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It is well known that the dielectric constant of two-dimensio(2D) electron systems goes negative at low
electron densities. A consequence of the negative dielectric constant could be the formation of the droplet state.
The droplet state is a two-phase coexistence region of high density liquid and low density “gas.” In this paper,
we carry out energetic calculations to study the stability of the droplet ground state. The possible relevance of
the droplet state to recently observed 2D metal-insulator transition is also disdi&3&63-18209)50944-3

The recent discovery of two-dimensionéD) metal- creases the energy of the system. However, there can also be
insulator transition(MIT) by Kravchenkoet al! has chal- energy gaineddecreasing total energysince for a uniform
lenged the scaling theory of localizatfohin which a 2D electron gas the ground state enefglyis at its minimum
MIT is forbidden. A noticeable character of the electron sys-whenr =2, for r >2 the system gains energy by shrinking
tem in these experiments is that, the parameter that mea- the area occupied by electrons. Furthermore, in the presence
sures the strength of the Coulomb interaction, is fairly large©f disorder, electrons tend to occupy the valleys of the dis-
We suspect that the electron system may be unstable agair¥der landscape. Thus, a slowly varying disorder potential is
phase separation at these large values of We demon- in favor for the formation of the droplet state. We calculate
strated in our previous pagethat this assumption alone is the energy changes when the electron disc is shrunk from
sufficient to provide a theoretical description that is consis{0 @ to determine whether a spontaneous shrinking can take
tent with all the known experiments. For a two-dimensionalPlace.

(2D) electron system, there is believed to be two phases: a For electron-electron or electron and positive background
high density Fermi gas phase and a low density insulatingnteraction, we use screened Coulomb potential. For
Wigner crystal phase. The dielectric constant of the liquidSi metal-oxide-semiconductor field effect transistors
phase becomes negative wheps=2,% which indicates that (MOSFET'’S, the image charge in the metal substrate in-
the liquid phase is unstable. At lower densities, the Wigneduces the screening and the interaction in the momentum
crystal phase appears aroumg=37 in the absence of Space can be written s
disorder® This critical value ofr; appears to be reduced to

aroundr =10 with disorders.In the intermediate values of _12m7e
rs, we believe that there islayuid phase which we think is g Kk 1_Ke 2D’

responsible for the observed MIT.

In this paper, we propose that a droplet state of the elecahereD is the thickness of the 8D insulating layer and
tron system resulted from the phase separation of the elec=3(e1+¢,), K=(g1—&,)/(e1+¢,), with &; ande, being
trons into this new liquid phase and a low density “gas” the dielectric constants of Si and,8i, respectively. For
phase. Here we call the low density phase “gas” purely forother systems, such as GaAs/@h, ,As, the screened in-
the reason that its density is low. In fact, in the presence oferaction can be well represented by the following form:
impurities, the “gas” phase is disordered Wigner crystal. To

2

investigate our proposal, we have studied the energetics of V(r)= &

such a droplet state. We find that both electron-electron in- (1= er e,

teraction and potential fluctuations are crucial for the forma- ) o

tion of the droplet state. and the corresponding moment space representation is
An obvious condition for the droplet state is that the elec- X

tron gas is unstable. To investigate what possibilities the in- V(K) = 2me 1

stability leads to, we study a simple but physically motivated (k)= e JKZHFAZ

model. Let us consider electrons in the disc of radiwsgith

a positive background. Imagine that the electron system i8oth forms of the interactions define an interaction raége
shrunk to a new radiua<b while the positive background For Si MOSFET's,é=(e/e,)D, and for the screened Cou-
remains intact. Clearly the charging energy due to the sepdemb potential,é=1/2\. Outside the range the interaction is
ration of the electrons from the positive background in-strongly screened.
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FIG. 1. The ground state energy of electron system for different
screening strengthga) For screened Coulomb interactioi) For FIG. 2. The shrinking distancAb=b—a versus disc radiub
Si MOSFET's. for different screening strengtfia) For screened Coulomb poten-
tial. (b) For Si MOSFETs. The initial density parameteg

=15a5.
To calculate the ground state energy of the electron gas ~ °

with the screened Coulomb interaction, we use the varia- 5 1 N L _
tional correlated-basis-functidl©BF) method® This method Agg(a): _ 7J' dy1J dyzf dy3J dﬁyiz
has been applied to the bare Coulomb interaction and is mJo 0 0 0
proved to provide rather accurate results for the ground state

2 2 2
energy of 2D electron systefd he accuracy of the ground X{1—exd —yif2altexd — (yity;
state energy is found to within 10% compared with the best 1 ov2 ~1(y2y2 4 y2y2
available quantum Monte Carlo res@lfsr densities down to 2y3)2a]lol @™ *(y1y3+Y3ys
rs=20. In the CBF approach, there is a variational variable +2y1Y,Y3 cos6) 2],

« for which the ground state ener@y has to be minimized:

where 1 Ry=e?/2cag, ag=ch?/m*e?, andy;,=y;— V.
U(Valr ) is the cohesive energy which depends on the spe-
cial form of the interaction,

Ja| 1 Kk \? d2k
Ue| — :J expg — | — V(k) .

rs/ 2 (27)?
A(@)=Af(a)+ AL (@) + Al a)+ AL (a)+ - - -, —

Ala o
- ( )_Uc(f) (Ry),

I's

Figure 1 shows the calculated results for the ground state

energy. The screening effect raises the ground state energy
' because the electron correlation is suppressed.

The shrinking of the electron disc will cause the redistri-
bution of the charge, which will raise extra electrostatic en-
ergy because the positive background is fixed. The charge
distribution can be written as

_l’_i_f
-0 (n+2)2 6 4

Ju(ka) I (kb)

p(k)=2N| == kb

16 (1
Agz(a) == ;Jo [2 arccosy) —y(1—y?)*?]

, whereN is the total number of the electrons in the disc. The
X y3e~ V¥ edy, charging energy is
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FIG. 3. (8 The shrinking distancAb=b—a versus radius for
Si MOSFET's withD=10ag. Top curves are for larger disorder FIG. 4. The phase diagram in thie— ¢ plot. r. is the initial

potential Vo's. (b) AE,, versus radiush. Lower curves are for  yenginy narameter of the electron digz.or 1A represents the in-
Iar_ger disorder potentiafy’s. The initial electron density parameter oy .ting range of the electron-electron interaction. Each value of
rs=15ag. V, corresponds to a curve in the figure. On the right side of the

curve, the electron disc will have a macroscopic shrinking.
2

1 d<k
Ec=5y | =5 V(KIp(K)[?

2NJ (27)? For a small initial radiush<¢, the energy gaim\E, domi-
nates over the energy lo&s., thus, there is always finite
1 fwdxv(x)(\ll(yx) 34 ))2 shrinking.
= — —_— —_— —_— X y . . .
rairilo x \b y 1 However, the above conclusion is not true in general as

demonstrated in Fig. 2. Figure 2 shows the shrinking dis-
wherey=al/b is the ratio of the radii after and before shrink- tance Ab=b—a versus initial radiusb. Ab approaches a
ing the electron disc. The charging energy shows distincconstant for largé. However, the shrinking shown here can-
forms for different interaction ranges. When the interactionnot be considered as a macroscopic shrinking because the
rangeé is much larger than the radius of the digks b, the  typical Ab is only about 2z, which is far smaller than the
electron-electron interaction can be roughly considered agverage distance between the electrons, whichis15ag
the bare Coulomb interaction. In this case, the electrostatitor this calculation. Similar behavior has also been observed
charging energy is for other values of.
Thus, the intrinsic instability is not sufficient to overcome
1 ) the charging energy cost in order to form the electron droplet
Ec~7(0-290545 —In[1- 7|)(1— y)°+ - (Ry). state. The system is in a marginally stable situation. How-
s0 ever, in real systems, there are always disorders. The low
In the other limitb> ¢, the interaction is well screened and frequency component of a disorder potential forms the po-
the electrostatic energy has the form tential landscape, and electrons tend to occupy the low po-
tential valleys. We assume that around each local minimum,

1 the disorder potential is isotropic and slowly varying. We
Ec=4{5——| RY, expand the disorder potential around the local minimum up
rs Is to the quadratic term. Therefore, we adopt the following

whererg andr are the inverse density parameters beforeSlmple model for disorder potential:

and after the shrinking. The total energy difference can be
written as r2

W(r):VO_,
AE;i=Ec(y)+AE,. b?
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whereV, is the potential depth from center to edge of the
disc. The energy gain by shrinking to a radiascan be
evaluated as

1 Vv
AszAﬁf W(r)p(r)dS= 70(7/2—1).

The total energy difference in the limit>¢ can be written
as

0

Vo 4¢ 5
AEtot:_ 7—7 (1—’y)+AEg.

I'so
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range between the electrons and the lower the electron den-
sity, the easier it is to form the droplet phase.

Before summarizing, we would like to make several com-
ments.(i) In this paper, we only consider one electron disc,
corresponding to one drop in the droplet state. In real sys-
tems, electrons tend to occupy valleys of potential fluctua-
tions to give rise to many such drops. The size of each drop
is determined by local potential depfli) We only consider
zero temperature effect in this paper such that the “gas”
phase is empty. At a finite temperature, the “gas” phase is
occupied by lower density electrons. Thus, a finite tempera-
ture enhances the possibility for the droplet state since the
density difference between the liquid and the “gas” is
smaller and the charging energy is less costly. However, in

The effect of the electrostatic energy will be suppressed byrder to form the droplet state, the temperature has to be

the potential fluctuation. A large value ¥f, is favorable for
the disc to shrink.

Figure 3a) plots theAb=b—a as a function of the initial
radius b for Si MOSFET's withD=10ag andrg=15ag.
There exists a criticaVg (~0.08) above whichAboxb.
Thus, for largeb there is a macroscopic shrinking f&f,
>Vg§. A similar result has also been obtained for the
screened Coulomb interaction with\1places the role obD.

In Fig. 3(b) we plot the energy change as a function of the

initial radiusb. It is clear that larger value of, gives rise to

larger energy gain. We have carried out the calculations fog
many values of ;¢ and the resulting phase diagrams are plot-

ted in Fig. 4.

Figure 4 shows the phase diagram in the & plot for the
case ofb>¢. Each value oW, corresponds to a curve in the
figure. The curves for largev, are above those for smaller
V. On the right side of the curve for a givéfy, the electron

below the cohesive energjhe energy cost to remove an
electron from the liquid phase to the “gas” ph&sdiii) We
believe that the recently observed 2D metal-insulator transi-
tion might be the percolation transition of the liquid phase in
the droplet staté.The percolation here is semiquantum in
nature, different from the conventional classic percolattfn.
(iv) In order to have a percolation, the “gas” phase needs to
have a much smaller local conductivity than the liquid phase.
This requires that a typical length scale of the “gas” region
is larger than the localization length of the “gas” phase. The
“gas” phase is low in electron density which gives rise to a
hort localization length. Thus, one may not need a large
shrinking of electron drops to realize a percolation transition.
We suspect that in experimental samples, a typical drop size
is of the order ofum.

In summary, we have demonstrated that it is possible to
have a droplet phase for 2D electron systems at low densi-
ties. Both electron-electron interaction and disorder potential

disc will have a macroscopic shrinking, thus, an electrory,cq,ations are important for the formation of the droplet
droplet phase is stable. To form the electron droplet state, thﬁhase.

screening of the electron-electron interaction and the poten-

tial fluctuation are both crucial. The smaller the interaction
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