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Realization of a two-dimensional Ising system: Deuterium physisorbed on krypton-preplated
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Volumetric adsorption isotherm, calorimetric, and neutron diffraction measurements were used to character-
ize the quantum system,[@oadsorbed on graphite preplated by a monolayer of Kr. From the results obtained
by these methods a detailed phase diagram of the complete submonolayer coverage range up to the initial
stages of bilayer formation could be constructed. The dominant feature of the phase diagram is a commensurate
(1x 1)[%] structure, which was determined by neutron diffraction. Three phase transitions of this phase were
studied: The order-disorder transition at the critical point which, according to the influence of the corrugation
potential, occurs at a relatively high temperat(ifg=25.68 K), the order-disorder transition at the tricritical
point (T1c=17.88 K), and the commensurate-incommensu(&dC) transition at O fillings above 1. V3
monolayers. All these measurements gave convincing evidence that the syst&midbaphite can be re-
garded as realization of a two-dimensioniaD) Ising system. Critical exponents near the phase transitions
were determined and good agreement with the theory obtained. Of particular interest was the investigation of
the C-IC transition, which for a 2D Ising system could be studied. At this transition, the existence of a reentrant
fluid was detected, which squeezes in betweerCtlamd IC phases down to at least 1.5 K, which is the lowest
temperature to which a liquidlike phase of Bas ever been found. This observation confirms the Kosterlitz-
Thouless criterion and the theory of the C-IC transition.
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[. INTRODUCTION phase transitions. As Vilches and co-workemave convinc-
ingly demonstrated by calorimetric measurements, one pos-
Physisorbed systems on graphite have proven to be fertilgipility to build up such a system is to preplate graphite by a
grounds for the realizations of ideas of statistical thermodycomplete commensuratg'3x y3)R30° monolayer of kryp-
namics. Prominent examples are the light quantum g#$es  ton and to coadsortfHe atoms on top of this layer. At about
and“He (Refs. 1-3 and the isotopes of molecular hydrogen the same time Schickt al,®2 classifying the continuous
(H,, HD, and Dy)*° adsorbed on th€001) basal planes of order-disorder transitions of adsorbed systems on the basis of
graphite. The properties of the hydrogen isotopomers are déhe Landau theory, predicted that a transition ofla< 1)
scribed in detail in a recent review artid&he five quantum  superlattice structure on a honeycomb array of adsorption
systems have in common that they form a commensi@te sites will fall into the universality class of the 2D Ising
(\€3><\f§)R30° phase at submonolayer coverages and lownodel. Such a dramatic change from three-state Potts to
temperatures due to the strong influence of quantum zerdsing behavior can be provided by a Kr spacer layer, which
point motions, which give rise to lateral repulsive interac-modifies the symmetry of the array of adsorption sites from a
tions between the molecules and push them into the trougHsiangular lattice on bare graphite to a honeycomb lattice.
of the graphite potential. For instance, fos Bn graphite the Figure Xb) illustrates schematically the real situation, which
well-known 3 phase is schematically illustrated in Figa)l =~ Wwe tried to attain in our experiments:,adsorbed on Kr
The honeycomb network of carbon rings shows the basdtreplated graphite. As concluded from diffraction
plane of the graphite surface and the light gray disks—drawexperiments®*14 the D, layer compresses the Kr layer to a
with their hard-core Lennard-Jones diameters to scale—Structure incommensurate to the substrate. Due to the size of
represent the adsorbed deuterium molecules in their grouritte D, molecules, there are only two energetically equivalent
states. The structure is threefold degenerate and can be regpssibilities to form an equilaterally spaced triangular adsor-
ized on three energetically equivalent sublattices of adsorplate lattice on the Kr spacer layer, which is callefla 1)
tion sites in the centers of the carbon rings B, and C x[%] structure® This means that this structure has the same
classifying the adsorbate as a three-state Potts system, onerwarest-neighbor spacing as Kr, but only half of the available
the elementary models of statistical thermodynarmitisu-  adsorption sites are occupied. This structure has two ground
ally the number of equivalent sublattices of adsorption sitestategA andB), i.e., it is expected to belong to the 2D Ising
is denoted byp (i.e., p=3 for the three-state Potts system universality clasgp=2).
The main motivation of the present project was to realize In the present paper we shall study this system by using
a two-dimensiona(2D) Ising system in physisorbed matter adsorption isotherm, heat capacity and neutron-diffraction
and to investigate as completely as possible its phases amdeasurements. While a few preliminary results have already
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The paper is organized as follows. Section Il describes
some experimental aspects. In Sec. lll, the sample will be
characterized by using adsorption isotherm measurements. In
Sec. IV we present results of heat capacity measurements,
show calculations of entropy, and map out the phase diagram
of D, on Kr preplated graphite up to the coverage region of
the compressed monolayer. Neutron diffraction results,
which corroborate the thermodynamic data, will be given in
Sec. V. Section VI is devoted to the characterization of the
phase transitions found at the critical and the tricritical point.
We were able to determine the critical exponent of a 2D
Ising system in the neighborhood of the tricritical point. The
investigation of the commensurate-incommensurate transi-
tion provides convincing evidence for the prediction of Cop-
persmithet all®17 that it is a melting transition and fulfills
the Kosterlitz-Thouless criteriof#:1° Section VII concludes
the paper with a discussion and a summary of our results.
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Il. EXPERIMENTAL ASPECTS

The thermodynamic studies of this work included volu-
metric adsorption isotherm and heat capacity measurements.
The heat capacity data were obtained by employing the con-
ventional quasiadiabatic heat-pulse techniggdernst-
Eucken calorimetry?® The calorimeter was a thin-walled cy-
lindrical copper cell(diameter 30 mm, height 60 mm, wall
thickness 0.3 mm A piece of graphite Foanjexfoliated
graphite, product of Union Carbide Coypwith a total sur-
face area of 74.96 fn(specific surface 24.74 hg) was
pressure fitted into the cell. This substrate can be regarded as
a uniform powder consisting of single crystal flakes with a
lateral extent of about 900 Acoherence lengitt! Further
details of the experimental method and substrate preparation
are given in Ref. 20 and of the properties of different sub-
strates and surface calibration in Refs. 6 and 22.

The neutron diffraction experiments were performed on

FIG. 1. () Schematic representation of the structure of the com—the focusing diffractometer E@vavelength 2.38 A at the

mensurate(y3 X y3)R30° phase of B molecules adsorbed on the Hahn-Meltner-Instltl_JtceBENSQ in Berlin, German){. As op-
graphite basal plane which is indicated by the honeycomb lattice oposed toa Conventlona! diffractometer, th_e focusing diffrac-
carbon rings. The Pmolecules(light gray disks are drawn with 0meter employs a horizontally and vertically bent mono-
their hard-core Lennard-Jones diameters. The structure is threefoflfomator in combination with a vertical slit placed in the
degenerate and can be realized on three energetically equivaleftcoming beam of the monochromator. The neutron flux at
sublattices of adsorption sites A, B, and(@=3) which classifies the sample position was aboutxgL.C° n/(cn?s). The dif-
the adsorbate as a three-state Potts systenStructure of the fractometer was used in a standard configuration with an
commensuratgl x 1)[%] phase of D (light gray disks adsorbed in-pile collimator of 20 to reduce background scattering.
on graphite preplated by an incommensurate monolayer ¢fiagnk ~ The instrument was equipped with a multicounter with 200
gray disks (Ref. 14. D, molecules and Kr atoms are shown with channels of 0.1° width covering an angular range of 20°. For
their hard-core Lennard-Jones diameters. Because of the two suthe neutron diffraction experiments, a stack of exfoliated
sets of adsorption sitq# and B, p=2), this system should belong graphite sheet@Papyex, trademark of Le Carbone-Lorrgine
to the 2D Ising universality class. was used as the substrate. This material consists of graphite
flakes with a characteristic length of step-free atomically flat
been published previoush;'® this contribution will give a  basal surfaces of about 250 A and with a mosaic spread of
more detailed account of our experiments, which are conz15°2! The sheets were closely packed into a cylindrical Al
ducted to explore all properties of a 2D Ising system andcell (diameter 20 mm, height 70 mrand oriented parallel to
characterize them. In order to achieve this aim, we have chdhe neutron-scattering plane. Compared to the graphite Foam
sen the system Pon Kr plated graphite as mentioned above.sample used in the heat capacity measurements, the Papyex
D, has a coherent neutron-scattering cross section, which gample has the advantage of a larger total surface
about a factor of 17 larger than that %4e® This advantage (381.85 n?) which leads to a better counting statistics at the
enables in addition to thermodynamic studies, also structurahoderate measuring rates of the neutron diffraction experi-
investigations by using neutron diffraction. ments.

(b)
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FIG. 3. Comparison of adsorption isotherms of bn bare
graphite(®) and on Kr plated graphitéO) at T=15.9 K. The Kr
plating is 1 ML. The B filling Pp, in units of a perfect(y3
X y3)R30° phase(one molecule per area of three graphite hexa-
gong is plotted vs the equilibrium vapor pressure. The stepwise
isotherm behavior points to a layer-on-lay&L ) type of growth

FIG. 2. Growth modes of Pon Kr preplated graphitga) The
two-phase(TP) mode. The Kr platingdark gray particlesis par-
tially displaced by the Dmoleculeglight gray particlesand forms
multilayers or 3D clusters on confined regions of the substrRaé. mode. The inset shows a magnified view of the C-IC transition
23). (b) The normal layer-on-laye(LL) mode. The Kr layer is region for both systems. The small step in the adsorption isotherm
preserved and a Dmonolayer forms on top of the Kr spacer layer of D,/Kr/graphite indicates that the C-IC transition also occurs, but
(Ref. 23. (c) Intermediate mode: Layer-on-lay@rl ) growth mode  takes place in a much smaller coverage range than that of
with D, islands being squeezed into the Kr layer. The penetration ob,/graphite.
the D, molecules results in a spreading pressure by which the Kr
layer is compressed. The x-ray and neutron diffraction measurefilm due to the different adsorption energies of the coad-
ments(Refs. 13 and 14, and Sec.) \¢learly reveal this type of Sorbed species as depicted schematically in Fig. 2. One of
growth mode. them[Fig. 2@)] is the two-phas€TP) mode, in which the b
molecules(light gray particleg squeeze themselves into the
preadsorbed Kr layefdark gray particlesand partially dis-
ﬁ]lace it. The Kr atoms then form multilayers or 3D clusters

limited surface regions. The second mode is the normal

As adsorbates, Pgas(99.7% pure and Kr with a nomi-
nal purity of 99.99% have been used. No special precautio

has been taken to convert,[into the ground statéortho- ating or layer-on-layefLL ) mode, where the Kr plating is

I
D,), because we did not expect any orientational ordering .oqsapvedFi byl and a D laver forms on top of the Kr
effects on the observed phases in the temperature ran dFig. 2b)] D lay P

. ; (e ) . er. Ignoring entropy and mixing effects of the two differ-
above 1.5 K investigated in this woPkEven for time periods ent types of atoms or molecul@ estimations based on

of more than a month for some experiments, the data Wergjnsje energetic considerations according to the model pro-
always reproducible. The coverages or fillings of the adsory,seq py Asadat al?? lead to the result that the total ad-
bates were determined by measuring adsorption 'SOthem%Orption energy for the LL mode is higher than that of the TP

with Ny at 77 K. A substep occurring in such an isotherm s, ) 4a. Thus, it is to be expected that Bn Kr/graphite will
associated with the transition between a fluid phase and @\ in the LL mode rather than in the TP mode. The real

solid phase in registry with the graphite substrate. The UpPeljy ation, however, is an intermediate state between these
end of the substep is considered to correspond to the complgg, growth modes, which is illustrated in Figic. It will be

tion of the perfect/3 phase, is defined gs=1 [one mono- discussed in Sec. V.

layer (ML )], and was taken as reference point for our cover- | order to distinguish experimentally between the first

age calibrations. two modes, we carried out adsorption isotherm measure-

Most of the data presented in this paper were taken bynents |n Fig. 3, an adsorption isotherm of @ bare graph-
preplating the graphite substrate by a complg&enonolayer iq is compared to that of Pon graphite preplated by 1 ML

of Kr. For consistency checks, in a few cases we also choosgs kr at T=15.9 K. The D filling is plotted versus the equi-
a Kr-preplating of 1.15 ML, but found no substantial differ- jiyrium vapor pressure. Several vertical steps occur which
ences. reveal that both systems grow in the layer-on-layer)
mode at least up to the formation of the third layer. The
vertical risers mark regions of constant chemical potential
and thus correspond to phase transition regions of the ad-
sorbed systems. The pressure differences, where the steps
The first step to explore an unknown coadsorbate is t@ppear, reflect differences in the holding potential of the two
measure an adsorption isotherm. Following Asatlal.?® in systems. The inset of the figure shows a magnified view of
principle there may occur two different growth modes of athe commensurate-incommensurate transition regin

IIl. COADSORBATE CHARACTERIZATION BY
ADSORPTION ISOTHERMS
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10 20 30 40 FIG. 5. Heat capacity isotherms at various temperatures between
Temperature (K) 3 and 18 K. Linear coverage regions reveal the likely existence of a

_ _ _ coexistence region between 2D solidommensurate(1x 1)[%]
FIG. 4. Heat capacity scanl=number of adsorbed particles, phasa and 2D gas. The end points of the straight lines correspond

kg=Boltzmann constantat various B fillings on Kr preplated 5 hhase transitions. For clearness of representation, offsets have
graphite. The background contributions of the substrate and thgeen added to the curves.

sample cell have been subtracted. Except for the data set at the
lowest D, filling, for clearness in representation all others havetemperaturé we found out that it is caused by desorption of
been shifted along the ordinate by adding a constant offset. Ththe D, layer.

anomalies indicate phase transitions in theflin except for the In order to analyze this peak, we applied a simple model
broad peaks around 29 K which are caused by desorption,of Ddeveloped by Ebegt al?’ It is based on the assumption that
molecules. the adsorbate can be regarded as a 2D ideal gas bound with

constant energy per particle to the surface before desorbing
comparison with D/graphite see Refs. 4—6 and)29he into the 3D gas. Even if the assumption of a 2D ideal gas in
small step atp=0.22 mbar observed for JDKr/graphite  case of 3 is a very crude approximation, from the desorp-
leads one to assume that this transition also might occur, buion peak temperature we estimated a binding energy of the
takes place in a much reduced coverage range. D, molecules to the Kr spacer layer on graphite of roughly
—175 K. This value is by about a factor of three smaller than
that of D, on bare graphit¢-517.6 K(Ref. 28.]
IV. HEAT CAPACITY RESULTS AND PHASE DIAGRAM The heat capacity peaks signaling the phase transitions of
the D, layer are smaller and appear at lower temperatures

Being now relatively confident that the coadsorbate be—than the desorption pedKig. 4). Starting atpp,=0.50, they

haves in the desired manner, we carried out a series of sp Scome more pronounced with increasinafiing and split
cific heat measurements. They were made at about /60 P ngroing P

fillings in the range & pp, =<2 to map out the boundaries of Into a double peak abovap,=0.91. The high-temperature

the phase diagram in detail. Figure 4 shows a few represer‘?—eak shifts rapidly with growing coverage to 25.68 K at

tative heat capacity scans versus temperaturedillihgs pp,=1.10, vyhere It resides on the low-temperature wing of
between 0.5 and 1.83 monolayergML). The Kr preplating the desorption peak. The low-temperature peak broadens, de-

was again 1 ML. Note that all Pfillings given in this work creases in height and moves slightly to lower temperatures.
are low-temperature values before desorption effects set il @ Small coverage range aroupg =1.22 almost every
The heat capacity is given in reduced units withihe num-  feature disappeared and @$,=1.30, a new anomaly arises,
ber of D, molecules dosed into the sample cell dgdthe ~ Which separates into two peaks at higher covera@es
Boltzmann constant. The background of the calorimeter ané 1.50.

the Kr layer has been subtracted from the data. The dominant From the heat capacity data, we constructed heat capacity
feature of the scans is a large and broad peak occurring atigotherms, which are presented in Fig. 5 by plottihgersus
temperature centered at about 29 K for ajl fidlings. From  pp, at fixed temperatures between 3 and 18 K. Several linear
separate vapor pressure measurements as a function mfgions are discernible which shrink in coverage range with
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heat capacity isotherms and the neutron diffraction data, it
was inferred that there is a broad coexistence region between
a commensuratél X 1)[%] solid phase and a 2D gas ap D
fillings belowpp,=1.18 and at low temperatures. The shapes
of the phase boundaries suggest that this region ends at the
tricritical point(T+c=17.88+0.06 KpD2:O.91iO.01. Prob-

ably due to thermal contributions, the region of the pure
commensuratéeC) (1 X 1)[%] phase is restricted to high tem-
peratures, except for a very narrow strip extending down to

low temperatures at fXillings between 1.19 and 1.20. Ti&
J phase is expected to contain vacancies at Io@pg5< 1.1
L . and interstitials at higher coveraggs,,>1.1). It terminates

T commensurate
L (1x1) [1/2]

Coveral

98 pp,
—
o
T

Y
05'_ 2D gas ] at the critical point at T.=25.68+0.05K and pp,
it 2Diges _ =1.10+0.01. Note that this coverage is about 10% higher
- - than that of the ideal coverage for &8 structure(p=1),
i 1 because this fraction of Pmolecules intrudes in the Kr
5 [T i tiiia il innilisesl spacer layer and compresses it to an incommensurate phase

as we will see in Sec. V. The critical temperature is anoma-
lously high. For comparison, the critical temperature of the
order-disorder transition of the commensurate/3

FIG. 6. Proposed phase diagram of Bdsorbed on graphite X \3)R30° phase of B on bare graphite i§,=18.1 K#625
preplated by a monolayer of Kr equivalent to a coverageyef  Since the binding energy of Jon Kr/graphite is a factor of
=1. The phase diagram was constructed from heat capacity dajree smaller than that on bare graphite as estimated from the
(solid circley, end points of linear regions of heat capacity iso- gesorption peaks, we conclude that a greater amplitude of
therms (crossey adsorption isotherm dateopen triangles and  potential corrugation might be responsible for this effect. An
phase boundaries determined by neutron diffractapen squargs analogous observation was made previously4ffbe on Ar-
C: Commensurate1x 1)[3] phase, IC1, IC2: incommensurate or Kr-plated graphité:3132|n order to understand this effect
phases with different lattice constanis,{ phase: incommensurate gmre quantitatively, for instance, computer simulations as

phases of unknown structure, 2S: second layer solid, 2L: secon .
layer liquid. Most of the phases were identified by neutron diffrac- erformed for the hydrogen isotopes on bare graphite
would be very helpful.

tion. Solid lines indicate phase boundaries inferred from experimen- At D, fillings above 1.25 ML at low temperature incom-

tal data, dashed lines are suspected phase boundaries, and the lid oh f d. Th | ;
double-dotted-dashed line marks the completion of theridno- mensurate solid phases are formed. The monolayer Is com-

layer. In a small coverage range at the C-IC transition a reentrarI€t€ atpD2:1‘55 beyond which the second layer is built up.

fluid phase squeezes in between the C and the IC phases as &t Still higher coverages, above1.72 ML, it exhibits fea-
pected from the theoryRefs. 16 and 1y7for a 2D Ising system. tures of a 2D van der Waals system with coexistence regions

pp,=1 is defined as filling in units of number of molecules per areabetween solid and ga&S+ga$ and liquid and gag2L

of three graphite hexagons. +gag, which is reminiscent of the phase diagram of the sec-
ond layer of B on graphité®3” 2S and 2L are abbreviations
second layer solid and second layer liquid, respectively.
An unusual feature is the gap in the phase diagram for

0 5 10 15 20 25 30
Temperature T (K)

increasing temperature. According to Dashal,?**° these
linear regions indicate a two-phase coexistence region whicR

is also supportt_ed by the ad_sorptlon |_sotherm at15.9 K'in Fig 20< pp. <1.25 at the commensurate-incommensurae
3. The end points of the linear regions mark boundaries o 2

the phase diagram. C) transition. In this coverage range, no heat capacity

With the information gained from all these measurements2nomalies could be foun@ee Fig. 4. A clue to the nature of
we mapped out the phase diagram of&lsorbed on graph- the D; film in this range of the phase diagram is provided by
ite preplated by a complete monolayer of (g, =1), which ~ €ntropy data which were 'obtamed from the heat capacity
is shown in Fig. 6. It contains data from locations of heatC(T) according to the relation

capacity peakgsolid circles, Fig. 4, end points of linear T

regions of heat capacity isothernisrosses, Fig.  data Cc(T)

from an adsorption isotherrtopen triangles, Fig. )3 and S(T)=deT'- (1)
phase boundaries determined from neutron diffraction mea- 0

surementgopen squargswhich will be described in Sec. V.

Where data were available from the various methods emSince heat capacity data below 1.5 K were not measured, we

ployed, they agree very well with each other. Phase boundextrapolated the data f6=0 K by using the 2D Debye law

aries at higher temperatures and coverages are corrected 1&~ T?)- In Fig. 7, the results including the extrapolated val-

desorption effects as determined by vapor-pressure measurées at various coverages between Kip,<1.29 are

ments. shown. It is evident that the data in the range of the gap of
The structures of most of the phases found were identifiethe phase diagrartpD2=1.21, 1.22, and 1.24exhibit en-

by neutron diffraction(see Sec. Y. From linear regions in hanced values at low temperatures compared to those at

125410-5
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0 5 10 15 20 FIG. 8. Neutron diffractogram of Kr adsorbed on bare graphite
Temperature (K) at T=1.51 K andpg,=1. The Kr layer adopts a commensurate

(V3% 3) R30° phase. Solid line: Fit to the Bragg peak by a

FIG. 7. EntropysS calculated from heat capacity data according powder-averaged Lorentzian-squared line shape convoluted with
to Eqg. (1) versus temperature at selected fidlings PD, The data  the instrumental resolutiofRef. 39.
clearly reveal enhanced entropy in the coverage region
1.20<pp,<1.25 at low temperatures pointing to a high degree ofcnaracteristic of a 2D powder. The line shape results from
disorder. Data be_Iow 1.5 Kexcept those at coverages between 1.20ha random orientations of the 2D monolayer patches ad-
and 1.25 ML, wh|<_:h are speculativehow extrapolated values cal- ¢4 had on graphite crystallites by assuming the percentages
culated by assuming a 2D Debye law. of isotropic (70%) and preferred30%) orientation with a

vertical mosaic spread of about 30° of the basal plaftew.

higher or lower coverages. This indicates that thefin in  properties of different graphite substrates, see, e.g., Refs. 6
the gap is in a state of higher disorder. Further evidence foand 21) Empirically we found that an intrinsic Lorentzian-
this observation will also be provided by neutron diffraction Squared line shape' which was powder averaged and convo-
(see Sec. Y. Because of these findingand due to the anal- |uted with the instrumental resolution functi8hprovides
ogy with D, on graphité-®23 we tentatively attributed this the best fits to data obtained by our relatively low-resolution
region to the existence of a reentrant flgabmain-wall fluid  neutron-diffraction measurements. We used the line shape of
phase. Probably this phase possesses residual entropy dowRef, 39 to describe the Bragg peaks of all the diffraction
to very low temperatureg@as tentatively indicated in the fig- measurements in this work. From the fit shown in Fig. 8, a
ure by the extrapolated entropy datanuch lower than coherence length of about 250 A was obtained, which corre-
1.5 K, the lowest temperature achieved in our experimentssponds to the typical size of the crystallites of the Papyex
This is the lowest temperature to which a translationally disgraphite substrate employ&d!
ordered phase of Pcould ever be observed in nature. Figure 9 demonstrates what happens wheniDcoad-
sorbed aff=1.57 K. The first scan at the bottom again refers
to pure Kr. Admitting a small dose of J0.049 ML) leads to
a splitting of the peak. The lo\@ component of the peak

In order to explore the nature of the various phases foungemains at the commensurate positi@=1.703 A™*) and
in the heat capacity measurements, we carried out neutrorgnishes at Pfillings beyondpp =0.1, whereas the higQ-
diffraction measurements. To be able to discriminate the coneomponent shifts in position indicating a compression of the
tribution of the Kr spacer layer, we first recorded a neutrondayer and increases in height with growing Bllings. This
diffraction pattern of a complete monolayer of Kg., =1) behavior points to a coexistence of two phases and is char-
adsorbed on graphite at=1.51 K which is depicted in Fig. acteristic for a first-order C-IC transition of the Kr film as
8. The background scattering from the unloaded sample ceNlielsen et al!® have previously observed at much higher
has been subtracted from the data, which has also been dotemperaturesT=40 K). Here we find the same feature at
for all other diffractograms displayed in this paper. The sub-1.5 K. At pD2:0.20 a new small Bragg peak emerge<Qat
tracted substrate signal has not been scaled to account for K205 A™* which is difficult to see in this diffractogram, but
or D, absorption. The residual peak at wave vec@r becomes clearly discernible at highes idlings (see Figs. 10
=1.873 A is due to some interference effect between theand 13. We interpret this small peak as being caused by
adlayer and the substrate in combination with imperfect subsome Q-rich islands, which penetrated into the Kr layer and
traction of the strong002 graphite reflection, which par- produced the 2D spreading pressure by which the C-IC tran-
tially may result from ignoring absorption by the Kr ang D sition of the Kr layer was induced. This scenario is illustrated
layers. The data clearly exhibit a Bragg peak from the Krschematically in Fig. @). It is evident that small Bclusters
layer. From its position a@=1.703 A" we infer that the Kr  form in the Kr layer and compress it into an incommensurate
layer atpy,=1 adopts &a3x V3)R30° structure. The peak phase, before the film grows in a layer-on-layer mode. Thus,
was fitted by an asymmetric Warrnprofile (solid line)  the simple picturgFig. 2b)] inferred from the adsorption

V. NEUTRON DIFFRACTION RESULTS
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incommensurate transition of a preadsorbed complete Kr layer
(pr=1) on graphite induced by coadsorption of small doses of g5 10 series of neutron-diffraction profiles B1.5 K and

D, (0.049<pp,<0.2 at T=1.57 K. The C-IC transition of the Kr 55,5 b, fillings pp. on graphite preplated by a complete Kr layer
layer at this low temperature turns out to be first order, because th@oK =1). With growizng D, fillings, the intensity of the principal

. . . . . r . 1
composite line proflrl]e contains Bragg peal;]s at ¢ha|r|1d IC pk05|- Bragg reflection increases. As the Bnd Kr reflections coincide, it
tions |n511|cat_|ng phase coeX|stenc¢a_. The sma pea _@t was concluded that Padopts a commensuraté X 1)[%] structure
~2.05 A1 arises from D clusters within the Kr layer. Solid lines on top of the Kr layer and thus represents a 2D Ising systs®
represent powder-averaged 2D Lorentzian-squared line shape fiﬁg. 1(b)]. The small peaks aD~2.05 A are attributed to solid
convoluted with the instrumental resolution to the data. D, clusters in the Kr layer. Solid lines represent composite line
isotherm measuremengSec. 1)) has to be revised slightly. Shape fits to the data as described in the (sge Sec. Y.
Nielsenet al!® drew the same conclusion, but because theyay hibit two Bragg reflections a©=1.814 and 2.065 A

employed x-ray diffraction, they could only see the reactionryq main peak results from the combined diffraction effect
of the Kr layer. Neutron diffraction has the great advantageys 1 ML Kr+1 ML D,. As the temperature rises, the peak
that the 'effects of both goadsorbate components can be .eﬁ'eight decreases, while the peak positions remain fixed dem-
plored simultaneously, since the coherent neutron—scatterln&nstraﬁng that B stays registered on the Kr layer until the
cross sections differ only by a factor off8coH(Kr)=7.67 b, b jayer melts at about 25 K. Above this temperature only
Too(D2)=22.37 .° . _ the Bragg peak of the Kr layer remains, which expands with
Figure 10 displays neutron diffractograms af fllings increasing temperature due to the release of spreading pres-
between 0.5and 1.1 ML ak=1.5 K It |S' eV|de'nt that the sure by the desorbinggayer(see F|g :} A detailed ana|y_
principle peak aQ~1.8 A™ only shifts slightly in position s of the intensity of the Ppeak in dependence on tempera-
with growing D, filling, but increases in height. This is due tyre will follow in Sec. VI A.
to the fact that the peak positions of both coadsorbate com- The small peaks a)=2.065 A are again caused by the
ponents coincide and leads to the conclusion theadbpts a  p,-rich clusters within the Kr layer. It is visible that desorp-
commensuratél x 1)[3] solid phase on top of the incom-  tion of part of the B layer with increasing temperature leads
mensuratgIC) Kr spacer layer. Thus, these results give di-to a disappearance of these signals. A second reason for their
rect evidence that Pon Kr/graphite forms the expected 2D disappearance is melting of the, Rlusters. Assuming an
Ising system over a broad coverage range as indicated in theyuilaterally spaced triangular IC structure of these clusters,
phase diagramFig. 6). As mentioned above, the peak from the peak positio=2.065 A a coveragep=1.48 or
aroundQ~2.05 A" arises from small Pclusters within the  an area density ofi=0.0944 A2 can be deduced from the
Kr layer. known data of D on bare graphité® These values are close
Neutron diffraction also allows studying the order-to those of the densest monolayer of Bn graphite(p
disorder transition of the commensuratg Byer. Figure 11 =155 and n=0.099 A?).8 From the phase diagram of
presents as examples a few typical diffraction patterns,at DD,/graphité-®2% one can infer that at this coverage thg D
fillings of pp,=1.10 ML (low-temperature value before de- layer melts at about 28 K, which agrees well with our find-
sorption sets ipand various temperatures. The data clearlyings that above this temperature the diffraction signals from
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FIG. 11. Evolution of diffraction patterns with temperature for Momentum Transfer Q (A1)

1.1 ML of D, (low-temperature value before desorption sejsom

Kr preplated graphitépk,=1). It can be concluded from these data ~ FIG. 12. The evolution of neutron-diffraction profiles of, Bn

that D, remains registered on the IC Kr spacer layer before melting<r/graphite when passing through the C-IC transitiorTatl.5 K

at about 25 K. Desorption of Dabove 25 K leads to an expansion (background scattering is subtractedit pp,=1.2 the Bragg peak of

of the Kr film and evaporation of the penetrated 2D dlusters as  the registered1 X 1)[%] structure of the B layer atQ=1.82 A1

can be seen from the spectrum takenTat34.94 K. Solid lines  vanishes and only the reflection of the compressed Kr layer is left

represent composite line shape fits to the data as described in tlower indicated by the dashed line. For 12py_<1.25 small “lig-

text (see Sec. Y. uidlike” signals appear a®=1.95 A1 which are attributed to the

. . . existence of a reentrant fluid phase betweenGhaend IC phases.

the 2D D, clusters within the Kr layer disappearéste Fig.  the p, jayer solidifies again fop= 1.3 as indicated by pronounced

1;). This observation yields a good cross ch'eck that the aS3ragg peaks aQ~1.99 AL The small peaks in the range 2.05

signment of the small peaks to 2D, Rlusters is correct. <Q=2.14 A arise from D clusters within the Kr spacer layer,
At coverages beyon¢D2:1.2, the B layer undergoes a hich are continuously compressed with growing fling. Solid

commensurate-incommensuraté-1C) transition (see Fig. lines represent composite line shape fits to the data as described in

6). Figure 12 shows the evolution of neutron-diffraction pat-the text(see Sec. V.

terns across this transition with increasing fillings at T

=15K. Atpp,=1 the D, layer is commensurate on the Kr (see Figs. 4, 6, and)7This is the lowest temperature to

layer and the Bragg reflections of both layers coincide. Fowhich a “liquidlike” phase of D has ever been observed.

coverages of 1.2 ML Band beyond the C-IC transition oc- Increasing the DBfilling further, results in a resolidifica-

curs leading to a strong reduction the intensity of the comtion of the D, layer into an equilaterally spaced triangular IC

mon layer signal a®=1.82 A™* to that of the pure Kr spacer phase as indicated by well-defined Bragg peaks appearing at

layer indicated by the dashed line. First signals of the ICpD2=1.3O. As more molecules are incorporated in the layer

phase appear &~ 1.95 AL, They are tiny and broad and with growing D, fillings, the IC solid is uniformly com-

have a “liquidlike” shape. In the coverage rangepressed. We did not extend our neutron diffraction studies in

1.20<pp,<1.25 they remain at the same positiQn From  sufficient detail to be able to clarify the structures of the

the 2D line shape fitgsolid lineg to the data, a coherence various modifications of the IC phagéCl, IC2, x and ¢

length of about 30 A can be extracted. These results stronglghases which were found by the methods appligtkat ca-

support the occurrence of a reentrant fluid phasemain-  pacity, neutron diffractiopand mapped out in the phase dia-

wall fluid) at the C-IC transition down to temperatures of gram(Fig. 6). It turned out that the Player is complete at

1.5 K in agreement with the heat capacity and entropy datap,~1.55 (note that this is the same coverage as fgron
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FIG. 14. Semilogarithmic plot of the heat capacity data of Fig.
~ FIG. 13. Heat capacity peak of IKr/graphite at critical B 13 versus the reduced temperattwéT-T,)/ T, with T.=25.68 K.
filling pp,=1.10 (N=number of adsorbed D molecules, ks  The data are well fitted by a logarithmic dependetseid lineg
=Boltzmann constantThe background is subtracted from the data. ghgve and below,, which is consistent with the 2D Ising model.
The solid line indicates a nonlinear least-squares fit of the theoretipjfferences in the slopes of the straight lines may be an artifact due

cally predicted 2D Ising behavior according to Eg) to the data  to uncertainties in background subtraction.
with a critical temperaturd;=25.68+0.05 K.

. ) of pp.=1.10. Since the Kr layer is compressed due to the
bare graphité®2°). Beyond this coverage a secondByer  onefiation of B clusters as we have seen in Sec. V, the
is built up, which solidifies abovep,=1.7 as indicated by  highest peak appears at a filling, which is 10% greater than
the occurrence of an additional Bragg peakQat2.08 A ihat of the complete3 monolayer. The background contri-
[see Fig. 1@9)]. ~ bution of the sample cell and the substraeaphite foamas

The solid lines in Figs. 10-12 represent composite lingye|| as the contribution due to desorption of the film and a
shape fits to the data. They were obtained by superposition @ggylar part containing all nonsingular contributions of both
several contributions: The diffraction peaks of the Kr and the;gadsorbate layers were subtracted from the dakashaped
D, layers, diffraction peaks of Prich islands within the K.r peak remains, which strongly suggests the occurrence of a
spacer layexall described by powder-averaged Lorentzian-continuous phase transition. If it is Ising-like with a critical
squared line shapes convoluted with instrumental resol},ltlonexponemazo, it should be described by a logarithmic de-

and a broad Gaussian-shaped background centered betwggihdence on the reduced temperatur®efs. 43 and 4%
Q=~2.02-2.11 A’ depending on temperature and coverage gefined ag=(T-To)/Tg

The latter contribution arises when the yer is built up

and may be caused by disordered ranges of the film or by C.=A.In|t| +B,. (2
stacking faults. It is responsible for the faste Fig. 12that ) N -

there is an effect in intensity & values above the graphite Tc i the critical temperature andl, and B, are the critical
peak. A similar effect has previously been observed inParameters. The: signs refer to the sign df The solid line
multilayer growth of B (Ref. 379 or N,.2% Since the diffrac-  in Fig. 13 represents the best fit of this r_el:_;mon to the experi-
tion contribution of the Kr layer due to compression with mental data withT;=25.68+0.05 K. Within experimental
increasing B filling could not be subtracted from the data, it Scattering, it descnb_es the data very well. This |s_also evident
had an effect on the size and shape of (882 graphite from a scaling pIo_(Flg. 14, where 'ghe heaF capacity data are
reflection. Because of the complicated composition of thePlotted as a function of the decadic logarithm of the reduced
film, we did not try to fit the data using line shapes modifiedtemperaturet. The data vary approximately linearly with

to include the structure factor of a bi- or trilayer with differ- 108udt| above and belowl; over a range of about two de-
ent stacking sequencés?2 cades int. The rounding close t@(t<1073) is caused by

finite-size effectg(see, e.g., Refs. 45 and ¥Y@ecause the
correlation length of fluctuations is limited by the size of the
graphite crystallites. From the fits of the straight lirisslid
In order to be able to classify the system of &sorbed lines) to the data, the following values of the critical ampli-
on graphite precoated with an incommensurate monolayer dfides were obtainedA,=0.42+0.01 for T>T, and A
Kr as a 2D Ising system, we investigated the phase transi=0.37+0.01 forT<T.. The critical amplitude raticA,/A_
tions in more detail. =1.13+£0.05 deviates slightly from its universal value 1,
which may be a consequence of uncertainties in the back-
ground subtraction. The linear dependence provides evidence
that the transition belongs to the 2D Ising universality class.
First, we will consider the order-disorder transition of the 2D Ising behavior in the neighborhood of the critical
registered(1 X 1)[%] phase at the critical point. Figure 13 point can also be inferred from the temperature dependence
displays the highest heat capacity peak found at dillihg of the peak intensities, which were determined from the line

VI. ANALYSIS OF PHASE TRANSITIONS

A. The order-disorder transition at the critical point
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Temperature (K) FIG. 16. Heat capacity of Pon Kr-plated graphit¢foam) close

) ) ) to the tricritical point(N=number of adsorbed Dmolecules, kg
FIG. 15. Plot of maximum peak intensity versus temperature gy jt;mann constapt The D, filling is 0.91 ML. The nonsingular
obtained from neutron dlfflractlon spect(see Fig. 11 of a com-  pacrground contribution is subtracted from the data. The solid line
plete commensurate X l3]1ayer of D, (pp,=1.10 adsorbed on g the result of a nonlinear least-squares fit of E3).to the data
Kr-plated graphitgPapyey. The solid line shows the fit of the 2D \yiih tricritical point located aff;c=17.88+0.06 K.
Ising modell «|t|® with T,=25.7+0.6 K and critical exponens

=0.12+0.02. — . .
to the temperature of the tricritical poifit.c. The nonlinear

_ _ fit to the data(solid lineg yields a tricritical temperature of
shape fits to the neutron spectra, a few examples of which arg 17 88+0.06 K. The critical behavior becomes apparent
shown in Fig. 11. A plot of the maximum peak intensity j, 5 goyble-logarithmic plot of the dat&ig. 17). They show
versus temperature again at the criticalfling of 1.10 ML 5 jinear hehavior above and beldliyc. From the siopes of
is depicted in Fig. 15. The intensity decays'Rincreases. q girajight lines fitted to the datsolid lines, the following

However, it does not drop to zero abolg, because the 565 of the tricritical exponents have been extracted:
Bragg reflections of the pPlayer are superimposed on those

of the Kr spacer layer, which remains solid above the transi-
tion. The data were fitted by the power ldw [t|?, where3

is the critical exponent of the order parameter. The result of
the fit is indicated by the solid line and yields a critical 2
exponent 0f3=0.12+0.02 which is in reasonable agreement

with the 2D Ising exponeng8=1/85747 From the fit a criti- a-=0.870%0.05 foT < Trc.

cal tgmperatgrr]e ﬁTC:25.7iO.§ K wals determined \lNhiCh IS These values are in excellent agreement with the theoreti-
consistent with the more precise calorimetric results. cally predicted value of the tricritical exponent of=a.
=8/9=0.889 of the 2D Ising modél’*"~*3To our knowl-

a, =0.875+0.05 forT > Ty¢

nd

B. The order-disorder transition at the tricritical point

A further point of evidence for 2D Ising criticality of the 1 r———————
system D/Kr/graphite is provided by the behavior of the -
heat capacity in the neighborhood of the tricritical point. At oL
this point the line of continuous transitions of the pure com- [
mensurate phase merges into the coexistence line between
the C phase and the 2D gas phasee Fig. §. In order to
characterize the phase transition at this point, a constant cov-
erage heat capacity scan was takept,ezlt: 0.91. The result is
presented in Fig. 16. The background of the sample cell in-
cluding the substratégraphite foam was again subtracted. 3L
In addition, the data were reduced by the desorption heat [
capacity and by some nonsingular lattice contributions of the b
D,-Kr coadsorbate. A single well-defined peak was found, -6 -5 -4 -3 -2 -1
which was fitted by the power law Inft|

D,/Kr/Graphite
Pp,= 0.91

- o FIG. 17. Log-log plot of the heat capacity data from Fig. 16
NKg ‘Ar|t| b ) versus reduced temperatute (T—Tyc)/Trc with T1c=17.88 K.

Within measurement uncertainties, the slopes of the straight lines
with the same definition of the critical parameters as in Eqfitted to the data correspond to the theoretically predicted value
(2). The reduced temperature (T—Trc)/ Trc is now related  (Refs. 6, 7, and 47-4%f «=8/9=0.889 forT<Trc and T> Trc.
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edge this is the first time that the tricritical exponent for a 2D
Ising system could be experimentally determined in adsor-
bates.

Coverage

C. The commensurate-incommensurate transition

Another fascinating phenomenon, which has never been
investigated before, is the commensurate-incommensurate
(C-IC) transition of a 2D Ising system. According
to the theory®1750-533 dramatic difference should occur
compared to the C-IC transition of a 2D three-state Potts
systent-6:5455 This difference is rationalized in the
Kosterlitz-ThoulesS~1¢criterion

p*>8 (4)

—
Q
=~

Temperature

!

RF

Coverage

which characterizes the stability of a slightly incommensu-
rate phase. This means that the type of the phase diagram at
the C-IC transition depends crucially on the number of ener- (b) Temperature
getically equivalent adsorption sitgs For p=3, the three-
state Potts model, conditiq#) is fulfilled and the theorif-”
predicts a direct second-order transition from the C to the IC{:
solid phase. However, if the dislocation core energy is low, z i . .
. . . . 'system(p=2). In case(a) the transition may proceed via solid
the presence of bound dislocation pairs at moderately hlg_ omain-wall phases, e.g., a striped domain-wall pli&$€), and in

temperatures may cause the elastic constants of the domalggse(b) via a reentrant fluidRF) phase(Refs. 16 and 17 The SIC

wall lattice to be small so that a dip in the fluid phase bound'phase is expected to be melted by a small but growing population of

ary near the C-IC transition may occur. Halpin-Healy and,5| crossinggRef. 52 as the temperature is raised. The RF phase
Kardaf? applied the striped helical Potts motle®® and  is regarded as a domain-wall fiuid consisting of a tangled, incoher-
found that a solid striped domain-waIC) phase may be ent array of domain-wall segments and crossings diffusing around.
squeezed in between the& and IC phases. This case is According to the Kosterlitz-Thouless criterigd) for the 2D Ising
sketched in Fig. 1@&). This type of phase diagram was also model, this phase should extend downte0 K between th& and
experimentally observed for the isotopic molecular hydro-IC phases.

gens H and HD(Refs. 4, 6, and 59-62nd for*He and*He _ .

on bare graphité3%4 For D,/graphite the C-IC transition T_he dashed an.d dotted lines separate the different phase re-
turned out to be more complicated because here the stripgions found which are marked by letters A—F and correspond

phase gives way to a hexagonal heavy domain-wall structurt? the identical regions in the phase diagréfig. 6. At
before entering into the IC pha&ef256566The phase dia- srgall goses of b the transition from the commensurate
grams of the 2D quantum systems could be verified by comg\““3>< V3)R30° phase of the Kr spacer layer to an IC phase is
puter simulationg3-#4 induced as concluded from Fig. 9. At,Dillings between
For the 2D Isiﬁg system witp=2 the situation changes 0.2< Pp,< 1.2 we have the broad coexistence range between

dramatically. Now the Kosterlitz-Thouless criteriof) is not ~ 9as and the registeredi < 1)[3] phase on the Kr layer which
fulfilled any more and the striped domain-wall ph&S¢C) is ~ 1€ads to an almost consta@tvalue (only very modest com-
unstable to the spontaneous formation of free dislocationg)e€ssion of the Blayen, but a linear increase of intensity,
cannot sustain shear and thus should be a liquidlike phadeecause more and more 2D patches of (the 1)[ 5] phase
[reentrant fluid(RF), domain-wall fluid. This leads to the are built up. Unfortunately, the hatch€range in Fig. 16
prediction of the schematic phase diagram depicted in Figs inaccessible to neutron diffraction due to the overlap with
18(b). The reentrant fluidRF) phase should intervene be- the strong graphit¢002) reflection. The C-IC transition of
tween theC and the IC phases down to absolute ZérY. the D, layer takes place beyonsh, =1.2, which causes a
What happens in reality for the 2D Ising system drastic change of the film properties. The diffraction signal
D,/Kr/graphite? We have already learned from the results ofumps to a new position 0Q=1.95 A™* and the intensity
the volumetric, calorimetric and entropy measuremg¢ség  drops dramatically because of the combined effects of sepa-
Secs. Il and IV that a disordered or liquidlike wedge ex- ration of the 3 and Kr peaks and because of the liquidlike
tends down to at least 1.5 K. This was also mapped out in theharacter of the reentrant fluidee Fig. 12 It is remarkable
phase diagrangFig. 6). The neutron-diffraction profiles ex- that the peak positions stay constant in the small region
hibited liquidlike line shapes at fillings between 1.20 and 1.20<pp,<1.25 and that the intensities do not vary very
1.25 ML (see Fig. 12 This is also reflected in Figs. (#® much, which is a further convincing evidence for the exis-
and 19b), where the positions of all Bragg peaks and peakience of the reentrant fluid phase. Beyopg,=1.25 the
intensities are plotted versus the, lling pp, at 1.5 and  peaks shift again and their intensity increases due to a reso-
4.5 K. TheQ values and intensities were determined fromlidification of the layer in an IC phase. It is uniformly com-
line shape fits to the diffraction profilg€sigs. 9, 10, and 12  pressed as more molecules are incorporated in the layer. The

FIG. 18. Sketches of two possible generic phase diagrams in the
eighborhood of the commensurate-incommensui@&C) transi-
on for (a) a three-state Potts systefp=3) and (b) a 2D Ising
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21 g T Y EAR S sorbed on Kr preplated graphite, a system with a presumably
—~ I +T=15K ° similar phase diagram, was obtained from quasielastic
ifvz_o [ O0T=15K 0®° o b neutron-scattering QENS measurement®. Recently, for
o i ® T=45K Jo" ] HD adsorbed on bare graphite the liquidlike nature of the
& ?// ; reentrant fluid phase could be directly proven by high-
§1.9 ;W / resolution QENS experiment8.

L iy, .
E18[ qee® ®® © ]
‘qEJ 0 ] VII. CONCLUSIONS AND SUMMARY
i, A B C—» D <E F ] . . o
§1-7 Y, . In the present studies volumetric adsorption isotherm,
RF-phase’i' ] calorimetric and neutron diffraction measurements were em-
16 L RTENE L N U ployed to explore the phase diagram of fihysisorbed on an
0.0 0.5 1.0 1.5 2.0 2.5 incommensurate monolayer of Kr on graphite. The experi-
@ Filling pp, mental conditions were controlled by adsorption isotherm
4 measurements, which exhibited a layer-on-layr) growth
N IO mode at least up to the formation of the third, [ayer.
i+ T=15K ® ) Though occurring in a much smaller coverage range than for
— 3 _‘,’ kl‘_gﬁ ® ] D,/graphite, a substep in an adsorption isotherm for
2 : ® ) D,/Kr/graphite was attributed to a commensurate-
o . 4 . o .
3 ® : ] incommensurate transition in the, Blm. The results of the
= e ) thermodynamic measurementadsorption isotherms, heat
S 2p e C—» Di¢E = - o
g ® o 00 O 1 capacity temperature scans, and heat capacity isothedms
"é o P ] lowed constructing the phase diagram of Bdsorbed on
e, i A B : F ] graphite preplated by a monolayer of Km(r_=1) up to the
= W X o ] coverage of a compressed @yer. The dominant feature of
$+ R,:_phase,g 1 the phase diagram is a broad coexistence range between a
ot S0 commensuratéC) phase and 2D gas at,[illings below
0.0 05 1.0 1.5 20 25 pp,=1.2 and temperatures below 17.9 K. The pure commen-
(b) Filling pp, surate phase only exists in a small coverage range at low

temperatures and its range broadens due to thermal contribu-

FIG. 19. (a) Neutron-diffraction peak position® versus B tions at high temperatures. Th€ phase melts atT,
filling pp, on Kr preplated graphite at 1.5 Kopen circles and  =2568 K at the critical point. Compared to,n bare
4.5 K (solid squares The crosses mark the Kr peak positions, the graphite(T,=18.1 K) this is an unusually high temperature,
dashed ano_l dotted lines the coverage ranges of the various phasgfich seems to be caused by the high potential corrugation
corresponding to the phase diagrafig. 6), the double-dotted- ¢ the Ky ayer. Interestingly, from desorption peaks deter-
dashed line the completion of the first, Dayer. Note that the B mined by heat capacity measurements a binding energy of
peak position levels off in the RF phas@) Maximum neutron- —yoo'n molecules to the Kr layer was estimated which is by a
diffraction peak inten'_sity versgszljilling at the same temperatures factor of 3 smaller than that of Don bare graphite. The
as in(a). The dramatic intensity drop gb,=1.2 is caused by the larger distance of the Player to the graphite substrate, in

C-IC transition and reflects that the Kr and peaks separate and L . .
that the B film enters the reentrant fluid phase. According to thecombmatlon .Wlth the ef‘fect_of the Kr !ayer’ obviously leads
the reduction of the holding potential.

present measurements, it extends at least down to 1.5 K. I\_lomeﬁg .
clature (see Fig. 6 for comparisogn A: Commensurate(y3 The structure of th€C phase was determined by neutron

X \3) R30° structure of Kr/graphite, B: Commensuratex 1)[ 1] diffraction experiments, which revealed that adsorbingb
structure of [ on IC Kr/graphite, RF: Reentrant fluid phase of tOP Of the Kr spacer layer compresses this layer to an incom-
D,/Kr/graphite, C: First incommensurate, [phase(IC1), D: « ~ Mensurate phase. It could be shown that a small fraction
phase, E: Second incommensuratepbase(IC2), F: Bilayer struc-  (=10%) of the D, molecules penetrate into the Kr layer and
ture of D,/Kr/graphite. form small 2D islands. The resulting enhanced spreading
pressure of the film induces a first-order C-IC transition of
D, layer is complete app,=1.55 as inferred from the con- the Kr film at 1.5 K as has previously been found out by
stancy of peak position and intensity. Beyond this coveragdyi€lsenet al.=>at much higher temperatur¢s=40 K). Be-
the second layer is built up. The second Bragg peak arisingnd po,~ 0.2, the B mollecules are ordered in patches of
abovepp,=1.7 indicates the solidification of the,ilayer. the commensuratél X 1)[5] structure on top of the IC Kr
The present studies provide experimental evidence thapacer layer. With growing pPfilling, the number of these
the C-IC transition of a 2D Ising system is in fact a melting Patches increases in coexistence with 2D gas until the total

transition as predicted by the theory of Coppersmith Kr layer is covered by the Pfilm. Entropy determinations
al.1617 They also verify the validity of the Kosterlitz- revealed that the Pfilm is in a state of disorder in the

Thouless criterior{see Eq.(4)]. Experimental hints for the coverage range 1.20pp,<1.25 and at temperatures down
liquidlike character of the reentrant fluid phase for HD ad-to at least 1.5 K. This gap in the phase diagram was attrib-
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uted to the existence of a reentrant fluid phase, a conclusiosprbed system near the tricritical point has never been inves-
which could be directly demonstrated by the neutron diffrac-tigated before. Also the C-IC transition of a 2D Ising system
tion measurements. At higher coveragp§2> 1.29, the b, could be studied. It was observed that at this transition a
film orders in an incommensurate structure. Due to the quarreentrant fluid phas€domain-wall fluid squeezes in be-
tum nature of the Bfilm, it turned out to be highly com- tween the C and IC phases down to temperatures of 1.5 K in
pressible until monolayer completion is reached at aboué small coverage range. This is the lowest temperature to
pp,=1.55. Beyond this coverage the second Byer is  which a liquidlike phase of Phas ever been detected. The
formed. observation of this phase unambiguously confirms the

The most interesting feature of the phase diagram is th&osterlitz-Thouless criteridfi=1%5¢ and the theory of the
existence of a commensurdtiex 1)[%] phase. It exhibits 2D  C-IC transitiont®1750-53ynhich in turn verifies the 2D Ising
Ising symmetry. In order to show this unambiguously, threecharacter of this system. The results of these experiments
phase transitions were investigated in detail. have clearly demonstrated that the quantum coadsorbate

(a) The order-disorder transition of the complete commen-D,/Kr/graphite is a new model system, which can be clas-
surate (1X 1)[%] structure at the critical point(T, sified as a 2D Ising system.
=25.68 K pp,=1.10.

(b) The order-disorder transition at the tricritical point
(Trc=17.88 K pp,=0.91).

(c) The commensurate-incommensurate transition occur- This research work has been financially supported by the
ring beyondpD2=1.2. BMBF (Bundesministerium fur Bildung und Forschung,

The analysis of all the data provides clear evidence for &rant No. 03-WI3Mai-4, by the DFG (Deutsche
2D Ising behavior. The critical exponents of the heat capacitf-orschungsgemeinschaft, Collaborative Research Center
and the order parameter at the critical point and of the hea262), and by the Materials Science Research CefMSRC,
capacity at the tricritical point were determined and goodMainz, Germany. H.W. and K.-D.K. wish to thank the
agreement with theoretical predictions was obtained. Thélahn-Meitner-InstituBENSO), Berlin, Germany, for hospi-
critical behavior of a 2D Ising system realized by an ad-tality during the neutron diffraction measurements.
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