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Sites, mobilities, and cluster formation of In atoms on a stepped Cu(100) surface
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The surface sites in In atoms deposited to a coverage of 0.013 monolayer onto a stepped Cu(100) sur-
face were determined with low-energy ion scattering. This was done for various deposition temperatures
in the range 63—300 K. The mobilities of In atoms on the terraces and along steps were deduced from
the deposition-temperature dependence of the fractions of In atoms occupying different sites. It was
found that, with increasing temperature, In adatoms first migrate to step edges to form one- and two-
dimensional clusters and then are incorporated into the terraces at near-substitutional sites.

I. INTRODUCTION

For a better understanding of low-temperature epitaxi-
al growth, and also of the kinetics of surface reactions, it
is important to know the surface sites and the mobilities
of deposited or adsorbed atoms. The trapping of such
atoms at surface imperfections, and the formation and
stability of small clusters of atoms, can be especially
determinative for the structure and morphology of the
overlayers formed during prolonged growth. From a
simple calculation of random walk of surface atoms it can
be estimated that, for a coverage of & 10 monolayers
(ML), no clustering of deposited atoms will occur. At
coverages of = 10 ML, the early stages of cluster for-
mation are expected to be visible. Only a few techniques
are suitable for determining surface sites or structures at
coverages of 10 ML or less. These include field-ion mi-
croscopy, ' scanning tunneling microscopy, ' and x-ray
diffraction, ' which have as a common feature that it is
difficult to distinguish between different species of atoms
at the surface. Recently, Schatz and collaborators re-
ported perturbed-angular-correlation (PAC) measure-
ments on radioactive In atoms deposited to very low cov-
erage (=10 ML) onto (stepped) surfaces of Cu single
crystals. "They proposed four well-defined types of In
atoms on a stepped Cu(100) surface:" adatoms, adatoms
at a step edge, substitutional step edge atoms, and substi-
tutional terrace atoms. The occupation of these different
positions was found to depend on the temperature during
deposition and on the anneal treatment.

In the present work, we used low-energy ion scattering
of 6-keV Ne+ ions, combined with at time-of-flight mea-
surement of the scattered particles (LEIS-TOF},' to
determine the precise sites of In atoms deposited to a cov-
erage of -0.01 ML onto a stepped (100) surface of a Cu
single crystal. This was done for 12 deposition tempera-
tures in the range 63—300 K. In order to extract the
desired information with such a low coverage of adsor-
bate atoms, we had to use a special geometry to be de-
scribed later. From the temperature dependence of the
fractions of In atoms in different sites, we deduced mobil-
ities of In atoms on the terraces and along steps. Infor-
mation about the formation of In clusters at and in step

edges was obtained by comparing the experimentally ob-
tained fractions with the results of Monte Carlo calcula-
tions of In atoms diffusing along step edges.

II. EXPERIMENT

A. Setup and sample preparation

The Cu single crystal was polished parallel to a (17,1,1)
plane with an accuracy of better than 0. 1'. The sample
was baked and sputter cleaned in an UHV system
(2X10 ' mbar}, and finally mounted on a three-axes
goniometer connected to a closed-cycle He refrigerator.
With this cooling system, the sample can be cooled in situ
to temperatures as low as 60 K. From low-energy-
electron-diffraction patterns it was concluded that a sur-
face was obtained, consisting of (100) terraces with an
average length of 8.5 interatomic distances and mona-
tomic steps, as is expected for a (17,1,1) surface. Indium
atoms were evaporated with a calibrated Knudsen cell to
a coverage of 0.013+0.002 ML, at a substrate tempera-
ture of 63 K or higher. The In coverage was calibrated in
the same UHV system by Rutherford backscattering.
The temperature during evaporation and during the ex-
periments was measured with a precision of +2 K with a
Chromel-Au thermocouple in contact with the surface of
the crysta1.

B. Measurements and results

In the LEIS-TOF experiments, both neutral and ion-
ized scattered Ne particles were observed at a backward
angle of 155'. Azimuthal scans for Ne scattered from In
were derived from spectra taken with a constant amount
of beam charge, while rotating the crystal around the
(100) direction normal to the terraces. The polar detec-
tion angle a with the terraces was either 2' or 7 [see Fig.
1(a)]. The azimuthal angle y with respect to the direction
of the step edges was varied between —24' and +36 [in-
dicated in Fig. 1(c)] with steps of 2'.

The Ne ions scattered from Cu and In atoms can be
distinguished very well as separate peaks in the TOF
spectra in the geometry specified above, even though the
coverage of In atoms is only 1% of a ML. This is due to
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sites, which enable us to distinguish between the different
positions, are schematically shown in Fig. 1(c).

The azimuthal scans for Ne scattering from In were
measured on a freshly prepared sample for 12 deposition
temperatures TD between 63 and 300 K. The measure-

ments were performed at a temperature T of 63 K, or
100 K in case the deposition temperature was higher than
150 K. In order to prevent surface damage, the Ne dose
per scan had to be restricted to 10' ions/cm . For tem-
peratures below 140 K, the ion-beam irradiation caused
surface roughening. As described in more detail else-

where, ' Cu adatoms were observed to appear on the sur-
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FIG. 1. (a) Geometry of the LEIS-TOF measurements. (b)
Schematic view of a Cu(17, 1,1) surface with In atoms (black) in
four different positions. (c) Top view of the configuration of
1(b), with the expected angular distributions for In atoms in the
different sites corresponding to (b) for the azimuthal range of
—24' & tp & 36'. In the dark gray angular region, yield is expect-
ed for both polar angles a of 2' and 7'. In the light gray region,
yield is expected for a=7' but not for a=2'. In the white re-

gion, no yield is expected.
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the fact that the Cu signal is largely suppressed by the use
of the very glancing polar detection angles. Neon ions
scattered from Cu atoms in the terraces are blocked on
their way to the detector by neighboring surface atoms,
and therefore the yield of in-terrace Cu atoms is zero.
This is the case for both a=2 and 7'. Neon particles
scattered from atoms (Cu as well as In) which do not
have neighbors in the direction of the detector can be
detected. Therefore, atoms on this surface (adatoms) and

atoms at or in step edges can be seen in a certain azimu-

thal range, as is indicated in Fig. 1(c). Atoms in diff'erent

positions can be distinguished by their characteristic az-
imuthal angular distributions. As illustrated in Fig. 1(c),
yield is expected for an In in-terrace atom for certain az-

imuthal angles at a=7', while the yield of Cu in-terrace
atoms is zero. This difference is due to the fact that In
atoms are heavier than Cu atoms, and thus the energy of
a Ne particle is higher after scattering from In than after
scattering from Cu. This higher energy results in a nar-

rower blocking cone, allowing the measurement of Ne
scattered from In in case the azimuthal angle does not
coincide with a close-packed string of surface atoms.
Therefore, also the In in-terrace atoms can be positively
identified by their azimuthal angular distribution for
a=7 .

Summarizing, at the polar angles a used, the Cu signal
is strongly suppressed by blocking by neighboring surface
atoms, so the In signal can be well separated from the Cu
signal. The four surface sites of In atoms, as proposed by
Schatz and collaborators are shown in Fig. 1(b). The
characteristic angular distributions expected for these
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FIG. 2. Experimental scans (solid lines) and simulated scans

(dashed lines) of 1.3% ML In on Cu(100) for different deposition

temperatures. For each deposition temperature, the scans taken

at a polar angle of 2' are displayed on the left-hand side; those

taken at 7' are on the right-hand side.
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face during ion-beam irradiation. These adatoms are in-
terpreted to be self-interstitials, produced in the damage
cascades, which have migrated to the surface. We deter-
mined an average number of 4.5+1.5 Cu adatoms ap-
pearing on the surface per incoming Ne ion. From the
temperature dependence of the Cu adatom coverage, we
determined that Cu adatoms become mobile on a Cu(100)
surface at T =140+5 K, form which we deduced an ac-
tivation energy of 0.39+0.06 for migration of Cu ada-
toms on a Cu(100) surface.

The azimuthal scans for the 12 deposition tempera-
tures are displayed in Fig. 2. In the scans for Tz & 120 K
and a=2', a yield due to adatoms, independent of g, can
be recognized. For p~15', other scattering sequences,
originating from In atoms at or in the steps, also contrib-
ute to the yield. These contributions are visible in all
scans in the whole temperature region, for a=2'. The
big peak at g= —20 for a=7', visible for TD =63—183
K, is caused by focusing by Cu step edge atoms, of Ne
particles scattered from In atoms at or in the steps. The
fraction of atoms in in-terrace positions, giving no yield
for a=2', shows up in an almost pure form for TD & 250
K in the scans for a =7'.

III. ANALYSIS

For assumed positions of In atoms with respect to
neighboring Cu or In surface atoms, the azimuthal scans
can be calculated rather precisely by means of Monte
Carlo simulations. ' In these calculations, binary col-
lisions with all atoms within a distance of 2 A, including
those in second or deeper layers, are taken into account.
The In atoms were assumed to occupy only positions on
and in the topmost surface layer. The illumination with
Ne ions of all atoms in this layer is assumed to be con-
stant, because at incident angles of =30' shadowing of,
and focusing effects on atoms in the first layer are
insignificant. Since for backward scattering the impact
parameter is small ( &0.08 A), we used the assumed posi-
tion of the scattering (In) atom as the starting point of the
calculation of the trajectories of the Ne particles to the
detector. In this way, the trajectories are mainly deter-
mined by Cu-Ne interactions. The starting energy of the
Ne particles was given by the energy of a 6-keV Ne atom
after scattering over an angle of 155' by an In atom. The
interatomic interactions were represented by the ZBL
universal potential, ' ' with the screening length for the
Ne Cu potential adjusted by a multiplication factor of
0.8. With this adjusted potential, measured azimuthal
scans of Ne scattered from a clean Cu(100) surface were
reproduced almost perfectly. For Ne-In interactions, we
also took the ZBL universal potential with the screening
length multiplied with a factor 0.8. In the simulations,
the thermal vibrations of the Cu and In atoms were taken
into account. The vibration amplitude of the Cu surface
atoms was estimated by multiplying the bulk value with a
factor of 2.07 for vibrations perpendicular to the surface,
and a factor of 1.58 for in-plane vibrations, according to
the model of Clark, Herman, and Wallis. ' The value for
the bulk vibrational amplitude for Cu was estimated us-

TABLE I. Shifts of In atoms from (extrapolated) substitu-
tional Cu positions.

Indium position

Isolated at step
Buckled row (low)
Buckled row (high)
Isolated in step
In terrace

Upwards (A)

0.40+0.05
0.4+0.2
0.8+0.2

0.40+0.05
0.45+0.05

Away from step (A)

& 0.05
0.10+0.05
0. 10+0.05

& 0.05
0

ing the Debye model with ca=315 K.' For atoms in
the step edges, the component parallel to the steps was
chosen to be the same as for in-plane motion of a surface
atom. The other two components were given values as
for vibration perpendicularly to the surface. The In vi-
bration amplitudes were obtained by dividing the values
for Cu atoms in corresponding positions with the square
root of the mass ratio of In and Cu.

The azimuthal scans measured at polar angles a=2'
and 7' were fitted simultaneously with scans calculated
for the four In atom positions indicated in Fig. 1(b). In
order to obtain good fits, it was found to be necessary to
differentiate the in-step fraction into In atoms embedded
in rows of In atoms, and rows of Cu atoms, respectively.
Three configurations of rows of In atoms along steps were
tried, and the only one which was found to fit our data
consistently was a row of In atoms buckled perpendicu-
larly to the surface. With this addition, an excellent fit to
all measured scans was obtained, after fine adjustment of
the In-atom positions. Also, other configurations have
been tried in the fits, like a two-dimensional cluster of In
atoms, and in-terrace In atoms adjacent to a vacancy.
The quality of the fits was not improved significantly by
these configurations, since the calculated scans were not
sufficiently different from those for isolated In atoms in
terraces.

The measured and fitted scans are compared in Fig. 2.
The In-atom positions found are listed in Table I. The
errors in these positions were derived from the variation
with these positions of the normalized y values of the
fits. As can be seen in Table I, all In-atom positions
found are slightly elevated from the surface as compared
with (extrapolated) Cu-lattice positions. This may be ex-
plained by the larger radius of In atoms as compared
with Cu atoms (1.67 and 1.28 A, respectively' ), from
which we expect shifts in the order of 0.3 A or higher, de-
pending on the degree of relaxation of the surrounding
Cu lattice.

Since the experimental scans were normalized with
respect to beam dose, and equal coverages of In atoms
were used in all experiments, the contributions of the
different components found in the fits should add up to
the same, constant value for all deposition temperatures.
This was found to be indeed the case within the limits of
error, determined mainly by the uncertainty of about
10% in the In coverage. This is an additional reason to
trust the results of the fits. It is also an indication that no
In atoms are embedded in deeper layers.

From the fitting procedure, we have derived the frac-
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FIG. 3. Fractions of In atoms in diferent sites on a stepped Cu{100)surface.

tions of In atoms in the five sites as a function of TD.
These fractions are shown in Fig. 3. For TD ~77 K, a
large fraction of the In atoms is in adatom positions. For
TD &200 K, almost all In atoms are incorporated in the
terraces, with a small fraction of the In atoms in in-step
positions. At intermediate temperatures (88—180 K),
most In atoms were found to occupy at- and in-step posi-
tions, with a large fraction of the In atoms present in
(buckled) rows of In atoms. This temperature depen-
dence of the fractions rejects the migration of In ada-
toms, via clusters of In atoms at the step edges, to posi-
tions in the terraces.

From the temperature dependence of the In-adatom
fraction, we have determined the activation energy for
migration of In adatoms on a Cu(100) surface. From the
fact that for temperatures TD 77 K a large fraction of
In adatoms is observed, while at TD =88 K this fraction
has decreased strongly, we conclude that In atoms be-
come mobile on a Cu(100) surface at a temperature be-
tween 77 and 88 K. From the average number of jumps
required for an adatom to reach a step edge, and the time
the sample was kept at the deposition temperature (25

jumps and 600 s, respectively), the energy E for migration
of In adatoms on a Cu(100) surface can be estimated.
With an assumed attempt frequency of 10' Hz, and an
Arrhenius type of diffusion, we calculate this energy E to
be 0.24+0.03 eV.

Since the fraction of adatoms found for TD =63 and 77
K is & 40%, it is concluded that at these temperatures In
adatoms are immobile on Cu(100) terraces. However, the
sum of the at-step and in-step fractions exceeds 50%%uo at
these temperatures, whereas a total of only 12.5% is ex-
pected for a stochastical distribution of deposited atoms.
A possible explanation for this discrepancy is that In

atoms arriving at the surface make jumps before they
have lost their condensation energy of a few eV. It can
be estimated that an average of about ten jumps is re-
quired to reproduce the observed adatom fraction. If
jumps made after deposition take place in one direction
only, as suggested by Egelhoff and Jacob, then only a
few jumps are required.

Another remarkable observation is the large fraction
( &20%) of In atoms present in rows of In atoms after
deposition at 63 or 77 K. This clustering requires mobili-
ty of In atoms along step edges at these low temperatures.
Therefore, the activation energy for jumps along step
edges must be lower than for jumps of adatoms over the
(100) terraces. The lower activation energy for migration
along steps may be understood in terms of the coordina-
tion number of the migrating atom. If the diffusion of an
In adatom occurs via the hopping mechanism, which is
very likely as will be argued below, the coordination
number is reduced from 4 to 2 in the transition state. For
migration along a step edge, the coordination number
reduces only from 5 to 4 during the motion. Therefore,
the latter process probably has a lower activation energy.

Recently, there have been many discussions about the
atomic exchange mechanism for surface diffusion on fcc
(100) surfaces. ' From our data, we conclude that
such an exchange mechanism, if present, is not the
relevant process for the diffusion of In adatoms on a
Cu(100) surface. Since almost all In atoms occupy near-
substitutional terrace sites for TD & 200 K, this site must

be energetically favored for TD below room temperature.
If the diffusion of In adatoms would occur via the ex-

change mechanism, a substitutional Cu atom would

change places with an In adatom, and vice versa. The
latter step would be impossible at low temperatures, so
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that the observed diffusion to the step edges cannot be ex-
plained with this rnechanisrn.

The equilibrium site of In on a Cu(100) surface has
been the subject of a recent paper by Li et al. The au-
thors calculate the binding energies of In atoms occupy-
ing various sites on a Cu(100) surface. The bridge site
(fourfold hollow position) and the substitutional terrace
site are found to compete energetically for In trapping,
with the bridge site being the favored site. However, this
is in contradiction with our observation that, for
TD & 200 K, almost all In atoms occupy near-
substitutional terrace sites. Therefore, the equilibrium
site of In on a Cu(100) surface must be the (near) substitu-
tional terrace site, as proposed by Klas et al.

IV. CLUSTERING OF IN ATOMS

For a further interpretation of the data, it should be
kept in mind that In atoms in two-dimensional clusters at
the step edges contribute in various ways to the fractions
as observed with LEIS. This is illustrated in Fig. 4(a), in
which two-dimensional clusters of In atoms at a step edge
with kinks are depicted. For instance, In atoms within a
cluster cannot be distinguished from in-terrace atoms,
and atoms at the edges of a cluster in the direction of the
detector will be seen as adatoms. The experimentally
determined fractions represent the thermal equilibrium
distributions for the deposition temperature TD, frozen in
at the lower measuring temperature T . During cooling,
the fractions may change slightly, for instance by growth
of clusters which are more stable at lower temperatures.
%e tried to reproduce the observed fractions by a Monte
Carlo calculation of random walks of In atoms along step
edges, or along In cluster edges, taking into account the
"visibility" of In atoms in the various positions [see Fig.
4(a)], and the cooling down stage. In the calculations, the
Cu atoms were assumed to be immobile. From the fact
that Cu adatoms are only mobile for T ~ 140 K, ' the as-
sumption of Cu immobility seems reasonable for deposi-
tion temperatures below 130 K. %e did not try to calcu-
late the fractions for deposition temperatures higher than
130 K with our simple model, since for these tempera-
tures mobility of Cu atoms in step edges and/or in ter-
races may come into play. In the calculations, the In
atoms make periodic trial jumps to neighboring positions.
The probability to arrive at a new position depends on
the In-atom site and on temperature. The calculations
for a temperature TD were performed starting with a ran-
dom distribution along step edges, until equilibrium was
reached. They were then continued for a lower tempera-
ture T, with different probabihties for migration and
sticking, until a new equilibrium was obtained.

The measured fractions were reproduced within the
limits of error for all deposition temperatures TD & 130 K
under the fallowing conditions: For TD =63—77 K, the
In atoms at kink sites formed by Cu or In atoms are im-
mobile, whereas single In atoms, and pairs of In atoms at
steps, move with equal probabihty. Small ((10 atoms)
two-dimensional clusters are then formed at kink sites by
In atoms which migrate along protruding step edges to-
wards rows of In atoms which were already formed at the

kinks [for a typical cluster, see Fig. 4(b)]. For the higher
temperatures T~ =80—130 K, the In atoms at kink sites
can jump away from the kink or jump "kink upwards"
with diferent temperature-dependent probabilities. %'ith
this additional degree of freedom, larger (up to -20
atoms) two-dimensional clusters were found in the simu-
lations. The different possible mobilities for In atoms in
various positions are schematically shown in Figs. 4(b)
and 4(c).

The results were found to be insensitive to variation in
the assumed density of kinks in the steps between 0.5%
and 5%. The deposition temperatures under considera-
tion are well below the roughening transition tempera-
ture for a Cu(17, 1,1) surface, which is in the order of 190
K according to the theory of Villain, Grempel, and Lapu-
Joulade. Therefore, we expect the kink density of the
steps to be very low ( ( 1%). However, since we did not
cool our sample infinitesimally slowly from room temper-
ature to the deposition temperatures, a few kinks in the
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FIG. 4. Topview of a step edge with two kinks. The light
gray part represents the upper terrace, and the dark gray part is
the lower terrace. (a) Clusters of In atoms at step edges. The
atoms are numbered, corresponding to the components to
which they are expected to contribute if the detector is to the
left. 1=adatom, 2=(isolated) at step, 3=in step, 4=buckled
row, and 5=in terrace. (b) Mobilities of In atoms (black) as
used in the Monte Carlo simulations for T~ & 80 K. The direc-
tions are indicated with arrows, and the destinations are shown
as white circles. The pair of In atoms can move as a whole to a
neighboring position. A typical cluster which is formed in the
temperature region below 80 K is shown at the left kink. (c)
Additional mobilities of In atoms as used in the Monte Carlo
simulations for T& &80 K, including detrapping of In atoms
from kink sites (formed by Cu atoms or In atoms).
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step edges might be frozen in. From these considerations
we estimate the kink density of the step edges to be be-
tween 0.5% and 5%.

V. COMPARISON WITH PAC RESULTS

RecentIy, Fink et al."obtained similar data for a cov-
erage of —10 ML of In atoms from perturbed-
angular-correlation (PAC) measurements performed at
temperatures between 77 and 300 K. Their results can be
summarized as follows.

(a) An adatom fraction was observed at the same tem-
peratures as in the present work. They deduced an ac-
tivation energy for In-adatom migration on a Cu(100)
surface of 0.28 eV, which is in good agreement with our
value of 0.24+0.03 eV.

(b) A fraction, interpreted as isolated atoms at steps or
at kinks, was observed for temperatures in the range
77—200 K. According to our model, these atoms should
be at kink positions. For temperatures above 100 K, this
fraction is hardly present in our measurements, which is
probably due to clustering.

(c) A fraction of In atoms in the steps was observed for
temperatures between 120 and 270 K, which is in good
agreement with our work.

(d) A fraction of In atoms in the terraces was observed
only for temperatures of 180 K and higher, while we al-

ready see an in-terrace component at 100 K. This
discrepancy can be explained by two-dimensional cluster-
ing of In atoms at the step edges. As stated before, in our
measurements, In atoms in two-dimensional clusters can-
not be distinguished from in-terrace atoms.

Summarizing, the results of the PAC experiments of
Schatz and collaborators, and the LEIS results presented
here, are in good agreement. The differences, especially
in the behavior of the "at-step" and the "in-terrace" frac-
tions, can be explained by one- and two-dimensional clus-

tering of In atoms at the step edges, as was shown above

by the Monte Carlo diffusion simulations. This clustering
effect does not occur to a measurable extent for the
10 -ML coverage, which was used in the PAC experi-
ments, as is revealed by Monte Carlo simulations of the
diffusion process.

VI. CONCLUSIONS

In conclusion, we have shown that it is possible with
LEIS to determine the surface sites of adsorbate atoms
deposited to a coverage of only -0.01 ML on a stepped
substrate surface. This has been done for the case of In
on a Cu(17, 1,1) surface. The positions of the In atoms
(see Table I) were found to be slightly shifted with respect
to (extrapolated) Cu lattice positions. This can be ex-

plained by the larger radius of In atoms as compared
with Cu atoms. It was found to be necessary to
differentiate In atoms in step edges into In atoms embed-

ded in rows of In, and rows of Cu, respectively. The only
configuration of a row of In atoms along the steps which
fitted our data consistently was a row of In atoms, buck-
led perpendicularly to the surface.

The mobilities of In atoms on the terraces and along
steps were deduced from the temperature dependence of
the observed fractions of In atoms in different sites. It
was found that with increasing temperature, In adatoms
first migrate to step edges to form one- and two-
dimensional clusters, and then are incorporated in the
terraces at near-substitutional sites. The activation ener-

gy for In-adatom migration on a Cu(100) surface was
determined to be 0.24%0.03 eV, which is in good agree-
ment with the value of 0.28 eV deduced from PAC exper-
iments in Konstanz. The diffusion of In adatoms on a
Cu(100) surface is governed by the hopping mechanism,
and not by the exchange mechanism. This is concluded
from the presence of large at- and in-step fractions at
temperatures at which mainly in-terrace atoms would be
expected if the exchange mechanism would be the
relevant process. It seems that even at deposition tem-
peratures as low as 63 K, In atoms make a number of
jumps before they have lost their condensation energy.
Prom the fact that we observe clustering of In atoms at
step edges at temperatures at which In adatoms are not
yet mobile, and since such clustering requires mobility of
In atoms along step edges, we conclude that the activa-
tion energy for migration of In atoms along step edges is
lower than for In-adatom migration.

The measured fractions have been reproduced by
means of Monte Carlo calculations of random walks of In
atoms along step edges or along In cluster edges. The ex-
perimental fractions could be reproduced, assuming mo-
bility of single In atoms and pairs of In atoms along steps
for temperatures above 60 K, and detrapping of In from
kink sites at temperatures above 80 K.

Finally, the present results are in good agreement with
the results of PAC measurements of Schatz and colla-
borators. The differences (especially in the at-step and
in-terrace fractions) can be explained by (one- and two-
dimensional) clustering of In atoms at and in the step
edges in the LEIS experiments. This clustering is not
present in the PAC experiments, since the In coverage
used was much lower.
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