Ps emission probability is
proportional to the expression

r

2

ep, ~ f dpi' ~M,f~ n 5 +E~ E, +Pp, , (7)—

where p is the momentum of the Ps center of mass, EF is
the Fermi energy, n. and E. are the occupation number
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and energy of the jth electron state, and m is the electron
mass. M,& is the matrix element giving the coupling be-

tween initial and final combined electron-positron states.
In the case of thin layered structures, where the interface
potential is fully developed and rethermalization in the
overlayer plays a minor role, the positronium formation
potential P~, can be written

(8)

where P+ and P are the positron and electron work
functions, respectively, the Ps binding energy E&=6.8
eV, and hy+ is the positron aSnity difference. %'e can
distinguish two energy-dependent contributions from Eq.
(8). By adjusting the positron kinetic energy, the size of
the occupied phase space can be controlled, i.e., with in-
creased kinetic energy, positrons may help deeper-bound
electrons over the surface barrier by forming a Ps atom
with them. On the other hand, the matrix element M,.&
also has an intrinsic energy dependence.

An interesting feature is observed in positron branch-
ing of Ag/Cu(111) in Fig. 7 below the 1-ML leveL The
probability e, that positrons cannot escape out of the
crystal decreases sharply. At the same time the reemis-
sion probability stays constant and Ps formation is in-
creased. The Ps formation probability increases already
during the formation of the firs 0.1 ML from 0.28 to
0.35. This kind of huge change can hardly be accom-
panied by structural changes in the overlayer or changes
in the transmission through the positron potential, be-
cause the reemission probability is constant or even
s1ightly decreasing. Adatoms may deform the surface po-
tential and decrease the surface-state trapping probabili-
ty. Another possible explanation is the enhanced elec-
tron density at the surface making positronium formation
more likely. 2D-ACAR or Ps time-of-Sight measure-
ments (see, e.g. , Ref. 3) from submonolayer overlayers
would provide new insight into these questions. A simi-
lar increase in Ps emission at submonolayer coverages
was observed by Gidley et al. when alkali metals were
grown on Ni.

Above 1 ML the reemission branch begins to close.
The positrons are divided between Ps formation,
reflection, and surface-state trapping. Ps formation
reaches a constant level at approximately 5 ML, which
corresponds to the thickness at which the Ag surface be-
gins to exhibit electronic structure of bulklike Ag(111}.'

The level that the Ps-formation probability reaches is
well above that for Ag(111). Hence the change can no
longer be attributed to the local changes in the surface
potential nor to the electronic-structure changes at the
surface. The positron distribution reaching the surface at
a 5-ML structure is subject to an energy offset equal to
the positron alnity difference between Ag and Cu. Re-
thermalization can still be neglected. Thus, positrons en-
counter the Ag(111}surface having approximately 0.5 eV
higher energy than in the semi-infinite case. The
difference in the Ps formation probability can hardly be
associated with the decreased surface-state trapping rate,
which instead should be even slightly increased as the
positron energy is increased. The effect of refiection is
considered to be minor, because the dominating feature

in the reflection seems to be due to the image tai1 of the

surface potential. This leaves only the Ps emission pro-

cess itself as a possible explanation to the increase. The

energy excess by+ [Eq. (9)] makes it possible that epi-

thermal positrons can pick up electrons deeper below the

Fermi level than thermal positrons from semi-infinite

Ag(111), and help them into the vacuum by forming a Ps
atom. This increases the total probability of Ps emission.

However, the energy dependence of the matrix element

M,& in Eq. (8}must also be considered as one candidate to

the increase. Above 10 ML, rethermalization in the over-

layer starts to play a role and the branching characteris-

tics approach those corresponding thermal positrons on

Ag(111) (see inset of Fig. 9).
Summarizing, the observed changes in Ps emisson in

Ag/Cu(111) cannot be accounted for from a single pro-

cess, and at least two phenomena increasing the Ps emis-

sion are required. Furthermore, coupling between

different surface processes is not yet unambiguously un-

derstood. Further experiments and theoretical develop-

ments are needed in order to explain these phenomena

completely.

C. Crystal growth at the submonolayer level
arith positrons

One of the objectives of the present work was to study
the feasibility of the positrons in observing defects in the
early stages of crystal growth. At submonolayer cover-
ages the surface contains a lot of potential positron traps
(i.e., surface vacancies). Koymen et al. 5 have reported
positronium fraction measurements from homoepitaxy on
a Ni(110) surface. They were able to observe positron
trapping at submonolayer coverage and relate this to the
ledge density in the outermost surface layer. We did not
observe this kind of behavior either at our bimetallic
structures or at approximately 1-ML-thick Cu/Cu(111)
structures. This is demonstrated in Figs. 4 and 7 for
bimetallic structures. The branching ratios measured for
the systems Cu/Ag(111) (Fig. 4) and Ag/Cu(111) (Fig. 7)
do not show any trapping behavior below 1 ML. On the
contrary, the escape probability in Ag/Cu(111) has even
increased. The reason for this is that the possible posi-
tron trapping is damped out by the changes in the posi-
tron energetics or by the changes in the electron density
at the surface These ph. enomena are so strong that
changes induced by them in the branching ratios dom-
inate the features in Figs. 4 and 7 below 1 ML, as dis-
cussed above. On the other hand, measurements for
homoepitaxial Cu structures gave results corresponding
to bulk Cu, i.e., no signs of positron trapping into surface
defects were observed.

D. Epithermal effects in di%asion analysis

There has been an intense recent discussion concerning
epithermal positrons. They are observed at low incident
energies when either Ps formation or reemission probabil-
ities are monitored as a function of incident positron en-
ergy. The fraction of emitted Ps or e+ has generally been
larger than predicted by the diffusion model at incident
positron energies of a few keV. The measured signal is,
according to the diffusion model, proportional to the
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product of the backdiffusion probability and the branch-
ing ratio either to the positron or Ps. So far these effects
have been attributed totally to the abnormally high re-
turn probabi)ity of positrons due to the faster transport of
nonthermal positrons, ' and deviations in the positron
implantation profile from the standard behavior at higher
E;„,. However, our experiments indicate the surface
branching ratios to be dominantly responsible for most of
the discrepancy from the diffusion model.

The diffusion model can be used in analyzing data from
bulk samples, if data measured with low incident energies
are omitted. ' For Cu(111) this skipping energy
minimum is E;„=6keV and for Ag(111) it is E;„=3
keV. ' In bilayered structures with the interface poten-
tial allowing escape from the substrate, the diffusion
model may be applied with the same considerations as in
the bulk samples, if the positron stopping into the over-
layer can be neglected. The diffusion coefficient corre-
sponding to the substrate is then obtained. When the im-
plantation into the overlayer is significant, the interface
potential constrains positron motion, which can be in-
cluded into the diffusion model via boundary condi-
tions. ~

In Fig. 9 it is observed that f+(E) data from Cu(111)
as well as from 100-ML Ag/Cu(111) structure show
characteristic features of data measured from bulk sam-

ples. The Ps fraction is increased from that predicted by
the diffusion model at low incident energies. The majori-

ty of the positrons return with thermal energies, and the
epithermal positrons are a minor part of the population.
However, the epithermal contribution is overemphasized
in the measured signal due to a much higher transmission
probability through the surface potential, leading to
strongly-energy-dependent branching ratios.

When the results from thin (5—20-ML) Ag/Cu(111)
structures were analyzed, it was observed that f+(E)
data can be modeled using the diffusion model
throughout the incident energy scale from 0.5 up to 25
keV. Positrons have obtained at the interface an energy
excess relative to the positron ground state at Ag, which
is much larger than the positron thermal energy. At low
coverages, positrons have a high probability of returning
to the surface without energy losses, and hence almost all
positrons interact with the surface at epithermal kinetic
energies having weakly-energy-dependent branching ra-
tios. Above 20 ML, rethermalization in the overlayer be-
comes significant, leading again to bulklike behavior of
the Ps fraction. A small fraction of positrons having ki-
netic energy above the vacuum level is able to escape as
free positrons below 2-keV incident energy (Fig. 2). On
the other hand, Ps emission is possible for the whole posi-
tron population, and it is evident that the obtained ener-

gy excess is responsible for the validity of the diffusion
model.

Therefore we are emphasizing the importance of the
energy dependence of the branching ratios. Our observa-
tions suggest that the fraction of positrons approaching
the surface is proportional to the Laplacian of the im-
plantation profile according to Eq. (1), with incident ener-
gies above 0.5 keV. Furthermore, positron implantation
profile of the Gaussian derivative shape is adequate to de-

scribe positron stopping as E;„,& 0.5 keV. Positron
motion inside the solid can be described within the
diffusion model obeyed by both thermal and epithermal
positrons over a wide energy range. The observed
discrepancy with the diffusion model is due to the energy
dependence of positron transition rates to different sur-
face processes.

VI. SUMMARY

In this study we have examined positron behavior in
thin epitaxial overlayers. Measurements have been done
from (0.1 —10)-ML-thick Cu layers on Ag(111) and
(0.1 —100)-ML-thick Ag/Cu(111) structures. We have
studied thermalized positron surface processes as a func-
tion of coverage and incident positron energy. Reemis-
sion measurements have also been performed to get infor-
mation on positron energy distribution and thermaliza-
tion. The growth has also been characterized by LEED
and AES.

When Cu is grown on Ag(111), the growth is observed
to begin by the formation of one complete monolayer.
After this the growth proceeds via three-dimensional is-
land formation. Positron behavior is dominated by the
formation of a reverse interface potential which prevents
the escape of thermal positrons from the crystal.
Ag/Cu(111) grows in better registry than the complemen-
tary system. The growth characteristics show layer-by-
layer growth for at least 3 ML. Again, changes in posi-
tron energy levels induce the dominant features in the
measured signals. An enhanced Ps formation probability
even below 0.1-ML coverage indicates a drastic change in
the positron surface potential or the electron density of
states at the surface. In thicker overlayers the increased
positron kinetic energy further increases the Ps emission
probability. We emphasize that we observe no signs of
positron trapping at defects during the crystal growth
due to the dominant role of surface and interface poten-
tials. It is evident that differences in positron affinities in
bimetallic structures limit the applicability of the method
to detect open-volume defects near the interface unlike in
the case of a semi-infinite homogeneous sample.
These subjects, however, need further experimental and
theoretical work.

Positron fraction versus incident positron energy mea-
surements suggest a new interpretation of epithermal
phenomena occurring in these experiments. Up to now
they have been attributed to the deviation in the implan-
tation profile at low energies resulting in an increased re-
turning probability, and a significant contribution of posi-
trons returning to the surface prior to the thermalization.
Our observations indicate that the commonly accepted
positron implantation profile at higher positron energies
is also valid down to 0.5 keV. Furthermore, thermal and
epithermal positrons can roughly be described with the
same diffusion constant. The key property leading to an
enhanced e+ and Ps emission is the energy dependence of
the positron branching ratios, rather than deviations in
positron current approaching the surface. The sharpen-
ing in the Ps fraction data is thus mainly due to the
enhanced transmission probability of nonthermal posi-
trons through the surface potential.
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