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Effects of impurity on two-dimensional melting transitions

Jian Ma; Eleanor D. Carter, and Hillary B. Kleinberg
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(Received 20 August 1997

We report a heat-capacity study of the melting of ArCGihd Ar-Xe mixture films on graphite. We find that
in diluting a submonolayer Ar film with Climpurities, the sharp melting peak of Ar diminishes rapidly and
becomesundetectablewhen the CH concentration exceeds 7%. No feature of the sharp melting peak is
detected for Ar-Xe mixtures on graphite, for Xe concentration as low as 1.5%. These findings raise some
intriguing possibilities[S0163-18208)07615-3

The nature of the melting transition in two dimensionsdue to the gradual loss of the residual orientational order in
remains an unresolved issue. It was proposed that the tranthe fluid® A re-examination of earlier x-ray results also
formation from a two-dimension&RD) solid to an isotropic ~ found a small and narrow peak in the temgerature derivative

2D fluid can be acontinuousprocess that occurs in two of the inverse correlation length near meltinbp contrast to
steps: the 2D solid first melts at a temperatdieinto a  the melting behavior of Ar, the melting of GHor Xe) on

so-called hexatic fluid possessing short-range positional o/draPhite isstronglyfirst order in the submonolayer region, as
der but quasi-long-range bond orientational order; thi dheem;Ss;trzgfgdpgﬁgg6funct|on—llke heat-capacity peaks at
e o meond ot M appeare 1 us tnat row meing takes pice i ArCr
! . bi é  dislocati " dth mixture films on graphite would be an interesting subject to
tion occurs via unbinding of dislocation pairs, and the Secon%vestlgate. Such a study may, among other things, lend ad-
via unbinding of d|scl|n§1t|on pairs. This twq—step process iSgjtional insights into the melting processes in two dimen-
known as the Kosterlitz-Thouless-Halperin-Nelson-Younggions. Thus we carried out a heat-capacity study of the melt-
(KTHNY) process. One key prediction of the KTHNY ihq of Ar-CH, mixtures on graphite. Since the “sizes” of Ar
theory is that the specific heat should displayuadetectable  and CH, and the well depths of Ar-Ar and GHCH, inter-
essential singularity af; which is followed by a broad actions are not very different, and the 2D melting tempera-
anomaly at higher temperatures. Competing theories predigires of pure Ar and Cllon graphite are closé~49 and
however that the KTHNY process is likely to be preempted~57 K, respectively, we expect that Ar and CHwould

by other mechanisms, resulting in a single first-order transiform a miscible film on graphite, at least near the melting
tion as observed in three-dimensioraD) system§. transition. This is supported by computer simulatiéhs.

A possible realization of the 2D melting transition is pro-  The ac calorimetry technique is used in this stttifhe
vided by physisorbed monolayers that are incommensuratealorimeter consists of grafoil sheets compressed inside a
with the underlying substrate. Extensive experimental studiesoin-shaped brass container about 2 cm in diameter and 0.3
of physisorbed films on graphite surfaces, however, havem in height. The container is made from two tHih038
found a rich variety of melting behaviors and for the mostmm) overlapping brass cups soldered along the rims, with a
part, first-order transitions. Among these 2D systems, the heater and a thermometer attached to each of its flat surfaces.
melting behavior of Ar on graphite is perhaps the most in-Also attached to the container is a 1.587-mm outer-diameter
triguing. A low-energy electron-diffraction study observed stainless-steel capillary, through which gas enters.,Ash-
that the symmetry axis of solid Ar overlayer is rotated withtherm at 77 K shows that the total surface area of grafoil
respect to the graphite substrate by an angle that decreageside the cell is 12 fm
with increasing interatomic spaciffdResults from scattering The Ar-CH, mixture films are prepared by first allowing a
studies show that Ar meltsontinuouslyfrom a rotated in- known amount of Ar gas into the sample cell, and taking a
commensurate solid to a rotated liquid in the submonolayeheat-capacity scan between 42 and 63 K. The cell is then
region, and the temperature evolution of the correlatiorcooled to 42 K and an appropriate amount of Qidpurity is
length appears to be consistent with predictions of thentroduced. With the valve to the cell closed, the cell is
KTHNY theory® A high-precision heat-capacity study of warmed to, and maintained at, 78 K for several hours to
submonolayer Ar, however, revealed at the melting temperansure thorough mixing. The cell is then allowed to cool
ture a small busharpheat-capacity peak situated on the low down slowly at a rate fo3 K per hour to 42 K. After mea-
temperature side of a broad anom&lyhe size of the peak is surements are made in the same temperature range, the cell is
consistent with a density change of about 0.2% over a temagain cooled to 42 K, and an additional amount of ,G#
perature range of 0.3 K. The broad heat-capacity anomalintroduced to the cell. The annealing process is then repeated
appears to occur in the temperature range where the scatteo- form a mixture film of higher Clconcentration. All data
ing studies see continuous decay in correlation length. Theaken are found to be reproducible upon warming and cool-
simplest interpretation of this finding appears to be that théng.
sharp peak is the signature ofaeaklyfirst-order transition Figure 1 displays heat-capacity vs temperature scans for a
from the solid to a correlated fluid; and the broad anomaly igpure Ar film and for several mixture films with low GHon-
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FIG. 1. Heat capacity temperature scans for several A;-CH FIG. 2. The sharp peak region in Fig. 1 on a magnified scale.
mixture films on graphite, starting with an initial Ar coverage of

n=0.40.x is the molar concentration of GH .., New,/(Nar A impurities affect the melting behavior of GHn the sub-
+Ncp). The total coverages for these films are, from bottom tomonolayer region. Figure 3 shows heat-capacity scans for a
top, n=0.40, 0.41, 0.43, and 0.46. All four panels in this figure bre CH, film and for the mixture films with low Ar concen-
have identical scales. trations. The pure Clfilm also has a coverage of=0.40,

trations(th tribution f th N lorimeter h and the mixture films are prepared by following the same
centrations(the contribution from the empty calorimeter has  ,.oqyre as that for the Ar-rich films. For the pure CH

been subtracted here and bejowhe pure Ar film has a film, a triple-point-like heat-capacity peak is observed at

coverage oh=0.40(wheren=1 corresponds to a film cov- 56.97 K. marking the triple-point melting transitiofthe
erage of one Ar atom for every three carbon hexaychise | ' g ple-p g o

heat-capacity scan for the pure Ar film shows a small but .
sharp peak at 48.7 K, followed by a broad anomaly centered 0 x = 0.093 '
around 50 K, and then another anomaly near 5@éth the - 4
temperature and height of the sharp peak are essentially cov- i h
erage independent, in the coverage range betweef.40 i vy ]
and 0.88, consistent with the observations of Ref. e - ': = :"'v ' M :v

first two features are attributed to the melting transition, and L x=0.058
the third to the liquid-vapor transition. In diluting the Ar film r r .
3

with CH, impurities, both the sharp peak and broad anomaly B
decrease in magnitude with increasing Lebncentration, ;MOOO“/ Wesee0e 0 <
while the liquid-vapor signature remains essentially un- ———
changed. Figure 2 is a “blow-up” picture of the sharp peak x =0.032

region in Fig. 1. It is striking that with increasing Gldon- [ A ]
centration the sharp peak shifts to lower temperatures with - A -
rapidly diminishing height and becomes indiscernible when | A_A AAAAMN MAAIA AA ad
CH, concentration exceeds 7P#olar concentration, i.e., the wE T T ——
NCH4/(NAr+ NCH4) =0.07]. The smooth evolution of the heat - x=0

capacity peaks suggests that Ar and,Gire fully mixed for v 20 i
the CH, concentration up to, at least, 13.1%. We have also Z 12fF
made measurements on two additional series of Ag-DEx- o

ture films, one starting witm=0.25 and another witm

vieel

, k....

ipe ® 9 © o0 0®

L1, |

=0.76 layer of pure Ar, and observed essentially the same 51 53 55T(K) 37 59 61
evolutionof heat-capacity features with Gldoncentration as
displayed in Fig. 1. FIG. 3. Heat-capacity scans for several @ith films on graph-

Since the melting of ClHon graphite isunambiguously ite, starting with an initial CH coverage oh=0.40.x is the molar
first order, and has often been used in the past to illustrate thencentration of Ar,Na/(Na+Ncy). The total coverages for
difference between first-order and continuous transitions, wehese films are, from bottom to top=0.40, 0.41, 0.43, and 0.44.
thought it would be informative to see how the presence ofll four panels in this figure have identical scales.
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triple-point peak is observed to be essentially coverage inde-
pendent in the range betweer 0.3 and 0.6, consistent with
the findings of Ref. B8 As the CH film is successively di- L
luted with Ar impurities, we see that the melting peak moves
progressively to lower temperatures, and that there is a cor-
responding broadening in the width and reduction in the
height of the peak. The area under the peak remains undi-
minished, however. Further increases in Ar concentration be-
yond 10% seem to result in a structural chaggessibly the
formation of a commensurate phase the mixture films at

low temperatures, which we shall discuss in more detail in
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another publication.
The fact that the sharp heat-capacity peak of Ar appears to
evolve with impurity concentration in a qualitatively same
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manner as the CHnelting peak may be interpreted as addi-
tional support for the first-order nature of the Ar melting
transition on graphite. The disappearance of the sharp melt-
ing peak of.Ar when the CH ,Cor!ce_ntration ?XCGEdS 7%, FIG. 4. Heat-capacity vs temperature scans fonaD.4 pure
however, raises a number of intriguing questions. In an ata; fjjm and two Ar-Xe mixture films on graphitex is the molar

tempt to gain further understanding of this phenomenon, W@oncentration of XeNye/(Na+Nye). The total coverages for
decided to examine the effects of a different kind of impu-ihese films are, from bottom to top=0.40, 0.77, and 0.42. All

rity, Xe, on the melting of Af” In contrast to CH, Xe four panels in this figure have identical scales.
differs considerably from Ar in size and well depth, and it

melts on graphite at a much higher temperaturdlQ0 K).  tyre with a dilute array of large spheres embedded in a me-
The Ar-Xe mixture films are prepared by first introducing dium of smaller ones the translational and orientational order
a known number of Xe atoms into the sample cell at abougxhibit the characteristics of those in the hexatic phase, due
98 K and thergafter annealing the Xe film at 123 K for antp the tendency of the large sphere “impurities” to trap dis-
hour. The cell is then cooled below 50 K, and an appropriat§ocations in the small sphere medium. This finding is also
amount of Ar is introduced. The cell is then warmed up toconsistent with a later study of 2D solid films with quenched
and maintained at 110 K for several hours to insure thoroughandom impurities? In light of these findings, the mixture
mixing, followed by a slow coolingd~3 K per houy to 42 systems we have studied, particularly the Ar-Xe mixtures,
K. After heat-capacity measurements are made in the sam@ay be regarded as analogs of the above 2D binary mixture
temperature range as that for the Ar-Qlixtures, the cellis  model in physisorbed systems. Thus, it is possible that the
again cooled below 50 K, and an additional amount of Arjow temperature phases in our Ar-Xe mixture films, and
introduced to the cell. The annealing process is then repeatemtew also in the Ar-CH mixture films with CH, concentra-
to form a mixture film of lower Xe concentration. As in the tion greater than 7%, are already hexaticlike, as a result of
case of Ar-CH mixtures, all data taken are found to be re- the dislocations induced by Xe, or GHmpurities in the Ar
producible upon warming and cooling. medium. In this scenario, the broad heat-capacity anomalies
We have made heat-capacity measurements on seveighserved in these mixture films can be related togalual
Ar-Xe mixture films with varying Xe concentrations. In Figs. |gss of the orientational order in the hexatic phase.

4 and 5 are the heat-capacity vs temperature scans for the |n summary, we have carried out a heat-capacity study of
two most dilute mixture films, where Xe concentrations are

45
T (K)

1.5% and 2.9%, respectively. The heat-capacity scan for the
n=0.40 pure Ar film is also shown for comparison. We see
that the overall features of the mixture heat-capacity scans
resemble that of the pure Ar film; however, the sharp melting
peak is absent, even when the Xe concentration is as low as
1.5%.

It appears to us that the simplest interpretation of the dis-
appearance of the sharp melting peak of Ar might be that the
melting has becomeontinuous Given that the lattice con-
stants of incommensurate solid Xe and incommensurate solid
CH, on graphite are about 15% and 10% larger than that of
incommensurate solid Ar, respectively, it is conceivable that
the mixing of certain concentration of Xe, or GHmpurities
to an Ar submonolayer may increase the effective lattice
constant of the solid phase of the mixture overlayer in such a
way that the density “jump” between the 2D solid and lig-
uid phases near melting is diminished.

There has been an investigation of a mechanical model of
2D hard-sphere binary mixturé$lt is found that for a mix-
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FIG. 5. The sharp peak region in Fig. 4 on a magnified scale.
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the melting transitions of submonolayer Ar-gHnd Ar-Xe like. We hope that this work will stimulate high-resolution
mixture films on graphite. These two mixture systems arescattering studies and large-scale computer simulations to be
found to be miscible, at least when the “impurity” concen- performed on these mixture systems, to help identify various

tration is low. We observe that in diluting a submonolayer Arphases and shed more light on the underlying mechanisms
film with CH, impurities, the sharp melting peak of Ar di- involved.

minishes dramatically and becomes undetectable when the

CH, concentration exceeds 7%, whereas there are no rem- We are grateful to Moses Chan, Aldo Migone, Jon
nants of the sharp melting peak observed in Ar-Xe mixturedMachta, David Nelson, and Daniele Finotello for valuable
(at least when the Xe concentration is as low as 3.58e  discussions. Acknowledgment is made to the donors of The
interpret the disappearance of the sharp melting peak as dtetroleum Research Fund, administered by the ACS, for par-
indication that the melting has become continuous. Moretial support of this research. One of (5M.) would like to
over, the low-temperature phases in the mixture films whickacknowledge financial support from Amherst College that
exhibit no sharp melting signature are likely to be hexatic-supported her sabbatical leave.
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