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We report a study of the growth and morphology of islanded thin films of manganese, chromium, and
vanadium on graphite substrates using surface reflectivity in the extreme ultraviolet region~6–36 nm!. Over a
large range of coverage, the reflectivity is well described by a film consisting of a continuous slab with an
effective refractive index calculated for an inhomogeneous layer of identical ellipsoids. This model gives good
agreement with experimental measurements for coverages up to the percolation threshold. At very low cover-
ages, modeling the film as an array of independent spheres, the extinction of which is calculated using Mie
theory, gives better results. The combination of models allows the film thickness, coverage, and average island
size and shape to be determined from the earliest stages through to almost continuous films. In all cases, the
metal islands are nearly spherical at intermediate coverages, becoming flattened with increasing coverage. In
the case of chromium, at a substrate temperature of 423 K, the film grows as an increasing density of particles
of constant size, whereas at 453 K the growth mode changes to one consisting of a roughly constant number
of particles whose volume increases linearly with evaporation time. At 498 K the film consists of a large
number of very small~1.2 nm! islands. The growth of vanadium at 423 K is similar to that of chromium at the
same temperature. Manganese growth at 423 K is more complex showing a change in growth mode as a
function of coverage.

I. INTRODUCTION

The study of the anomalous optical properties of in ho-
mogenous media has a long history. It was Michael Faraday1

who first speculated, correctly, that the brilliant colors ob-
served when viewing very thin gold and silver films in white
light was due to their granular nature. The same effects are
seen in colloids, and the general solution to absorption and
scattering of light by spherical particles was first formulated
by Mie.2 This theory explained the presence of anomalous
absorption bands when the wavelength is of the same order
of magnitude as the particle size. Likewise, the reflectivity of
a deposited in homogeneous film shows features observed
neither in the bulk or in a continuous layer, and is highly
sensitive to the film morphology.

Jarrett and Ward3 and McKenna and Ward4 used visible
light to study the shapes of gold and silver islands grown on
glass and mica substrates. They extended the theory of
Maxwell-Garnett,5 based on spherical particles, to include
ellipsoidal geometries and found that, in general, islands be-
come flatter with increasing coverage. Schade and Smith6

used Mie theory to determine the surface roughness of flu-
orinated tin oxide films, and Binns and Bayliss7 used a model
based on Mie theory to obtain the average size of silver
islands grown by deposition on graphite. Recently measure-
ments have been extended into the extreme ultraviolet~xuv!
region of the spectrum to determine the average size of me-
soscopic transition metal islands on graphite.8 The reflectiv-
ity of light in the xuv region, whose wavelength is of the
order of a few nanometers, is particularly sensitive to the
morphology of films consisting of mesoscopic particles.

Here we report an extension of our earlier models based

on Mie theory to higher coverages using the theory of Jarrett
and Ward. By comparing the measured spectral dependence
of the xuv reflectivity with calculations using the two mod-
els, we have carried out a study of the growth of chromium,
vanadium, and manganese on graphite, and have been able to
monitor the effect of substrate temperature on the morphol-
ogy of the films.

II. EXPERIMENT

All measurements were made using the grazing incidence
monochromator on beamline 6.1 of the synchrotron radiation
source~SRS! at Daresbury laboratory. This provides usable
light flux in the spectral range 35–200 eV~35.42–6.20 nm!.
The specular reflectivity of samples at a grazing angle of
22.5° was measured using an EMI nude photomultiplier as-
sembly with CuBe dynodes.

Chromium and manganese films were deposited using
Knudsen cell sources, and vanadium was evaporated from
the end of a rod heated by electron bombardment. All
sources were surrounded by cooling shrouds through which
circulated a chilled water/antifreeze mixture. The chamber
base pressure was 2310211 mbar, and was always less than
2310210 mbar during film growth, recovering within a few
minutes to the base vacuum. The highly oriented pyrolitic
graphite~HOPG! substrates were cleavedex situand heated
to 800 °C for 30 min in the vacuum system to remove any
residual gas. Photoemission measurements showed no trace
of intercalated contaminants for the substrates used during
the chromium and vanadium experiments. Small traces of
silicon were observed on some of the substrates prior to the
growth of manganese films. The spectral dependence of the
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reflectivity of the clean substrates in this case was identical
to those with no trace of contamination, so the silicon pro-
duces no optical effect though it may perturb the character-
istics of the film growth.

The reflectivity was obtained from the reflected signal
from the covered substrate,I ~l!, using the relation

R~l!5
I ~l!

I 0~l!
R0~l!,

WhereI 0~l! is the signal from the clean substrate, andR0~l!
is the reflectivity of graphite which can be calculated from
the measured optical constants.9 The spectral variation of the
incident light flux and detector response is thus compensated
for. The stability of the detector response was checked prior
to each scan, and the system geometry was such that mea-
surements and depositions could be carried out without mov-
ing the sample. The reflectivity determined using the above
equation has to be corrected for the second-order flux from
the monochromator which was estimated by Bailey and
Quinn10 from photoemission measurements of the Cu 3d
band.

III. THEORETICAL MODELS

A. Extinction model

At sufficiently low coverage the film can be considered as
an array of well-separated identical spheres which act as a
filter to the incident and reflected light. The wavelength-
dependent extinction efficiency of the particles is defined by

Qext5
Cext

G
,

whereCext is the extinction cross section, andG is the geo-
metrical cross section of the particles. Following Mie,2 Qext
is given by

Qext5
2

x2 (
n51

`

~2n11!Re~an1bn!,

where the complex Mie coefficientsan andbn are given by

an5
Cn8~y!Cn~x!2ñCn~y!Cn8~x!

Cn8~y!zn~x!2ñCn~y!zn8~x!

and

bn5
ñCn8~y!Cn~x!2Cn~y!Cn8~x!

ñCn8~y!zn~x!2Cn~y!zn8~x!
,

whereñ is the refractive index of the particle material, andc
andz are Riccati-Bessel functions. The function argumentsx
andy are related to the particle radiusa and the wavelength
l by

x5
2pa

l
and y5ñ

2pa

l
.

FromQext, we can define an effective coverageceff by

ceff~l!5c@~12c2!QextD1c2~QextD !2#,

whereD is a correction factor toQext, for the finite aperture
of the detector given by Gumprecht and Sliepcevich,11 andc
is the geometric line-of-sight coverage. The squared term
accounts for the proportion of light suffering extinction as it
leaves the sample. For an angle of incidenceu relative to the
sample normal,c is related to the normal coveragecn by

c5
cn
2 F tanH ~902u!

2 J 1
1

tanH ~902u!

2 J G .
To calculate the sample reflectivity, we assume that a propor-
tion of the radiationcn/c—that is, the light incident on the
normal projection of the particles onto the surface—is re-
flected from a graphite/metal interface, the remainder being
reflected from the graphite/vacuum interface. The reflectivity
is thus

R~l!5@12ceff~l!#@cnR12~l!1~12cn!R23~l!#,

whereR12~l! andR23~l! are the reflectivities at the graphite/
metal and graphite/vacuum interfaces, respectively. In calcu-
lating R23~l!, the modification of the refractive index of the
vacuum just above the sample due to the polarization of the
particles is taken into account, introducing a third parameter
a, the polarizability of the particles. This allows some shape
dependence to be included despite assuming spherical par-
ticles in the calculation of the extinction. For each sample,
the parametersa, c, and a are adjusted to minimize the
weighted fit index defined by

x5( H FRm2Rmin

R2Rmin
GFRm2Rc

R G J 2,
whereRm andRc are the measured and calculated reflectivi-
ties, respectively, andRmax andRmin are the maximum and
minimum values of the measured reflectivity. The model
gives very good fits to the data for coverages up to a few
percent, as shown in Fig. 1~b! for a low-coverage vanadium
film. For thicker films there is increasing disagreement with
coverage, and the model breaks down either due to the ne-
glect of interactions among the particles or the assumption of
spherical particles. The higher-coverage model presented be-
low, which formally includes a shape factor, indicates in-
creasing ellipticity of metal islands with coverage.

B. Islanded film model

An alternative approach to calculating the reflectivity is to
consider the overlayer as a continuous film with an effective
refractive index corresponding to an inhomogenous medium.
Maxwell-Garnett5 treated the discontinuous medium as a dis-
persion of small metal spheres, and used the Clausius-
Mosotti equation to obtain the effective dielectric constant of
the film in terms of the dielectric constant of the bulk mate-
rial. Subsequent improvements in the model included gener-
alizing the shape of the particles to ellipsoids of revolution,12

and considering the interactions between the particles to be
of the same form as between static dipoles.13 Jarrett and
Ward incorporated these improvements to model the absorp-
tion of visible light by discontinuous gold and silver films.
They showed that the effective dielectric constants of the
film are given by
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}185
}a$11q@}1}a~122F !1F~}1

21}2
2!2}a

2~12F !#%

@}a1F~}12}a!#
21~F}2!

2

and

}285
q}2}a

2

@}a1F~}12}a!#
21~F}2!

2 ,

where}1 and}2 are the dielectric constants of the bulk ma-
terial, }a is the dielectric constant of the medium in which
the particles are embedded,q is the volume filling fraction of
the film, andF is a shape factor given by

F5 f ~12q!,

wheref is the shape factor introduced by David,12 and whose
components parallel and perpendicular to the plane of the
substrate are given by

f i5
1
2w~w211!F12 p2tan21w2S w

w211D G
and

f'5122 f i .

Herew is related to the ratio of the half axes,a andb of the
ellipsoids, by

w5
1

b2/a221
.

Having calculated the effective refractive index of the film,
the reflectivity of the sample can be calculated as a function
of the film thicknessd, and the fit index minimized as a

function of the parametersq, d, andb/a. The shape param-
eter is the least significant of these, producing only marginal
improvements over a two-parameter fit using justq and d,
and assuming spherical particles. It does, however, show
consistent trends with coverage, and is included in the data
presented below.

There is some debate about the appropriate value to use
for }a . Jarrett and Ward found that the best fit to their data
was obtained using the real part of the dielectric constant of
the substrate material, whereas in the present work we obtain
the best fits using«a51. This may be due to the large differ-
ence in wavelengths used. Figure 1~a! shows a comparison
between the measured reflectivity and a calculation using
this model for an intermediate coverage vanadium film, and
demonstrates the good agreement obtainable. The model
works well up toq values of about 0.6, but then shows
increasingly poor agreement with experiment. This is prob-
ably due to the formation of a continuous conducting net-
work in the film above the percolation threshold. At very low
coverage it gives good agreement, but the extinction model
does slightly better.

C. Optical constants

Both models require the bulk refractive index, i.e.,n and
k, of graphite and the metal overlayers in the xuv region. The
data for chromium was obtained mainly from Palik,14 which
reports values in the range 0.04–10 keV. There is a gap in
the data forn in the range 29.5–51.5 eV, but these values can
be found using a Kramers-Kronig integral ofk for which
there is a complete set of data. In the same Ref. 14 are
published values ofn andk for vanadium up to 120 and 300
eV, respectively. In the region between 120 and 200 eV there
are no vanadium absorption edges, so then values in this
range were approximated by a plasmon tail function. Data
for graphite over the whole spectral range is reported by
Hagemann, Gudat, and Kunz.9 Manganesek values in the
range 40–300 eV can be calculated from the optical-
absorption measurements reported by Sonntag, Haensel, and
Kunz,15 but there are no measurements ofn available above
20 eV.16 Atomic cross-section (f1,f2) tables17 were used to
calculate values above 50 eV for whichf1 values are avail-
able. The gap between 20 and 50 eV was filled by a
Kramers-Kronig integral ofk for which values over a wide
photon energy range can be obtained by combining the data
of Johnson and Christy18 ~0.64–6.6 eV!, Girouard and Van
Truong16 ~6–20 eV!, f2 values from Ref. 17~20–40 eV!,
Sonntag, Haensel, and Kunz15 ~40–297 eV!, and f2 values
from Ref. 17~297–5997 eV!. There is good agreement in the
k values in regions where overlap occurs between different
sources; however, in the results for manganese presented in
Sec. IV C it is clear that there is a discrepancy of about 5 eV,
in the position of the feature due to theM II,III absorption
edge at around 50 eV between the calculated and measured
reflectivities. In this region,k values were calculated from
the f2 values reported in Ref. 17, so our data indicate a
slight error in the position of the edge in this table.

IV. RESULTS

A. Chromium

Figure 2 shows the spectral dependence of the reflectivi-
ties of several chromium films grown with the substrate at

FIG. 1. ~a! Comparison of measured and calculated reflectivity,
using the islanded film model of an intermediate coverage vana-
dium film showing the values of film thickness and volume filling
fraction (q) giving the optimum fit to the data.~b! Comparison of
measured and calculated reflectivity, using the extinction model, of
a low coverage vanadium film showing the values of particle radius
and coverage giving the optimum fit.~s! Measured reflectivity.
~—! Calculated reflectivity.
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three different temperatures. The fitted curves were all cal-
culated using the islanded film model, and values of the vol-
ume filling fraction and film thickness giving the optimum fit
to the data are displayed. Figure 3 shows the reflectivity as a
function of evaporation time of chromium films deposited
with the substrate at two different temperatures. The reflec-
tivity shows oscillations due to interference as the optical
thickness grows. This is shown more clearly below for the
manganese films where the evaporation rate was sufficiently
high to record the reflectivity up to higher thicknesses, and
go beyond the first oscillation.

The absolute value of the reflectivity at the minimum is
given by the islanded film model for a unique combination of
q andd, so the curves in Fig. 3 can each yield an extra datum
in a plot of q andd versus coverage. This involves making
an assumption about the particle shape, but the results pre-
sented below show that for all three materials, the islands are
approximately spherical at coverages around the first reflec-
tivity minimum.

The product of theq and d values emerging from the
islanded film model is proportional to the total amount of

material in the film. It is plotted in Fig. 4 for all samples as
a function of evaporation time normalized to the time at the
first reflectivity minimum. The linear relationship indicates
that the sticking probability is constant as a function of cov-
erage and temperature in the range 423–498 K. From now
on parameters will be plotted against the productqd to dis-
play variation as a function of coverage.

Figures 5 and 6 show the variation of the volume filling
factor and the film thickness with coverage, respectively, for
films grown with the substrate at 423 and 453 K. Also shown
are least-squares power-law fits to the data points. At the
lower temperature the film thickness rapidly grows to about
10 nm and thereafter stays almost constant, whereas heating
the substrate a further 30° results in a thickness variation
closely following a~coverage!1/3 dependence. The variation
of the volume filling factor with coverage is close to linear,
and ~coverage!2/3 dependences at 423 and 453 K, respec-
tively. Both of these results are consistent with simple
growth models. A film growing such that:

d5const

and

q}coverage

FIG. 2. Measured and calculated reflectivities, using the is-
landed film model, of various coverage chromium films grown at
different substrate temperatures showing the values of film thick-
ness (d) and volume filling fraction (q) giving the optimum fit to
the data. TheI /I0 ratio is the attenuation of the clean graphite
reflectivity at a photon energy of 81.5 eV.~s! Measured reflectivity.
~—! Calculated reflectivity.

FIG. 3. Reflectivity of chromium films grown with the substrate
at two different temperatures, at a photon energy of 81.5 eV, as a
function of evaporation time.
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corresponds to islands of constant size increasing in number
with evaporation time and a film growing such that

d}~coverage!1/3

and

q}~coverage!2/3

have a constant number of islands whose volume is propor-
tional to evaporation time.

The variation in the ellipticity of the particles as a func-
tion of coverage is plotted in Fig. 7 and shows that the is-
lands are close to spherical at low coverage, becoming flatter

as the film grows. This finding is consistent with that of
Jarrett and Ward3 for gold and silver films on glass and mica
substrates.

Figure 8 shows the variation of the volume filling factor
and thickness as a function of temperature for three films of
approximately the same coverage. Between 453 and 498 K,
there is a drastic change in the growth mode with the film
grown at the highest temperature consisting of a high density
~q553%! of small islands with an average size of 1.2 nm.
The ratio of major to minor axes vs temperature is plotted in
Fig. 9. The trend is to increased oblateness, and the ellipticity
parameter for the high-temperature film is greater than 1,
indicating a columnar structure. Only one film was grown at
498 K, so the variation of parameters with coverage at this
temperature is unknown.

FIG. 4. The productqd ~proportional to the total amount of
material in the film! of chromium films as a function of evaporation
time normalized to the time at the first reflectivity minimum for all
films. ~s! Films grown at 423 K.~d! Films grown at 453 K.~h!
Films grown at 498 K.~—! Linear fit to all data.

FIG. 5. Volume filling factor of chromium films grown at 423
and 453 K as a function of coverage (qd). ~s! Films grown at 423
K. ~d! Films grown at 453 K.~—! Power-law fit to the data at 423
K [ q50.088(qd)0.902]. ~---------! Power-law fit to the data at 453 K
[q50.087(qd)0.662].

FIG. 6. Film thickness of chromium films grown at 423 and 453
K as a function of coverage (qd). ~s! Films grown at 423 K.~d!
Films grown at 453 K.~—! Power-law fit to the data at 423 K
[q511.302(qd)0.098]. ~---------! Power-law fit to the data at 423 K
[q511.500(qd)0.338].

FIG. 7. Ratio of semimajor to semiminor axes as a function of
coverage (qd) of chromium films.~s! Films grown at 423 K.~d!
Films grown at 453 K.
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B. Vanadium

The spectral dependence of the reflectivity of four vana-
dium films of different coverages grown with the substrate at
423 K is shown in Fig. 10. Also shown is the calculated
reflectivity using the islanded film model and the volume
filling factor and film thickness producing the optimum fit.
Figure 11 shows the variation of volume filling factor and
film thickness with coverage, given by the product ofq and
d determined from the fits using the islanded film model. The
two lowest coverage films were also fitted using the extinc-
tion model, andq andd parameter values corresponding to
the particle radius and line-of-sight coverage parameters
emerging from the model are shown. A complication in mak-
ing comparisons like this between models is that the extinc-
tion model assumes spherical particles, while the islanded
film model explicitly includes a shape parameter. It is there-

fore assumed that the particle radius given by the extinction
model corresponds to the average of the major and minor
axes of the ellipsoids given by the islanded film model. Due
to the large noise inherent in the shape parameter, this gives
a correspondingly large variation in the film thickness evalu-
ated from the extinction model radius parameter as seen in
Fig. 11. The volume filling factor corresponding to the line-
of-sight coverage given by the extinction model is much less
sensitive to island shape, and varies between 2cn/3 andcn ,
wherecn , the normal coverage is related to the line-of-sight
coverage by the geometric factor given in Sec. III. Thus Fig.
11 shows reasonable agreement in the volume filling factor
predicted by the two models.

The volume filling factor varies linearly with coverage
and the thickness is almost constant. The growth mode is
therefore the same as for chromium films at 423 K, that is,
constant size islands with increasing density are produced by
nucleation of additional islands. It is interesting to note that
the average size is similar to that for chromium films. Figure
12 shows the variation of the ellipticity with coverage, and
again the trend is the same as for chromium, with the islands
becoming flatter as the film density increases.

FIG. 8. Volume filling factor and film thickness of similar cov-
erage films as a function of temperature.~s! Volume filling factor.
~d! Film thickness.

FIG. 9. Ratio of semimajor to semiminor axes of similar cover-
age films as a function of temperature.

FIG. 10. Measured~s! and calculated~—! reflectivities, of vari-
ous coverage~specified byI /I0—the attenuation of the clean graph-
ite reflectivity at 81.5 eV! vanadium films.~a! and ~b! Low cover-
age films fitted using the extinction model showing values of
particle radius and film coverage giving the optimum fit.~c!–~f!
Films fitted using the islanded film model showing values of film
thickness (d) and volume filling fraction (q) giving the optimum
fit.
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C. Manganese

Figure 13 shows the measured reflectivity at 97 eV of a
manganese film, grown with the substrate at 423 K, as a
function of evaporation time, demonstrating oscillation as
the optical thickness of the film increases. A set of spectral
scans is shown in Fig. 14 along with fitted curves using the
islanded film model and the volume filling factor (q) and
film thickness (d) values giving the optimum fit. For clarity,
not all curves are shown. With increasing coverage the fits
become poorer, and it is clear that the reason for this is the
discrepancy in the position of the MnM II,III absorption fea-
ture at about 50 eV between measured and calculated spec-
tra. This was discussed in Sec. III, and we believe it is a

FIG. 12. Ratio of semimajor to semiminor axes as a function of
coverage (qd) of vanadium films grown at 423 K.

FIG. 13. Reflectivity at 97 eV of the manganese film grown at
423 K as a function of evaporation time.

FIG. 14. Measured~s! and calculated~—! reflectivities, of vari-
ous coverage~specified byI /I0—the attenuation of the clean graph-
ite reflectivity at 97 eV! manganese films showing values of film
thickness (d) and volume filling fraction (q) giving the optimum
fit.

FIG. 11. Volume filling factor (q) and thickness (d) of vana-
dium films grown at 423 K as a function of coverage (qd) ~s! q
values obtained using the islanded film model.~d! q values ob-
tained using the extinction model.~—! Linear fit to theq values
obtained using the islanded film model.~`! Values obtained using
the islanded film model.~l! Values obtained using the extinction
model.
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result of a small discrepancy in the edge position in the pub-
lished values of atomic cross sections17 from which the man-
ganese refractive index was calculated. Despite this, it is ap-
parent that the optimized fit would remain optimized if the
feature was shifted to the correct place. We are reasonably
confident therefore that the trend in theq andd parameters
with coverage is reliable.

Theqd product representing the total amount of material
on the surface is plotted as a function of evaporation time in
Fig. 15. There is clearly a change in sticking probability at
about 25 min which correlates with a change in the growth
mode of the film demonstrated by the data in Fig. 16, which
shows the volume filling factor and film thickness as a func-
tion of coverage (qd). At the early stages of film growth
there is a rapid increase inq up to nearly 0.5, showing that
the film covers large areas of the surface. There then follows
a range of coverage where the volume filling factor is con-
stant but the film thickness increases linearly. This can be
explained by a vertical columnar growth. At a thickness of
about 10 nm, the columns stop increasing in height and grow
laterally, as shown by the flattening of the thickness curve
and the increase inq. According to the data in Fig. 15, there
is a lower sticking probability for the latter growth mode.

The evolution of the shape of the islands shown in Fig. 17
is consistent with this result. In the initial stages of growth as
the film spreads to cover, the surface the islands are flat. The
columnar growth corresponds to the steady rise of the island
height/diameter ratio till they are about equal followed by a
decrease indicating the lateral growth at high coverage.

V. DISCUSSION

The growth modes determined for the three overlayers are
summarized in Table I. The size and shape of a metal island
in a growing film is determined by the relative magnitude of
the flux of atoms onto the island: from atoms diffusing across
the surface and directly from the source and flux off the

island by evaporation. In the case of chromium and vana-
dium films grown at 423 K, the constant island size indicates
a balance of fluxes. Both these materials form layers with a
low volume filling fraction, so the flux onto the islands is
likely to be dominated by atoms diffusing across the sub-
strate surface. The rate of impingement onto the islands will
scale as the linear dimension, whereas the flux off will be
related to the area so there will be growth until the two
balance. This happens for an average island size around 13
nm in both cases.

Increasing the temperature to 453 K for growing chro-
mium films produces a dominant incident flux by increased
diffusion over the graphite surface. The islands in the densest
films studied were still growing, and the cube root power-law
dependence of size on evaporation time shows that the vol-
ume is proportional to time, which indicates a constant im-
balance of fluxes. This would be the case if the incident rate

FIG. 15. The productqd ~proportional to the total amount of
material in the film! of manganese films as a function of evapora-
tion time. A change in sticking probability is indicated by the ver-
tical line.

FIG. 16. Volume filling factor~s! and thickness~d! of manga-
nese films grown at 423 K as a function of coverage (qd).

FIG. 17. Ratio of semimajor to semiminor axes as a function of
coverage (qd) of manganese films grown at 423 K.
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of impingement was always dominant over the evaporated
flux. Increasing the temperature further to 498 K produces a
marked change in the morphology of chromium films to a
dense array of small islands. Only one film was prepared at
this temperature, so the evolution with time is unknown, but
the result indicates a large increase in the rate of evaporation
off the islands.

The growth mode of manganese at 423 K is different from
the other two materials. It appears that the growing film rap-
idly covers a large proportion of the surface and then extends
vertically. In this case a high proportion of the incident flux
is directly from the source, thus the vertical growth of the
film is not unexpected. At a thickness of about 10 nm, the
film growth mode changes, with an accompanying change in

sticking probability, to horizontal growth. This is hard to
interpret in simplistic terms, but must be due to an increased
probability of atoms diffusing off the island surfaces and
onto the substrate.

VI. CONCLUSIONS

Combined with a realistic theoretical model, the measured
xuv reflectivity of islanded metal films can give detailed in-
formation about their morphology. The technique has been
used to study the growth of the transition metals, chromium,
vanadium, and manganese on graphite, and to demonstrate
the critical effect of temperature on the growth mode of the
film.
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TABLE I. Growth modes determined for the three overlayers.

Material T5423 K T5453 K T5498 K

Chromium Constant size islands Constant number of Dense layer of very

^d&512.8 nm islands growing in small islands

growth by nucleation of new islands size ^d&51.0 nm

q}t q}t2/3

d5const d}t1/3

Vanadium Constant size islands

^d&512.9 nm

growth by nucleation of new islands

q}t

d5const

Manganese Initially forms high coverage layer,

followed by vertical growth where

q5constant

andd}t

When island height'width, lateral

growth occurs where

q}t

andd5const
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