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Melting of classical two-dimensional electrons on a helium film: A molecular-dynamics study
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Molecular dynamics simulations are employed to study the nature of melting and freezing transitions as well
the structural and dynamical properties of the liquid and solid phases of the system formed by classical
electrons deposited over a liquid-helium film. The system is very interesting because one can change the form
of the pair interaction, from t/to 1f2, by only varying external parameters. We investigate the influence of
the film thickness and different types of substrates on the melting transition by calculating the temperature
dependence of the internal energy and the self-diffusion constant. For all substrates considered, we found clear
evidence for hysteresis in the temperature dependence of the total energy and self-diffusion, indicating that, as
in other charged two-dimensional systems, the system undergoes a first-order transition at a certain value of the
plasma parametdr defined appropriately to this system. The pair correlation function, the static structure
factor, the velocity autocorrelation function, and the frequency spectrum are also evaluated for several film
thicknesses and different substrafe30163-18206)03134-7

I. INTRODUCTION helium-film thickness is much smaller than the average
electron-electron distance and for a metallic substrate, the
The study of charged two-dimension@D) systems has interaction between electrons is a dipole-dipole interaction.
attracted considerable interest in the last two decades both the opposite limit the usual prototype of a system of elec-
for providing a laboratory to test fascinating phase transitrons on bulk helium is recovered. So the advantage of this
tions theories and because most of them can be realized exystem is that the interparticle potential can be vaiieditu,
perimentally. In particular, electrons on the surface liquidby changing the film thickness. The substrate also acts on the
helium have the highest mobilities, because the He surface ilectron system by enhancing the stabilizing force and there-
smooth and has no impurities, and behave as a nondegenéore allowing higher densities to be achievedherefore
ate electron systemFor electrons on the surface of bulk quantum effects on the transport properties, quantum melting
helium, one of the most prominent phenomena is the Wigneand possibly the 2D Hall effect can be studied. Peeters and
classical transition to a solid phase, where the electrons forlatzmar? obtained an approximate phase diagram of elec-
a triangular latticé. Experimentally, the liquid-to-solid tran- trons on helium films by using a simple dimensional argu-
sition takes place for a value of the coupling constipt  ment and dislocation-mediated melting. One result is a re-
(the ratio of potential to kinetic energyy 137+ 15. Computer  duction of the melting temperature compared with that in the
simulations indicate a first-order melting betweBp=118  bulk case. Saitot} obtained a closed-form expression of the
and 130 with a transition entropy per particle aboukg.83  melting curve as a function of film thickness and substrate
In contrast to these numerical results, experimental evidielectric constant. The static and dynamics properties of the
dence was found that this transition should be continuous ierystal Wigner were investigated by Peetérand subse-
support of the dislocation-pair-unbinding model of quent works studied the influence of finite-size effects in the
Kosterlitz-Thoules$. direction normal to the surface in the formation of the 2D
There have been a number of interesting investigations ofVigner lattice’® Collective properties of the electron system
the phase transitions for 2D screened charge systems whidfoth in the classical regim&and in the quantum regime
can be realized experimentally. Two of these are formed bjrave also been determinEdExperimentally, Jiangt all®
polymer colloids trapped at the water-air interfaemd col-  reported the phase diagram of electrons on helium films ad-
loids confined between two solid surfade$he interaction sorbed over a smooth glass substrate by observing a sharp
between them was found to be a dipole repulsion but alecrease of the mobility at a certain temperature which was
simple Yukawa-like screened Coulomb potential has beemassumed to be the freezing precursor. The investigation of
also used to describe the quite complicated interaction bethe charge density wave of the classical electron crystal was
tween the colloids and the medium in which they are im-also reported and it was observed that the crystal is depinned
mersed. Theoretical studies and computer simulations havay a sufficiently large electric field applied parallel to the
been done for both a system of particles interacting with dilm.*’
screened Coulonftand with a 2D dipolar potenti&l. In this paper, we present a study of the behavior and
Electrons in surface states on helium films form also anature of the melting of electrons on helium films by using
very interesting system to study the many-body properties ofnolecular dynamic§MD) simulations. The MD approach
2D screened systems. In this case the screening is providdws been shown to have great value in verifying and predict-
by the image charges in the substrate beneath the film. Thiag the structural and dynamical behavior of rather complex
screening effect can drastically change the interparticle pasystems, in particular the phase and phase transitions in 2D
tential. For instance, at low electron densities, when thesystems:®® Beyond the investigation of both equilibrium
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and nonequilibrium thermodynamic systems, the MDtial. For small interparticle distances<€d), the screening is
method provides a powerful tool for studying time- negligible and we obtain the bare potentigr)=e* %r. On
dependent processes. Static quantities like the total energthe other hand, if the electrons are far apart>¢), the
pair correlation function, and structure factor as well dy-screened interaction has a dipolar term and a Coulomb inter-
namic properties like the velocity-velocity correlation func- action with an effective electron charge given by

tion, the self-diffusion constant and the vibrational density of .2 202

modes are determined for several film thicknesses and dif- V()= (1-9)e N 26e* «d 3
ferent substrates. We found the existence of hysteresis and r r3

latent heat, indicating that the transition is first order for all ,

substrates considered. We determined the melting temperOte that for a metallic substratg=ce, and thenle, the
ture for the system for different thicknesses and substrates. It€raction is between dipoles of strength-2e*d com-
Sec. II, we describe the form of the screened interaction po?©S€d Of electrons and their image forces.

tential and the procedure we have used in the MD simula- OUr €lectron system on helium films is embedded in a
tion. In Sec. Ill, we present and discuss our results. uniform neutralizing positive background. In order to con-

nect it with one-component plasm&CP’9, we define a
plasma parameter which characterizes the classical OCP for
the electron-helium films. This parameter is defined as the
ratio of the average potential energy) to the average ki-
The interaction pair potential between two electronsnetic energK). For the present system with the screened
above a helium film of thickness (which we assume to the interaction, given by Eq(2), this becomes
be same as the distance between the electron layer and the
substratgis given by®14

II. INTERACTION POTENTIAL AND THE MOLECULAR
DYNAMICS PROCEDURE

=T 1-6 , (4)

2\ —1/2
1+ —
a )

* n n-1
r 2¢ 5 M- elite)] wherel' .= e* kgTa is the well-known plasma parameter
(I+er (1+e)%=1 Jr#+(2nd)? of the OCP with 17 interaction,a=(n) 2 n is the elec-
@ tron density, and’ is the temperature.
where 5= (es— €)/(es+ €), with € and e the dielectric con- The MD simulation was performed for a system of
stants of helium and the substrate, respectively. Since th¥=784 electrons in a rectangular box for a fixed density of
dielectric constant of helium is almost % 1.057), the se- 1477<10° cm™2 and 1.3<10'° cm"? which was the esti-
ries in Eq.(1) converges rapidly and one can retain just themated experimental electron densifyThe sides of the MD
first term and approximate the interaction potential by rectangle have a ratio of3/2 in such a way that the box is
commensurate with the triangular lattice with?4(l is an

V(r)=2¢e?

’

‘2 ) intege) particles in it. The temperature dependence of the
V(r)=e*9 - Nxerdh (2)  total energy forN=100 electrons is the same as for larger

N; i.e., the internal energy is independent of the size of the

wheree* =e/(1+ €)'? is the renormalized electron charge. system. Periodic boundary conditions were applied and the
The screening of the electron-electron interaction due to th&wald method was used to handle the long-range character
substrate appears in the second term of(Bg.From Eq.(2) of the interaction. This leads to an interaction energy given

we recover the two opposite limits of the interaction poten-by*?

- . 2|M|2 erfd a|r;; + &m,,m,)|]
V() =Ee+U.Y S —eXQZWiM-rij)Lg(—z,azA £+ 1 - Y
i mx!my o @ ij mx'my |rij+§(memy)|
erfd a|r; + £(m,,m,)| 2+ ATV - {erfc{a@(mx,my)l] 5erfo[a|§<mx,my>|2+A]1’2 .
[Ir; + &m,,my)[2+ AT memy | &M, my)] [|€(my,my) |2+ A2
[
where real lattice, andl\7l=(mxlfx)§<+(m /fy)§/ is the vector of

the reciprocal lattice witli, = LX/Ly,fy:f;l The function
i INa L s(x,p) is defined as
Eo=N2-——L 50,a?A)——— +NsAerf(aA), 1
* Vm L,s(x,p)=f x~ % X (1-seP¥),
0

Uc.=e*?%2JA, with A being the area of the system, erf(x) is the error function, and arfx)=1—erf(x) is the
A=(2d/A)?, £(my,my)=m,f,x+m,fy is the vector of the complementary error function is the convergence param-
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eter which is used to split the sum into real and reciprocal T

spaces. The prime in the sums means that the term

m,=m,=0 or the termi=j is excluded in the summation. soa S 1288 1029 857 735
The divergent term which appears in the first termEgfis S T
canceled out by the contribution coming from the positive
and uniform background.

Newton’s equations of motion were integrated using a
fifth-order predictor-corrector method with time steps of
10 12 sec in all calculations which led to a conservation of |
the total energy of 1 part in TOafter several thousands time- . :
step runs. The simulations were performed in cascade; i.e., 301 TR N U
the equilibrated configuration obtained for a given tempera- 0.6 0.8 1.0 1.2 14
ture was used as an input to reach another configuration at
higher temperature. A few tests was done in the inverse or- 1451 1064 84.0 694

. . . T
der, cooling down the system, in order to check the validity ]
of the procedure. The time average of the physical quantities | () d=2504 +
were obtained over 40 000 time steps after the system has ] +
been reached the equilibrium. We checked our results for the
internal energy and the melting with those obtained for
electrons on bulk helium and dipolar systetfis®and found
them to be in excellent agreement.
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Ill. RESULTS AND DISCUSSION

The solid-liquid transition was studied through the tem- 1915 e g o84

perature dependence of the total energy per particle and the L 3
self-diffusion constant for several film thicknesses and dif- 444 1 (©) d=350 A + 1
. . L 4 ]

ferent substrates. Figure 1 displays the total energy per par- N L ;. Liquid -
ticle versus temperature for a 784-particle system on a he- s R .
lium film supported by a glass substraig,€ 7.3, 5=0.75) 2 ooiid . 1
(Ref. 16 for three values of film thicknessebk=100, 250,
and 350 A . The electron density is X30'° cm~2. The .
diamonds and crosses represent the solid and liquid phases, e T T 28
respectively. As one can observe the electron system exhibits
hysteresis, supercooling, superheating, and release of latent T
heat on melting, which is clearly a first-order transition. The
vertical dotted lines in Fig. 1 represent the hysteresis region |G, 1. variations of the total energy per particle in degrees
containing the supercooled and superheated phases. TR@vin (K) with the temperature in units of K and the dimensionless
melting entropy is approximately kg, which is the same plasma parameter given by E@) for three film thicknesses. The
as that found in other electron systefifs:® The melting oc-  diamonds and the crosses represent the solid and liquid phases,
curs for 106.3<I'<112.8 ford=100 A , 94.0sI'<87.0 for  respectively, and the vertical dotted lines indicate the hysteresis
d=250 A, and 92.&I'<84.7 ford=350 A . It isvery clear  region.
from Fig. 1 that the melting transition shifts to higher tem-
peratures with increasing the film thickness. This is a conse-
guence of the increase in the screening of the electron gashich is four times less than in the case of bulk helium. Note
caused by the substratéhe interaction potential becomes that at this density the melting temperature is considerably
soften as one decreases the thickness of the film. smaller than that at higher density as shown in Fig. 2.

In Fig. 2 the temperature dependence of the self-diffusion The melting temperature versus the film thickness is plot-
constantD =lim,_... (r?(t))/4t, calculated for the system on ted in Fig. 3 for the glass substraté=0.75). We also indi-
the solid and liquid lines, is depicted for a film with thick- cate the experimental valug, of Jiang, Stan, and Dahfh
nessd=100 A , electron density 1.4%10° cm ™2, and two  for d=240 A . Weemphasize thaf,>T,, was assumed to
different substrates corresponding #&=0.08 andé=0.75. be a melting precursor defined as the intersection of the ex-
The diffusion constant is useful for a criterion for distin- trapolation of inverse of the mobility from the fluid and tran-
guishing a solid from a liquid. In order to investigate in an sition regions and there is an uncertainty of 15%—20% in the
accurate way the phase transition from a solid to a liquid weexperimental value of the thickness film. We clearly observe
have performed additional runs of 100 000 time steps in the reduction of the melting temperature as we decrease the
metastable region. It should be added that the typical time fofilm thickness as compared with,, around 2.8 K which is
homogeneous nucleation of a solid from a liquid in the 2Dthe upper bound value for the system of electrons on bulk
electron system is about 10 000 MD time stépsVe ob-  helium.
serve thatD for this film thickness has two values: zero  Figure 4 shows the pair correlation function, which pro-
corresponding to the solid phase and about 0.1%/set, vides information on the structural order, for three film thick-

* .
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o + | FIG. 4. Pair correlation functiong(r) for a fixed temperature
- (b) =075 Py and different thicknesses of a helium film on a glass substrate. The
it distance is in units o= (wn) 2 Note the peaks and shoulders in
0.20 | Liquid_ g(r) for the solid system ai=350 A andT =1.78 K.
Solid
substrate. Note that for this film thickness the system is a
0.00 . . = - . .
0.04 0.06 0.08 0.10 normal liquid for 6=0.08 and is a superheated solid for
6=0.75, but behaves like a normal solid in the case of a
T metallic substrate §=1.0). The structure facto®(q), the

Fourier transform ofy(r), is depicted in Fig. 6 for the same
FIG. 2. Self-diffusion constard vs temperature for a film with ~ film parameters shown in Fig. 4. Hereafter the properties
d=100 A and different substrates. The results here are foshown in the figures are calculated for a glass substrate and
N=100 electrons. N=784 particle system and density=1.3x 10 cm~2. As
expected the pronounced peak3¢k) for d=350 A occurs
very close to the smallest reciprocal vector of the triangular

nesses. We observe that for a fixed temperature, aroungdttice, whereas the peak is quite broad in the normal liquid
T=1.78 K, as one increases the film thickness the correlation

function exhibits the behavior of a normal liquid € 100 A)

to a supercooled liquidd=250 A) and finally to a solid 3
(d=350 A), indicated by a shoulder just beyond the second

peak, whereas it is smooth in the supercooled liquid. The 2r
average coordination number is 6 and the mean distance be-

tween electrons is almost constant, indicating an underlying 1+
hexagonal structure which is well known in the process of

crystallization of 2D systems. In Fig. 5 we analyze the effect 0
of the substrate by showing the pair correlation function for 4

d=0.02a, I'=110, and different dielectric constants of the
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FIG. 3. Melting temperature as a function of the film thickness.
The square represents the estimated experimental value given in FIG. 5. Pair correlation functiong(r) for d=0.02a, I'=110,
Ref. 16. The points are guide to the eyes. and different dielectric constants of the substrate.
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: FIG. 8. Frequency spectruf@(w) for the same parameters of
. previous figures. The frequency is in units of the plasma frequency
0 . e , w,= (2mne’g/m)Y2 whereq is taken as the smallest wave vector
1 2 3 4 5 6 in the MD box.
q

different particle numbers. In Fig. 8 we show the Fourier
FIG. 6. Structure factorS(q) of the system for a fixed tempera- transform of the velocity autocorrelation functio®(w)

ture and different thicknesses of a helium film on a glass substrateyhich is the frequency spectrum of the system for a fixed
The wave vector is in units ai~*. temperature and three film thicknesses. It is important to
point out thatG(0)is proportional to the diffusion constant
D, and it is clear from the figure that fai=350 A , the
(d=100 A) due to thermal effects. The overall behavior of zero-frequency value o6(w) vanishes, as expected. The
the structure factor is the same for different substrates. frequency spectrum fod=350 A at T=1.78 K has two
We also_ find evidgnce of the liquid and the solid_ phases "beaks reminiscent of a solid hexagonal strucf#®and as
the dynamic properties of the system. The normalized velocyne decreases the film thickness the first peak disappears and
ity autocorrelation functiorZ(t) =(v(t)v (0))/(v(0))%s de-  only the peak corresponding to the diffusive motion survives.
picted in Fig. 7. The functio(t) exhibits a series of oscil- A5 one decreases the film thickness at this temperature the

lations with a frequency 1.2~ %, wherer is the temperature- system is found to be in the liquid phase sif@€0) is non-
independent unit of time given by=(ma*(V))¥2 The ,ero.

upper curve is for a liquid above melting, and the middle |5 conclusion, we investigated the nature of the melting

curve is for a supercooled liquid in the hysteresis regionyransition for the system of electrons confined over the sur-
whereas the lower curve is for a normal solid. We alsoface of liquid helium which in turn is deposited on a solid

checked that the period of oscillation is almost independengypstrate. On the basis of the MD results, we conclude that
of the size of the system by performing simulations with{he melting of the system is a first-order transition, as other

2D charged classical systems. We described the correlational
and dynamical properties of the systems by varying the ex-
d=100A,T=176K ternal parameters of the system like the film thickness and
° | the dielectric constant of the substrate. We are able to repro-
duce previous results to the pure electron system withra 1/
4_250K T 170K interaction like the dipolar system. We found a reduction of

1 the melting temperatures as one decreases the film thickness.
\/\/\/\/\M These results should be useful to the experimental investiga-
tion of the melting transition in this system.
1 d=350A,T=178K
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