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Multilayer Kr films adsorbed on BN

A. Diama and A. D. Migone
Department of Physics, Southern Illinois University, Carbondale, Illinois 62901

~Received 30 April 1999; revised manuscript received 2 July 1999!

We report on the results of an adsorption isotherm study of multilayer Kr films adsorbed on BN. Measure-
ments were conducted on a computer-controlled adsorption apparatus at 22 temperatures in the vicinity of the
bulk-triple point of Kr. The data are compared with those available for Kr on graphite. The phase diagrams for
both systems are topologically identical in the region between two and five layers. The layer critical tempera-
tures for the second and third layers are essentially identical for Kr on both substrates; the high-temperature
solidification transition of the second layer, on the other hand, is shifted on BN relative to where it occurs on
graphite. The implications of our results for the current understanding of re-entrant layering are discussed.
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I. INTRODUCTION

The growth of multilayer wetting films on homogeneo
substrates, at low temperatures, occurs in layer-by-la
fashion.1–3 In an adsorption isotherm the formation of a lay
is marked by a sharp step~i.e., by a coverage increase o
curring at nearly constant pressure!.4,5 The commonly held
view was that a sharp step would persist as the tempera
increased until the critical temperature for the layer w
reached. At the layer critical temperature the step wo
cease being vertical, and beyond this point it would beco
increasingly rounded. The behavior was expected to
analogous to that for bulk isotherms near the liquid-va
critical point.

Hess and coworkers, in an ellipsometric isotherm study
Ar on graphite,6 showed that this picture was not correc
They discovered that there was a re-sharpening in som
the isotherm steps~4th, 5th, and 6th! at temperatures abov
the layer critical point.6,7 This step resharpening has no an
log in the bulk; Hess called this ‘‘re-entrant layering.’’6 He
and others6–12 found that resharpened steps occur at low
values of the relative chemical potential, and, at lower val
of the coverage than those corresponding to the lo
temperature sharp steps. In addition, at the initial temp
ture at which they appear, the resharpened steps are sm
than their low-temperature counterparts. Step resharpenin
not a universal phenomenon: some systems exhibit it~Ar,6–9

Kr,7,10 and Xe~Refs. 7, and 11! on graphite and Ar~Ref. 12!
on BN!, while others do not (CH4 ~Refs. 11, and 13! on
graphite, and, N2 ~Ref. 14! on BN, and, on graphite7!.

Arriving at a theoretical explanation for step-r
sharpening has been the source of some controversy.8,15–17

After Hess’ report,6 den Nijs suggested that the re
sharpening could be a film manifestation of a preroughen
transition.18 Preroughening is a surface phase transit
which den Nijs had found in studies of restricted solid-o
solid models.18,19This approach was elaborated upon by W
ichmann and Goodstein,15,17 Weichmann and Prasad,20 and
Pristipino and Tossati.21 In this view, step resharpening i
associated with the appearance in the film of a disorde
flat-phase. Step resharpening is a transition taking plac
the topmost layer of the film, at the solid-vapor interfac
PRB 600163-1829/99/60~23!/16103~6!/$15.00
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The re-sharpening is a film version of a bulk-surface ph
transition. The substrate does not play a very important r
in this explanation.18

A competing explanation was put forward by Phillips a
Larese.8,11,16 Combining Monte Carlo simulations, adsorp
tion isotherms, and, neutron scattering results for multila
films, they constructed a picture in which the resharpen
steps in the isotherm are the result of a solidification tran
tion taking place in an underlying layer of the film, not in th
topmost layer. A resharpenedfourth stepcorresponds to a
transition taking place in thethird layer of the film.8,11 ~Note
that this difference in interpretation leads to a different ide
tification between layers in a film and steps in an isother!.
Because the re-solidification of an underlying layer is d
tated by the subtle balance between substrate attraction
sorbate forces, pressure exerted by the liquid overlayer,
entropy in the layer undergoing the transition, the substr
plays more of a central role in the Phillips-Larese expla
tion.

We have conducted an adsorption study of multilayer
films on BN. Kr exhibits ‘‘re-entrant layering’’ on
graphite.7,10 Our motivation in investigating Kr on BN was
the hope that by studying this very well characterized ads
bate on a weaker substrate than graphite,22 we would be in a
position to shed some light on the relative explanatory po
ers of the two different proposals which have been put fo
to understand this phenomenon.

II. EXPERIMENT

We measured isotherms at 22 temperatures between 9
and 109.13 K~from 0.77 to 0.95 of the bulk triple tempera
ture!. The measurements were performed in a compu
controlled adsorption setup. Details on the apparatus h
been provided elsewhere.23

The BN used was purchased from Johnson Matthey. P
to its utilization, the BN was subjected to a vigorous clean
process consisting of heating it to 1700 °C for three hours
a nitrogen-saturated atmosphere. Measurements conduct
our laboratory show that this process yields BN substra
suitable for use in adsorption. Routinely up to six steps c
16 103 ©1999 The American Physical Society
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16 104 PRB 60A. DIAMA AND A. D. MIGONE
be resolved in the adsorption data, indicating that the
used is a high quality substrate.

III. RESULTS

A. Second step

The second steps in the isotherms do not exhibit resh
ening in the range of temperatures studied here. Their be
ior is the classical one: the steps are sharp until the la
critical temperature is reached; beyond this point the st
become increasingly broader. Such behavior can be see
Fig. 1, for relative chemical potential values between260
and280 K. The second step is denoted by the arrow labe
‘‘2’’ in this figure. For the lowest two temperatures show
~93.24 and 97.17 K! the second step is quasivertical, for a

FIG. 1. Adsorption isotherms for a variety of the temperatu
studied. The amount adsorbed~Y axis! is plotted as a function of the
chemical potential relative to the bulk solid vapor chemical pot
tial for the corresponding temperature. All data have been displa
vertically. Shown from top to bottom are isotherms at: 109.
104.07, 102.11, 100.13, 99.22, 99.04, 98.05, 97.17, and 93.2
Features marked by a thick arrow and labeled 2~roughly between
260 and280 in relative chemical potential! correspond to the sec
ond layer. The featured denoted by the arrowhead labeled ‘‘SU
in the 104.07 and 102.11 isotherms corresponds to the sub
present between the second and third layers at high tempera
The hollow thick arrow labeled ‘‘R3’’ for the highest temperature
shown corresponds to the ‘‘re-entrant’’ third step. The small arr
labeled ‘‘3’’ denotes the third layer. The italic arrow on the lowe
temperature isotherm labeled ‘‘4’’ corresponds to the low tempe
ture sharp fourth layer. The big arrowhead with a thin body labe
‘‘ R4’’ corresponds to the ‘‘re-entrant’’ fourth step.
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the other temperatures shown the second step is rounded
becomes increasingly more rounded as the temperature
creases.

We obtain an estimate for the layering critical temperat
for the second layer by plotting the horizontal width of th
step~i.e., the range of chemical potential values correspo
ing to the quasivertical portion of the step! as a function of
temperature, see Fig. 2~a!. The temperature where the ste
widths start increasing determines the second layer crit
temperature for Kr on BN; it is between 97.5 and 98.5 K. W
do not have a sufficiently fine grid of temperatures to just
a more sophisticated analysis, however, our estimate sh
be valid to within one degree Kelvin or better.

The behavior of the isotherms for the second layer of
on BN is qualitatively identical to that of Kr on graphite:7 for
Kr on graphite there is no re-sharpening of the second s
over the of range of temperatures studied here. Additiona
the second layer critical temperature for Kr on graphite
97.4 K,7 essentially the same value that we have determi
on BN. The only difference between data measured on th
two substrates is that the relative chemical potential at wh
the second layer appears is near260 K on BN, while it is
near280 K on graphite.7 This difference directly reflects the
fact that BN is a weaker substrate than graphite22 ~higher
layers also appear at lower relative chemical potential on
than on graphite!.

B. Region between the second and third steps

The region between the second and third steps has b
carefully investigated for Kr on graphite, with thermod
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FIG. 2. ~a! Horizontal width of the second-layer steps~i.e.,
range of chemical potential corresponding to the second layer! plot-
ted as a function of temperature. The increase in step width m
the location of the critical temperature for this layer~denoted by the
arrow!. ~b! Same plot as in~a! but for the third layer.
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PRB 60 16 105MULTILAYER Kr FILMS ADSORBED ON BN
namic and structural probes, by Suter and coworkers.24,25 A
small isothermal compressibility peak was found betwe
the second and third steps for temperatures between 96
103 K ~the highest temperature reported!.24 This feature was
found to move steadily to higher values in relative chemi
potential as the temperature increased. The x-ray study
termined that this small compressibility peak correspon
to a bilayer solidification transition, which occurs as t
chemical potential~or pressure! is increased.25

We conducted a rather careful search for the small
thermal compressibility peak for Kr on BN between 93 a
100 K for coverages between the second and third steps
found no corresponding feature for Kr on BN in this rang
However, we found a feature between the second and t
layers which appears first as a small sub-step in the isoth
at 102.11 K, and which becomes increasingly sharper for
104.07, 106.14 K, and 107.07 isotherms. Data displaying
feature are labeled ‘‘SUB’’ in Fig. 1 and are shown in grea
detail in Fig. 3.

Figure 4 displays a partial phase diagram for Kr on B
between the second and third layers and temperatures
tween 90 and 109 K. This figure also reproduces the ph
boundaries reported for Kr on graphite.~We performed a
least squares fit to the Kr/graphite data to extend it bey

FIG. 3. Substep marking a solidification transition, between
second and third layers. The data has been displaced verticall
the sake of clarity. Shown from top to bottom are the substep
106.14, 104.07, and 102.11 K, respectively.
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100 K, since it do not overlap the temperature range o
which we found the substep on BN.!

To identify the nature of the phase transition correspo
ing to the small isotherm substep we note two characteris
~i! The substep is located between the second and third s
in the adsorption data, i.e., the same coverages as for
feature present for Kr on graphite.24,25 ~ii ! The slope of the
chemical potential vs temperature plot is substantially sim
in value, and of the same sign, for Kr on BN as it is for Kr o
graphite24,25 ~this slope is proportional to the entropy diffe
ence between the phases undergoing the transition, as
tated by Maxwell’s relations!. We identify the small iso-
therm sub-step between the second and third steps for K
BN as corresponding to a solidification transition, just as
Kr on graphite.

We find that, for a given value of the relative chemic
potential difference with the bulk, the resolidification ste
appears at a higher temperature on graphite than it doe
BN. The difference for each relative chemical potential va
is about 2.5 K. Thus, there is a measurable reduction in
temperature for the second layer solidification transition
Kr on BN.

For Kr on BN the line corresponding to solidification in
tersects the second-layer chemical potential~which, in fact is
a second layer solid second-layer vapor coexistence reg!
very close to the second-layer critical temperature~see Fig.
4!. This intersection determines the triple point for the se
ond layer. The separation between critical and triple te
peratures in adsorbed films becomes increasingly smalle
distance to the substrate~i.e. layer number! increases.8,11,16

This is also observed on graphite;8,9,10,11,16however, owing

e
for
at

FIG. 4. Partial phase diagram for Kr on BN in the region b
tween the second and third layer. Filled symbols correspond to
data. The positive-slope line starting at 97 K is the solidificati
transition which was presented in Fig. 3. Dashed lines corresp
not to a true phase boundary, but mark the location of broad
therm steps beyond the second-layer critical point. This figure a
reproduces the bilayer solidification phase boundary for Kr
graphite~from Refs. 24 and 25!. For temperatures above 100 K th
Kr on graphite data was extended using a least squares fit to
low-temperature data. The temperature difference between the
lidification lines on the two substrates is about 2.5 K~the two so-
lidification lines are essentially parallel!. The location of the critical
and triple points on BN and on graphite for the second layer
marked by arrows.
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16 106 PRB 60A. DIAMA AND A. D. MIGONE
to the higher strength of that substrate, the two temperat
remain distinguishable until higher layers.

C. Third step and higher coverages

The data corresponding to the third and fourth steps of
Kr films on BN exhibit a behavior, which in other system
has been identified as ‘‘re-entrant layering.’’6,7,9,10,15 This
behavior can be seen in Fig. 1, where we present data
nine temperatures between 93.24 and 109.13 K and co
ages from just below two layers up to coverages above
layers.

The third layer at low temperatures occurs at a relat
chemical potential of about220 ~see arrow denoted by ‘‘3’’
in the lowest curve in Fig. 1, forT593.24 K!. As the tem-
perature is increased, this step becomes rounded. Roun
is already visible in the second to last curve, for 97.17 K, a
becomes increasingly more marked as the temperature
creases. Together with the rounding, the step gradu
moves towards lower values of the relative chemical pot
tial. At the highest temperature shown~109.13 K!, however,
there is a clear re-sharpening in the third step, this is
‘‘re-entrant’’ behavior~feature denoted by ‘‘R3’’ in the Fig.
1, which appears at a relative chemical potential of appro
mately 242!. The ‘‘re-entrant’’ step is clearly sharper tha
the third step at intermediate temperatures, and it involve
smaller coverage interval than the low-temperature sh
step.

The solidification substep between the second and t
layers which was discussed in detail in the previous sub
tion, is denoted by the arrow labeled ‘‘SUB’’ in Fig. 1. Th
feature is shown 102.11 and 104.07 K in Fig. 1. We note t
the ‘‘re-entrant’’ third step (R3) appears at a value of th
relative chemical potential, which is at the upper end of
solidification substep region.

If we were to follow Hess’ labeling6,7 we would call the
resharpened step at 109.13 K (R3) the ‘‘re-entrant third
layer,’’ because it is a sharp, half-layer-like step, in the is
therm which occurs above the broad second step, at a
perature above the third-layer critical point. According to t
Phillips-Larese picture,8,11 the sharp stepR3 corresponds to
the formation of a solid second layer underneath more t
one layer of fluid.

We can identify the critical temperature for the third lay
by plotting the third step chemical potential width as a fun
tion of temperature, just as for the second layer. Such gr
is presented in Fig. 2~b!. We determine the third-layer criti
cal temperature to be 95 K. Our value is in excellent agr
ment with the 94.9 K third layer critical temperature report
for Kr on graphite.7

The fourth step also displays a behavior which can also
identified with ‘‘re-entrant layering.’’ There is a sharp four
step at 93.24 K~denoted by ‘‘4’’ in Fig. 1!. The fourth step
becomes so rounded that, on the scale of Fig. 1, it de
distinguishability for intermediate temperatures~between
97.17 and 100 K!; finally at 100.13 K and above there is
re-sharpened fourth step present~which is labeled ‘‘R4’’ in
Fig. 1!. Note that theR4 step at 100.13 K is at a lower valu
of the chemical potential and involves a smaller interval
coverages than that for the 93.17 K, low-temperature sh
step~4!.
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Interestingly, we note that also in this case, there is
small substep present just above the broad third step~look, in
particular, at the isotherms at 99.04, 99.22 Fig. 1; this feat
is not marked by any symbol in Fig. 1!. This substep is
displayed for three temperatures in Fig. 5. This feature
analogous to that present between the second and third s
The temperature interval over which this small feature
present is, however, much narrower than that for the fea
between the second and third steps: it occurs only betw
97.71 and 100.13 K. Though we do not have the correspo
ing structural data, it is reasonable to argue on thermo
namic grounds that this feature also corresponds to a so
fication ~in this case, of the underlying trilayer!.

IV. DISCUSSION

A concise summary of our results is presented in
chemical potential vs. temperature phase diagram give
Fig. 6. The values of the chemical potential~relative to the
bulk! correspond to the sharpest point in the isotherm s
Following all the recent literature on this subject, we ha
plotted data points for the second, third, and fourth lay
beyond their respective critical points, that is, in a regi
where these data points signify the presence of just a br
isotherm step~for example, the step labeled 2 in Fig. 1 fo

FIG. 5. Small substep present between the third and fou
steps. The temperature interval over which this feature is prese
narrower than that at which the corresponding feature is found in
on graphite. The substep corresponds to a solidification transitio
the underlying trilayer. The data shown, from top to bottom, cor
spond to 100.13, 99.22 and 97.17 K.
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PRB 60 16 107MULTILAYER Kr FILMS ADSORBED ON BN
temperatures above 97.5 K!. Points corresponding to thes
broad features do not represent true phase boundaries.

Consider the region involving the second layer in Fig.
i.e., the two horizontal lines~at 260 and240, respectively,
in relative chemical potential! which are connected by th
solidification line~positive slope line between 97 and 106.
K!. The horizontal line below 97 K corresponds to a regi
of coexistence between a solid second layer and a se
layer vapor. At chemical potentials just above this coex
ence line, there is a full solid bilayer and vapor grows abo
it in the third layer. Between 97 and 106.14 K, the positiv
slope line corresponds to a solidification transition: a sec
layer solid in coexistence with a second-layer liquid. F
chemical potentials slightly above this positive slope co
istence line there is a full solid bilayer and fluid grows in t
third layer. In the horizontal portion that follows at high
temperatures, above 106.14 K, there is no further increas
chemical potential, so the number of solid layers in this
gion is the same as for 106.14 K~namely, two!. The high-
temperature horizontal line in the phase diagram is paralle
that of the bulk solid-vapor coexistence, indicating that

FIG. 6. Phase diagram for Kr on BN in the region between
second and sixth steps in the isotherm. Filled squares correspo
the second layer; for temperatures above 98 K the second-l
steps are very broad, and this feature no longer corresponds
true phase boundary~these points have negative slope in the ph
diagram!. The open circles correspond to the solidification feat
between the second and third layers. The filled diamonds~at about
240 and for temperature above 106 K! correspond to the ‘‘re-
entrant’’ third step. Closed triangles denote the third layer; agai
the region where these points have negative slope in the graph
correspond to the third layer above its critical temperature,
hence, they no longer mark a phase boundary. The filled cir
correspond to the ‘‘re-entrant’’ fourth step. Open squares are for
fourth layer, open triangles are for the fifth layer, and inverted fil
triangle are for the ‘‘re-entrant’’ fifth step.
:
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coexistence region in the film corresponds to the same
tropy change as for the bulk. The changes in slope in
phase diagram of Fig. 6 between the regions of: low te
perature to 97, 97 to 106 K, and, 106 to 109 K are due to
fact that up to 97 K there is a solid-vapor coexistence in
second layer, between 97 and 106 K the second layer of s
is in coexistence with a liquid in the second layer, wh
above 106 the second layer of solid is in coexistence wit
third layer fluid. In interpreting the isotherm data, it is im
portant to remember that the isotherm reflects changes in
compressibility of the system, whether those changes
happening principally in the topmost layer of the film~the
situation at low temperatures! or in an underlying layer~the
situation above 106 K!.

The portions of the phase diagram for Kr on BN in th
second and the third layer regions are topologically ident
with the corresponding boundaries determined by Suter
Kr on graphite.24,25 The most significant difference betwee
the data for Kr on these two substrates is in the location
the solidification features. At the same value of the relat
chemical potential, melting takes place at a lower tempe
ture on BN, by about 2.5 K, than it does on graphite. T
temperature decrease is due to the difference in subs
potentials.

It is interesting to contrast the temperature decrease
the second-layer solidification feature on BN relative
graphite~Fig. 4!, with the values found on these two su
strates for the layer critical points for the second and th
layers. For Kr on BN the layering critical temperature of t
second layer is 98 K and that for the third layer is 95.0 K; t
values determined by Hess7 for the second-and third-laye
critical points for Kr on graphite were 97.4 and 94.9 K. Th
is, the critical temperatures are nearly identical.

As noted above, the ‘‘re-entrant’’ third step (R3 in Fig. 1!
begins at the end of the region where the solidification s
step between the second-and third-layer ends. Thus, a sh
the solidification temperature results in a shift in the te
perature at which the ‘‘re-entrant’’ feature appears. Noti
that the competition between adsorbate-adsorbate and a
bate substrate forces lies at the core of the resolidifica
explanation of step-re-sharpening, we conclude that it
easier to account for shifts in the temperature at which
‘‘re-entrant’’ feature appears on different substrates with
the context of the Phillips-Larese explanation. On the ot
hand, the layering critical points are connected to the rou
ening transition: the roughening temperature is the thick-fi
limit of the layering critical temperatures. The almost ide
tical values which we have found for the layering critic
temperatures on the two substrates tend to complicate
preroughening explanation of Goodstein and Weichman15

for step resharpening. The critical temperature values for
second and third layers indicate that intrinsic adsorbate
havior associated with the critical point is not affected by t
difference in substrate strength between BN and graphite
is difficult to compatibilize substrate-independent layeri
critical temperatures with a substrate-dependent shift in
resharpening substeps temperature within the context of
Weichmann-Goodstein explanation.

The region between the second and third layer is co
pletely analogous to the region between the third and fou
layers. This observation, is in agreement with the data
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16 108 PRB 60A. DIAMA AND A. D. MIGONE
Hess on Ar, Kr, and Xe, and that of Larese and Phillips
Ar and Xe. It differs, however, from what has been repor
by Dayet al. for Kr on graphite.10 We note that the report by
Day et al. does not include all the boundaries determined
Suter24,25 for Kr on graphite.

Unlike what happens in the first four or five layers, wi
increasing film thicknesses the differences between films
the same adsorbate on different substrates will tend to di
pear~because of the inverse cube nature of the effect of
substrate potential!. Thus, for sufficiently thick films the pre
roughening scenario of den Nijs will be fully applicabl
These thicker films will be indistinguishable from the surfa
of the bulk adsorbate.

V. CONCLUSIONS

We have determined that the phase diagram of Kr on
is topologically identical to that of Kr on graphite. We hav
a

. B

. B
n
d

y

of
p-
e

N

found that there are some important differences in the va
of the temperatures and chemical potential differences
which the corresponding features appear on the two s
strates. The measured shifts in the temperatures which
have determined~relative to their values on graphite! are
more easily understood in terms of the Larese-Phillips exp
nation of re-entrant layering, i.e., in terms of a r
solidification of an underlying layer.
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