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The interaction energy, phonon spectrum, and longitudinal and transverse sound velocity of a
two-dimensional (2D) Wigner crystal are calculated within the harmonic approximation for dif-
ferent values of the thickness of the underlying helium film and for different types of substrates
which support the He film. The phase diagram for Wigner crystallization is analyzed in terms of
the Kosterlitz-Thouless-Halperin-Nelson theory of 2D melting.

I. INTRODUCTION

During the last decade two-dimensional (2D) electrons
have been the subject of intense interest,! e.g., electrons in
metal-oxide-semiconductor (MOS) structures and elec-
trons on a He surface. Electrons in MOS structures
behave mainly quantum mechanically (Fermi energy
Er~10—500 K) because of their relatively high density
ng ~10"'—10'* cm~2. Lowering the electron density leads
to trapping of the electrons by impurities. On the other
hand, electrons on bulk helium form the opposite limit;
they behave classically ( Er ~0.01—100 mK) with a densi-
ty range of 10°—10° cm~2. Bulk He films become un-
stable when the electron density exceeds 2.4 10° cm™2.
But if one decreases the He-film thickness it is possible? to
charge the He surface to a higher electron density; e.g.,
for a He-film thickness of d =100 A the He surface can
support an electron density of about 10!! cm~2 (see Ap-
pendix), and one can enter the quantum regime. We ex-
pect that electrons on He films can form an interesting ex-
perimental system which bridges the gap between the clas-
sical (i.e., electrons on bulk He) and the pure quantum-
mechanical (i.e., electrons in MOS structures) 2D electron
systems known to date.

An interesting feature of the system of electrons above
a helium film is that it can form a 2D Wigner lattice.
Such a 2D crystallization was proposed by Crandall and
Williams® and experimentally observed first by Grimes
and Adams* and later in other studies.” All these experi-
ments*> were done for electrons on bulk helium. In the
present paper we will apply Lindeman’s melting criteri-
um® as used by Platzman and Fukuyama’ to investigate
the influence of the thickness of the helium film on the
phase transition for Wigner crystallization. An outline of
such a study was presented in Ref. 8.

A particular aspect of the system of electrons on a heli-
um film is the possibility of changing the interparticle in-
teraction. Because of the finite distance between the elec-
tron layer and the substrate the electron-electron interac-
tion is screened by the substrate. This screening effect can
drastically change the interparticle potential, e.g., for a
metallic substrate and a helium-film thickness smaller
than the average electron-electron distance, the electron
electron interaction becomes a dipole-dipole interaction.
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Classical aspects of such a dipole system were considered
in Ref. 9. In the present paper we discuss the electron-
helium film-substrate system for an arbitrary helium film
thickness and an arbitrary substrate dielectric constant.
We find that the dipole system exists only in certain lim-
its.

The paper is organized as follows. An estimation of the
phase diagram for 2D Wigner crystallization as a function
of the helium-film thickness is given in Sec. II in terms of
dimensionless units. In Sec. III we use the harmonic ap-
proximation to calculate the interaction energy and the
phonon spectrum for a 2D layer of electrons crystallized
in a hexagonal Wigner lattice. The effects of the He-film
thickness and of the substrate dielectric constant on these
properties are obtained. In the Conclusion we discuss the
implication of the screening effects on the phase diagram
for 2D Wigner crystallization. The stability of a helium
film charged with electrons is discussed in the Appendix.

II. PHASE DIAGRAM

The electrostatic interaction energy between two elec-
trons above a He film which lies on a substrate with
dielectric constant € is

2|l 8

Vir)=e r [+ (2dP] (D
with §=(e—1)/(e+1), and d is the distance between the
electron layer and the substrate (d is approximately the
He-film thickness). Notice that for a metallic substrate
€= o and thus 8=1. The second term in Eq. (1) is a
consequence of the screening of the interparticle interac-
tion due to the substrate. For small interparticle distances
(r << d) the screening is negligible and one has essentially
a Coulombic potential: V(r)=e?/r+ --- . If, on the
other hand, the electrons are far apart (r >>d) we have
V(r)=eX(1—8)/r +28e%d*/r*+ - - - , which implies that
for a nonmetallic substrate the charge is renormalized to
an effective charge e*=eV'1—8. If §=1, then the inter-
particle interaction is dipolar at large distances. This
shows clearly that by changing the He-film thickness the
interparticle interaction can be changed. For a metallic
substrate even the type of interaction can be changed from
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a Coulombic to a dipolar one.
In the next section we need the Fourier transform of the
interparticle potential [Eq. (1)]

2
2’: (1—8e—2dk) | @)

which has the following limiting behavior:

v(k)=2me?/k + -+ for dk >>1

v(k)=

and

v(k)=2me*(1—8)/k +4mwbe?d + - -+ for dk «<1 .

Lindeman’s melting criterion®’ tells us that melting
occurs when the kinetic energy exceeds the potential ener-
gy with a fraction 1/T". Thus I'=(V)/(K) determines
the phase diagram. In a qualitative picture the average
potential energy [see Eq. (1)] is

(Vy=eWavn 5

1______.___
(14n/ny)'"?

(3)

with n=1/mr} the electron density and ny=1/4wd> The
kinetic energy of the 2D electron system is

2 dzp E,
(K)== (4)
n f (2,”.)2 eﬂ(Ep—u)+1

with E,=p%/2m, B=1/kpT, where kp is Boltzmann’s
constant and T the temperature, and where the chemical
potential u is determined by the normalization condition

_ d*p 1
n=2 o PE (5)

It is convenient to introduce the density

n o 1 4e*m? ©)
¢ mal T2 aET?’
with ap =#%/me?=0.529 A the Bohr radius, and the tem-
perature )

2me* 7)
I? kpap  kp#T?
For* I'=137 we have T.=33.6 K and n,=2.4x10"
-2
cm™°.
Equations (3)—(5) can be written as

Fi(z) S
(n/n)V2=— - , (8a)
n/ne) F3(z) (14n/ng)!"? ?
(n/ng )= fFl(z), (8b)

4

with Fi(z)=+In(141/2) and F;(z)=F3(z)—s(1/(1

+z)), where
X
sx)=— [ dyl(n|1—y |)/y]

is the dilogarithm and z=e . After eliminating z in
Egs. (8a) and (8b), we are left with a relation between the
dimensionless densities n/n.,n;/n. and the temperature
T/T, which determines a surface in the three-
dimensional (3D) space made up of (n/n.,ng/n.,T/T,).

- 7
- - - ~=70.08
’

FIG. 1. Solid-liquid phase diagram for Wigner crystallization
(inside the curves the 2D electron system is in the solid phase).
ng=1/4md? with d being the distance between the electron layer
and the substrate. This substrate is nonmetallic.

This phase diagram is plotted in Fig. 1 for a nonmetallic
substrate and in Fig. 2 for a metallic substrate. For small
He-film thicknesses (i.e., ny/n, large) both phase dia-
grams differ considerably. This is more apparent in Fig.
3 where we have plotted a T=0 cut of the phase diagram
of Figs. 1 and 2.

The small-density—small-temperature region is of par-
ticular interest. For bulk He (i.e., d = « ) this region cor-
responds with the classical regime (i.e., (K )=kzT). For
finite d this is only true if 8541. Let us first discuss the
81 case. Above we found that decreasing d to O results
only in a renormalization of the charge, and this results in

FIG. 2. Same as Fig. 1 but for metallic substrate.
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ELECTRON DENSITY (n/n¢)
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FIG. 3. T=0 cut of the phase diagrams of Figs. 1 and 2.

a renormalization of n, and T,. Explicitly n,—n}
=(1-8)*n,, T,—Tr=(1—8)*T,, which results in a
shrinking of the phase diagram. Thus for §=0.1 we have
n/n,—0.01 and T/T,—0.01 if d—0.

For 8=1 and finite d the situation is totally different in
the low-temperature region. For n <<n, the potential en-
ergy behaves as (V) ~d?n3/?, while the kinetic energy
(K)~n in the quantum regime. This implies that for
sufficiently small densities one has (V') << (K ), and the
system is in the liquid state. For n>>ng, (V) ~Vn and
thus for high densities we have again (V) << (K ), and
the system is in the liquid state. Thus at a fixed tempera-
ture the Wigner lattice can only exist for n; <n <n,,
where n; and n, are a function of the He-film thickness.
For example ny=4(ng/n. )%, ny=1-—2(ny/n.)""? if T=0
and ngz/n.<<1. Remember that for 86s41, n;=0 for
T=0 because a classical limit exists, while for §=1 the
system is always quantum mechanical for T—0. With
decreasing He-film thickness n; and n, move to each oth-
er and for d =d* (we found n;/n,=0.0901, which im-

]

plies d*=60.4 A if I'=137) we have n;=n,=n*. For
d <d* no solid phase exists (see Figs. 2 and 3).

III. INTERACTION ENERGY
AND PHONON SPECTRUM

In this section we study the properties of the 2D elec-
tron system when it is crystallized into a two-dimensional
solid. The static interaction energy and the vibrational
spectrum will be calculated in the harmonic approxima-
tion

The interaction energy of one electron, which is taken
at the origin for convenience, interacting with all the oth-
er electrons is

Ef=3 V(R(), )
1£0

which is.identical to

Ef= lim I [V(R—RI-VR)], (10)
| R |—>0 1

where R(J) is the lattice position of the electron at site /
and V(R) is given by Eq. (1). The sum in Eq. (9) runs
over all possible lattice sites / except the origin. Because
the lattice sum is slowly convergent, it is advisable to use
the Ewald method which converts the sum in Eq. (10) into
two rapidly converging sums. In the Ewald method!'®!!
one separates the lattice sum into a part which contains
the short distance interactions and a part which contains
the long distance interactions. The latter sum is then
transformed into Fourier space.

For 8541, nonmetallic substrate, the energy E7 is diver-
gent. This is a consequence of the fact that the Fourier
transform of the interparticle interaction [see Eq. (2)]
diverges for k—0. We will subtract the contribution of
the k=0 mode, E}), and consider

E;=Ef—E7,

which amounts to making the system charge neutral.!!
For the system under study we found

E; 2 W W G} 2 erf(nd,)
—=—""d Ls(0,9%d3)+—— L g
E, a fot an 8(0.m°do)+ a GEO) 8| 420 \/1_7'+5 do
erfc(n | Ro|) _ erfe[n( | Ry |2+d3)!72
+ R - n—’l 2| 2 1(;2 ] 1y
R (#0) IRy | (|Ro|2+d3)

with E} =2wdy/a, y=V'w€/a, dy=d /b, Go=Gb, Ey=b /e?, b is the lattice constant a=a,/b? with a, the volume of
the unit cell,
—xt)e —z/x , (12)

Ls(z,t)= | ——(1—be

0 3/2
erf(x) the error function, and erfc(x)=1—erf(x) the complementary error function. ¢ is an arbitrary constant which in-
dicates at which distance the lattice sum is split. For a hexagonal lattice we have a=V3/2, b =(27/v'3)!/?r,, the nor-
mahzed lattice vectors are Ro—(m +n/2,V3n/2) and the normalized reciprocal-lattice vectors are given by
=2m(m,(—m +2n)/V3) with m,n=0,1,2,
We have checked that for all values of the He-ﬁlm thickness the hexagonal lattice structure gives a lower interaction
energy than the square and centered rectangular lattice structure. For d— oo (bulk helium), Eq. (11) reduces to the result
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of Bonsall and Maradudin [Eq. (2.12) of Ref. 11]. This is easily seen if one recalls that
Ls(z,0)=3Vm/zerfc(Vz )=2d_1 p(2) , (13)

where ¢,(z) is the Misra function.

The interaction energy of the electron in the hexagonal 2D Wigner lattice is plotted in Fig. 4 as function of the dis-
tance between the electron layer and the substrate and for substrates with different dielectric constants. With decreasing
He-film thickness the interaction energy decreases because of the enhanced screening of the interparticle interaction due
to the substrate. For d—0 we have e—eV'1—38, which implies that E; at d=0 differs with a factor 1—8 with E; at
d = w0, as is clearly apparent from Fig. 4.

In the second part of this section the phonon spectrum of the 2D Wigner crystal will be calculated in the harmonic ap-
proximation. Following Ref. 11 we define the matrix

2

1. d > o - -
S:i(g)=— lim ——— V(R—R(D)e 14" RO_p(R) (14)
P § Lo OR:AR; ;

from which one can obtain the dynamical matrix

c,-,-(q*)=—§[s,-j(q)—s,-j(0)] (15)
and the normal-mode frequencies

0@ =F([Cax(@) 4+ Cpp (1 H ([ Cox (@) — Cyp (@) P +4C,, (q)Cr (@)} 172) (16)

Inserting the potential (1) into Eq. (14) and using the Ewald method as before we find for the dynamical matrix

3 —¢
—5l= 3 sin(3oRoldy (B (qRo)—8H [ (RG +d3) 1)

1
Cij(q)/w(2)= ey V'r/3q0i90;L s
Y] R #0

2
90 2.2
22 1%

47]2 nao

_szoiROj{Hz(’T]Ro)—5H2[17(R3+d(2))1/2]} )

1 — = — =% 'Z]’O'i"60|2 242 |GO|2 242
+—V7/3 2 (q0+G0),-(qo+G0),-La 5 1M do _GOiGOjLS 5 1M dj s a7
2n G20 47 4n
4 ' J T T T 392103~ ——LT——-"—+ with w(2)=8e2/mb3, do=4qb,
8=O.3 ,..........-.:-.:_-.-——.—A—
e e T T 1 | V7
_..\A-" . =T === Hl(x)=—2 —er-e_rfﬁ(.ﬂ_i_e—le R (183.)
. . = x
-~ 06 _ P
o . —
¢ /> = 1 |3 ~erfe(x) e ™™
w 7707 Hyx)=—5 | V78 438 —— 1 2e=*" |, (18b)
= / 7 x2 |2 x3 x?
oS 4 // !
gJ oL / // o T and the summations are over the same lattice vectors as in
u // / 3‘8_....-"_"'."/' < _ Eq. (11). If one observes that H(x)=¢;,(x?) and
<] / o ¥ 7 oe 8503 i H,(x)=2¢3,,(x?) then it is easy to show that in the limit
E’ // EHZ"G 77 oo d— 0, Eq. (17) reduces to Eq. (3.10) of Ref. 11. In the
« / MEPVA/ AN . case of a metallic substrate (€= o) the present results are
z '/ a2 / 1 7 equivalent to the results of Meissner et al.' for the elec-
/ ' tron vibrational excitations in a three-layer structure.
/ B T R—T The phonon spectrum is plotted in Fig. 5 along the
d/rg boundary of the irreducible element of the first Brillouin
0 L L L L . I L L L zone!! for different values of the He-film thickness and
00 o4 Z'/B .2 '8 for two different substrates: a nonmetallic substrate [Fig.
rD

5(a)] and a metallic substrate [Fig. 5(b)]. The longitudinal
C; and transverse C, sound velocity are shown in Fig. 6 as

FIG. 4. Electron interaction energy as function of the relative
film thickness (rq is the average electron-electron distance) for
different substrates.

a function of d. From Figs. 5(a), 5(b), and (6) it is ap-
parent that (1) the screening effects are starting to play a
role when d/ry <1, i.e., when the distance between the
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FIG. 5. Phonon spectrum in the case of (a) a nonmetallic and
(b) a metallic substrate along the boundaries of the irreducible
element of the first Brillouin zone for different values of the rel-
ative film thickness. w3=8e%/mb> with b the lattice vector.

electron layer and the substrate is comparable to or small-
er than the average distance between the electrons in the
crystal. Decreasing the film thickness and/or increasing
the dielectric constant of the substrate softens the phonon
spectrum. (2) For a nonmetallic substrate the longitudinal
sound velocity is always infinity. The reason is that for
8541 the 2D electron system behaves, in the long-
wavelength limit, as a Coulomb system and thus, as is
well-known, w; ~q'/? for g—0. For the case of a metal-
lic substrate and d/rg < « the two branches of the pho-
non spectrum are acoustical in the long-wavelength limit,
i.e., o ~q for g—0. For §=1 the system behaves, in the
qg—0 limit, as a series of dipoles. This explains why
w;~q as ¢g—0. (3) Notice the superlinear behavior of the
transverse mode if d /7y >0.5. This was already observed
in Ref. 11 in the case of a 2D Wigner lattice on bulk heli-
um. (4) The sound velocities as a function of the film
thickness have the following limits. (i) for a metallic sub-
strate (§=1)

2.760(d /ro)' 2, d/ro>>1 (19a)
C;/Cy=

3.542d /ry, d/ro<<1 (19b)
C,/Cy=1.068d /ry, d/ro<<1 (19¢)

06— T T T T

L L T T

0.51317

05 p=
L
........... /./,t’
........ g
04 oe —>/ ’ Vs Z 102 1
. / T T T T
.~ , P/ . g

o — 10V} -

Sosf 77 s ; e
-~ s P
© 7 =~ 100+ - 8=4 -
ey 1 ©
o2 107 1 A
’/

1021 .

o4 | L 1 1 | _
: 102 10° 102
d/ry
0 L 1 L 1 1 | I | 1 1 1 L 1
'%.O 0.2 0.4 0.6 0.8 10 1.2
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FIG. 6. Transverse (C,) and longitudinal ( C;) sound velocity
as function of the relative film thickness for different substrates.
C3=e?/mb.

with C3=e2/mb. (ii) For a nonmetallic substrate with
5=0.9

C,/Cy=0.16228+3.14(d /ry)?, d/ro<<1 (19d)
and in general
(19¢)

lim C,/Co=0.51317VT=5 .

In the limit of bulk helium we have the well-known re-
sult'! C,/Cy=0.51317.

IV. CONCLUSION

In Sec. II the phase diagram (Figs. 1 and 2) was
presented in terms of variables which were scaled by the
renormalization constants n, and T,. These constants de-
pend on the parameter I’ which contains information
about the interactions in the system. Thus we expect that
I will be a function of the He-film thickness.

For bulk He and for small temperature (T <1 K, i.e.,
the classical regime) Thouless'* used the Kosterlitz-
Thouless!* (KT) theory of dislocation-mediated melting,
as elaborated in greater detail by Halperin and Nelson!’
and Young,'® to estimate I". He obtained

X
T (C,/C(1—C2/Ch)

with X =23/231/473/2=20,728 and C3=e2/mb with b the
lattice constant and m the electron mass. For bulk He
one has C,/Cy=0.513, C;= o0, and thus'® T'gp=79.
Morf!? showed that the experimental* value I'=137 can
be explained if the temperature dependence of the sound
velocity C; is taken into account.

To obtain an idea of the film thickness dependence of T'
we take

Tgrld)  [Ce0)/Cld)
Tkr(w)  1—[Cld)/Cid)]*’

Fkr (20)

(21)
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where I'g1( 0 )=137 and use zero-temperature values of
the sound velocity as obtained in the preceding section.
The validity of Eq. (21) in the quantum regime is ques-
tionable. At most we may expect that it will give us a
qualitative picture.

Taking into account the d dependence of I' we have
calculated from Egs. (8a) and (8b) the phase diagram for
Wigner crystallization in dimensional units. For a metal-
lic substrate this was shown in Fig. 4 of Ref. 8. For a
nonmetallic substrate with §=0.9 the phase diagram is
shown in Fig. 7 for different values of the He-film thick-
ness. The closed circle on each line indicates where the
He surface becomes unstable (see Appendix).

Experimentally'® it is easier to keep the electron density
constant and change the He-film thickness. Therefore we
plotted in Fig. 8 the phase diagram as function of the
He-film thickness for three values of the electron density
and for the case of a metallic and a nonmetallic substrate
(6=0.9).

Figures 7 and 8 show that the screening effects become
visible for d <10* A. For thin He films the solid-liquid
boundary is pushed into the quantum regime. For a typi-
cal temperature of 7=0.4 K, Fig. 7 suggests that the
phase transition will begin to show quantum behavior
when the film thickness becomes smaller than about 200
A.

In summary, we have studied the interaction energy,
the phonon spectrum, and the phase diagram for Wigner
crystallization of a 2D system of electrons on a He film.
Such a system forms an almost ideal 2D fermion system
which provides the possibility of studying the transition
from a classical 2D to a quantum 2D electron system.
We expect that the analysis of the phase diagram present-
ed in this paper is only an estimate when Ep>kT. The
reason is that the calculation of I'x1(d) was based on the

1012

10!t

1010

UL B

-
[e]
[
TTTTTIT

DENSITY (cm2)

o1l Lol Lo iaanld AN WRET

0.001 0.01 0.1 1 10
TEMPERATURE (K)

FIG. 7. Phase diagram for a nonmetallic substrate for dif-
ferent values of the film thickness. Closed circles are the stabili-
ty points for the film.

TEMPERATURE (K)

5x108

1 Lol L1
102 103 104
FILM THICKNESS (A)

FIG. 8. Phase diagram as function of the film thickness for
different values of electron density and for a metallic (solid
curve) and a nonmetallic (dashed curve) substrate.

Kosterlitz-Thouless'* theory of 2D melting, which is a
classical theory. Up to now no quantum analog exists for
the KT theory of 2D melting.
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APPENDIX

In Ref. 2 (see also Ref. 19) the dispersion relation for
He surface excitations of a He film of thickness d, which
was charged with electrons (density n), was obtained:

2 3a T, Ame®n? 148e 2k
wr=k||—F+g|+—k*"—
k pd* 8 P o 1 — 8¢ —2kd
X tanh(kd) , (A1)

where §=(e—1)/(e+1) with € the dielectric constant of
the substrate beneath the He film, p=0.145 gcm—3 is the
He mass density, 7=0.378 ergcm™2 the He surface ten-
sion, g the gravitational constant, and we took
a=9.5%x10"" erg for the van der Waals coupling con-
stant of the He to the substrate. Details of the derivation
of (A1) and results in the limit of small He film thickness
can be found in Ref. 2. In this Appendix we elaborate on
the properties of this function (A1) for arbitrary He film
thickness.

For electron densities larger than a certain critical den-
sity the He surface excitation frequency w; contains an
imaginary term for a certain range of wave vectors which
implies that for those electron densities the He surface is
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unstable. The critical density (n*) and corresponding
critical wave vector (k*) are obtained from the equations
oy =0, dwy /0k=0, and are plotted in Fig. 9 as function
of the He-film thickness and for a metallic (e=o0) and a
nonmetallic (i.e., €= 10) substrate.

The limiting behavior of the critical density and critical
wave vector are as follows (the He-film thickness d is in
cm): (1) for thick He films (d > 107 A), one had k*d >>1
and thus

1/4
n*= 47“ (314 ] =2.25%10%°, (A2
20, %\2
=27 (nT) 194 (A3)
T

(with n* measured in cm~2 and k* in cm™!), which is in-
dependent of the dielectric constant of the substrate. (2)
for thin He films and (i) a metallic substrate, k*=0 for
d <8.910% A and thus one can use the property kd << 1
to obtain
172

d—32=99.2d 37, (A4)

3a
n*=|——

4re?

which is valid for d <10® A. (i) For a nonmetallic sub-
strate it turns out that kd <<1 only when 10°<d < 10° A
which gives (with #n* in cm~2 and k* in cm~")

1012 <
E ~ 108\
L -E \\
- S 105 \\
@ 1nal_ \
1o E ° \\ 3 7
o 8 103} \ 8x10 10
o > \
& r g 102 \\
) - < N
€ \ = S———_TTTA
5 \ 10} =<5
= 1010___ \ 1 ! | 15 |
r E N\ 10 103 10°
> r FILM THICKNESS (A)
z -
wo N N e
=] +
109E -
[ — ¢c:0
B ——=—€:=10
108
-:-4L cenl vl vl el o ponmd i
10 102 103 104 105 108 107

FILM THICKNESS (A)

FIG. 9. Maximum electron density that a helium surface can
support and the wave vector (inset) of the instability as a func-
tion of the He film thickness for both a metallic (solid curve)
and a nonmetallic (dashed curve) substrate.

2 _pg . €—1 3a 1 d 4+ 1d2 _e / +3_al
()= me? & g d* + + (e2—1)? /P8
2_1 2><10—16 2><10—16
—9.83% 101 1 d+ a2+ 2.65% 10~ / 2x107 7 , (AS5)
RO b + (e2—1>2 4t
e € 2me?(n*)? _ 3.83x 10~ Be(n*)? _ (A6)
T 1)(n*)?7.67x 1018

Ld(@_p)dmein)?  14d(e—
T

When d <103 A

or 107 A>d > 10° A then k*d is of order 1 and no simple expression for n* or k* is found.
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