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Experiments on Tnnneling and Correlations
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We observed tunneling in a system of interacting electrons confined to a two-dimensional layer. The
effects of correlations on the tunneling were studied by varying the electron density from the single-
particle limit to the highly correlated Wigner-crystal regime. For low densities the tunneling is well de-
scribed by a model in which the interactions are represented by an effective potential.

PACS numbers: 73.40.Gk, 73.20.Dx

Tunneling is one of the most ubiquitous manifestations
of quantum mechanics and has been invoked in the ex-
planation of such diverse phenomena as the formation of
the Universe or the decay of nuclei. When applied to a
single particle crossing a known potential barrier, the
concept of tunneling is well understood. In most real sys-
tems, however, interparticle interactions alter the tunnel-
ing process and the problem becomes more complex. It is
therefore of considerable interest to devise a system in

which single-particle tunneling through a known potential
barrier can be observed and that also allows a gradual
"dialing-in" of interactions.

The layer of electrons trapped at the liquid-heli-
um-vacuum interface is such a system. A potential well
formed at the interface restricts their motion in the z
direction while their motion in a plane parallel to the
helium surface is free. By applying an electric field in the
z direction the potential can be transformed into a finite
barrier through which an electron can escape. During the
escape it interacts with the other electrons in the layer
and the escape rates are modified by electron-electron
correlations. The correlations can be tuned by varying
the electron density (in situ) over several orders of mag-
nitude ranging from the dilute single-electron limit
1 &50 to the highly correlated Wigner-crystal regime
I & 127, where I =(ttn, ) 't e /ktt T measures the correla-
tion strength and n, is the electronic density [1]. The sys-
tem is extremely clean, and the potential barrier and all
interactions are well characterized and tunable. As a re-
sult the tunneling does not involve unknown parameters
arising from random impurities, unspecified boundaries,
and undefined local potential barriers, as it does in most
other systems studied so far: electron microscopes, quan-
tum wells, alpha decay, etc. Qf course, thermal activa-
tion provides another escape mechanism which becomes
dominant at high temperatures [2-4]. In previous at-
tempts to detect tunneling in this system, Goodkind et al.
[3] observed a crossover from thermally activated to
temperature-independent escape rates. These rates, how-
ever, were 50 orders of magnitude faster than calculated
tunneling rates [3,S,6] and attempts to interpret them in

terms of tunneling have so far been unsuccessful.
In this Letter we report the first observation of tunnel-

ing of electrons through a barrier formed above the
liquid-helium surface. We explored the dependence of
the tunneling rates on the electron density and found that
below a critical density n„ the eAect of correlations can

be described by an eAective potential theory [2]. We
show that at low temperatures, T ~ 200 mK. , tunneling is
the dominant escape mechanism, while at higher temper-
atures thermal activation takes over.

Our experiment monitors the decay of the electronic
density following the creation of a potential barrier
through which they can escape. We measure the escape
rate as a function of electron density, barrier height, and
temperature. The experimental cell consists of two paral-
lel metallic plates separated by a distance a=2.5 mm,
between which the helium substrate supports the electron
layer. The helium thickness, h =1.28 mm, is determined
to within 15 pm from the capacitance between the top
and bottom plates. The helium temperature, 30 ~ T
~450 mK, is measured with a carbon thermometer in

the top plate. The electrons are generated with a
tungsten filament located behind a grid in the top plate.
They are directed towards the helium surface by ramping
the voltage between the top and bottom plates, V„ to
the value V, = —2tt~e~n, (h/e+d) where d=D —h, and
t..=1.057 is the dielectric constant of liquid helium. An
18-mm-diam guard ring that is kept at a negative voltage
V~ & VI confines the electrons within the area of a disk
whose radiu. s and density profile are uniquely determined
[7] by the geometry of the cell and the values of V, and
Vg. A more precise determination of n, is obtained with
a swept radio-frequency (rf) spectroscopy technique. The
rf spectrum consists of a series of screened plasmon reso-
nances at the normal mode frequencies of the electron
disk [7]:

2 4R'nqc kp 1,

m [coth(k„g) + e coth(k„,h ) ]
'

where the wave vectors k„, are quantized by the bound-
ary condition of vanishing radial current at the edge of
the disk, p =1,2, . . . ; v=0, 1, . . . ; m is the electronic mass.
From this spectrum, which typically consists of seven or
more well-resolved resonances, we can determine changes
in n, to an accuracy of —0.01% in the range 2x 10 to
2&10"cm

To initiate the escape we apply a voltage pulse Vf be-
tween the top and bottom plates which creates the poten-
tial barrier. In the work described here the rise time and
duration of the pulses were typically —30 and —250
psec, respectively. The pulses were repeated until most of
the electrons disappeared. The rf spectra were recorded
in between pulses with the top plate and guard ring volt-
ages suSciently negative to prevent further escape.
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Throughout the experiments described here these voltages
were kept at the values V, = —15 V and Vg = —42 V.
From these spectra and from the density profile defined

by V,
'" and Vg we obtained N, and AN„ the total number

of electrons in the disk and of electrons lost, respectively.
The escape rate is thus W(n, ) =d1V, /zJV„where d1V, is

determined from values of N, before and after the pulse
and n, is the average density during the pulse which we

calculate from V~ Vg The parameters of the pulse were
chosen so that its duration, r ~0.1 msec, was shorter
than the time to lose 1% of the electrons. The rise time of
the pulse —30 psec was chosen so as not to cause addi-
tional electron loss due to the high-frequency transients it
introduces. Indeed such eAects were observed for much
shorter rise times ~ 1 psec. We also studied the pulse
length dependence of the escape rates by repeating the
same experiment with various pulses in the range of 100
psec~ r ~ 20 min and found that for sufticiently low

densities, n, & n, , they are independent of ~. The spec-
trum itself and our determination of N, are not sensitive
to the electronic temperature, but the escape rate may be.

We observed that recording the rf spectrum during the
pulse causes an increase in the escape rates, proportional
to the time spent sweeping through a resonance and to
the power level of the rf source. OA resonance the escape
rates are insensitive to comparable levels of rf power.
Our procedure avoids these heating eAects since the rf
spectra are recorded in between pulses when the electrons
are pressed into the helium and the electron ripplon in-

teraction, which is the main thermalization mechanism, is

enhanced.
In Fig. 1 we display the density dependence of the es-

cape rates at 40 mK, for a series of fixed values of V, .
Most of the density range explored at this temperature is
in the Wigner-crystal phase as indicated by the values of
I. We distinguish between three regimes where the es-

cape is qualitatively different: In region A, characterized
by H &4x10 "sec ' and n, &n„with n, indicated by
vertical arrows, the escape depends strongly on n, and V,

but is independent of z. Below we show that the escape
in this regime can be attributed to tunneling. In region
8, ~here 8' & 4 & 10 sec ', the rates are independent
of n,. and V, , until V, &0, when they start displaying a
very weak dependence on the experimental parameters.
In region C, where n, & n, . , the rates are strongly depen-
dent on T:. For r ~ 0.4 msec the number of electrons lost
in this region increased precipitously with pulse length
and the rates were not measurable until the density
dropped below n, When measured with shorter pulses,
r ~ 150 psec, the pulse length dependence became very
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FIG. l. Density dependence of the escape rates H' at T=40
mK for a series of fixed top plate voltages V&. The solid lines
are linear interpolations between calculated tunneling rates at
discrete values of n, , for VI =9, 7.5, 6.5, 5.5, and 4.5 V. Verti-
cal arrows indicate the positions of n, . for V,"=5.5, 4.5, 3.5, 2.5,
and 1 V.
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FIG. 2. Temperature dependence of electron escape rates for
V,"=5.5 V. Inset (a) illustrates the CHM barrier and metasta-
ble state for V,"=5.5 V and nr, =0.4x IO" cm . In inset (b) we

plot the measured thermal activation rates (H), together with

the two-parameter fit by Eq. (3), solid line.
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weak and the rates exhibited an abrupt 1 order of magni-
tude increase at n,, =n, .

In Fig. 2 we illustrate the temperature dependence of
the escape rate curves for V, =5.5 V. The temperature-
dependent rates do not become measurable until T & 200
m K, when they start dominating the escape at the lowest
densities. We observe no signature of the liquid-solid
transition in the escape rates.

To interpret our results we must first determine the po-
tential barrier. Its precise form depends on the eff'ect of
correlations on the escaping electron. We will adopt an
approach [2,3] which assumes that the correlations can
be described by an effective potential U„(z):

U, (z) =)e~e„x z /2ro, z &ro,
z —ro/2, z ~ ro,

where 8„=—2x~e~n, . This implies that for distances
z ~ ro the electron interacts with the correlation hole, of
radius ro =1.38(xn, ) '~, that is left in the continuous
charge sheet after the escape. At larger distances the
hole closes and the potential is that of a continuous
charge sheet: U, (z) =e(C;+8, )z, where 8; =6„(h/e
—d)/(h/e+d) arises from positive image charges in-
duced on the top and bottom plates. The helium surface
is close to the electrical midpoint of our cell, so h =ed,
and 6;=0. Its actual position can vary slightly between
runs and introduces a correction to U, (z). In this model
which we refer to as the correlation-hole model (CHM)
the potential energy of the escaping electron is

U(z) = — —V, [e~ +U, (z),
z h/e+d

(2)

where the first term is due to the attraction of the polar-
ized helium substrate, Q = (e —1)/4(e+ 1), and the
second term is introduced by V, , whose sign determines
whether the applied potential causes the barrier to be-
come narrower (positive) or wider (negative). It is this

0
0

C)

I

03
K

CQ

CO

CO

CO

a =9,00V
o =7.55 V
z =6.50 V
+ =4.50 V
x =2.50 V
o =1.00 V~=00 V
& = —3.0V
~ = —12.0V

HSI gg gg
@HRgy~

~%K~~~

3.0 5.0 7.0 9.0 11.0 13.0 15.0

FIG. 3. Escape rates W (data of Fig. 1) as a function of bar-
rier height Eg at T =40 IK for a series of voltages Vf .
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term that allows experimental control over the parame-
ters of the barrier: For V, ~ VI the electron is bound in

a Rydberg state while for V,"& V, (note that V, &0) a
finite potential barrier is formed whose size decreases as
V, increases. To obtain the tunneling rates through this
barrier we calculate numerically the energy and lifetime
of the electron in the resonant states of the CHM Hamil-
tonian with a Breit-Wigner technique which was de-
scribed in detail elsewhere [5]. All the relevant parame-
ters in this calculation, n„h, and V, , were directly mea-
sured in the experiment. The small error in the helium
level Ah = ~ 15 pm introduces an uncertainty in U, (z)
that may cause at most a 1 order of magnitude variation
in the escape rates. In our calculations we have chosen a
single value of h, within the stated error, to fit the data
presented in Fig. 1. The energy spectrum obtained from
this calculation consists of a series of metastable states
whose number decreases with increasing V, , until at
sufficiently small barriers only one metastable state
remains. In this regime the escape becomes significantly
simpler, since it involves no intermediate states which

may cause instabilities that complicate the process [8].
The tunneling rate 8' is obtained from the resonance
width, the binding energy of the electron Ez is the
diN'erence between the maximum of the potential and the
energy of this state, and the barrier width hz is the dis-
tance between its turning points. There is no simple ana-
lytic expression for Ez and hz to replace the numerical
solutions, but an approximate form may be used for
V,

"& 0 (pulling fields) in two limits:

'2)e„f'", f@„f«e„,
-', (fCf,/r. )'", e„«fC, f,

&z-(rom p/@. )[(1+@./ro@ p') '"—1] —»
where Bp = V, /(h/e+d) is the electric field above the
electron layer arising from the applied voltage. Here all
quantities are expressed in scaled atomic units: energy,

Q e /att =15.2 K; distance, ag/Q =76. 1 A; and electric
field, eQ /aa =1727.2 V/cm. In our experiments 20
~ h,z ~ 80, 0.2 ~ Eg & 1, and 70 ~ ro ~ 700.

The measured escape rates could be due to tunneling or
to activation above the barrier. We identify the tunneling
regime with the temperature-independent data that are
fitted by the calculated rates in the CHM. In this re-
gime, region A, the model predicts a narrow barrier,
hz & 0.5ro, with a single metastable state. The calculat-
ed tunneling rates [5], plotted in Fig. 1, follow closely the
measured ones. The single-particle tunneling rates corre-
sponding to the zero-density limit of this calculation are
in remarkably good agreement with the low-density limit
of the measured rates for the largest pulling fields V, & 7
V where the ratio hz/ro is smallest. In this limit, the bar-
rier width is much smaller than the electron spacing and,
as expected, single-particle behavior becomes dominant.

Another useful way of presenting the data is to plot the
escape rates as a function of Eg as in Fig. 3. Along lines
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of fixed Ez the rates in region A vary by several orders of
magnitude. As expected of tunneling, these rates depend
on both barrier height and width. They are temperature
independent until taken over by thermally activated rates.
By contrast with tunneling the thermally activated rates
shown in Fig. 2 can be identified from their slow variation
with density and from their exponential variation with
temperature. The temperature-dependent rates start
dominating the escape for T & 200 mK at the lowest den-
sities and with increasing temperature they take over at
successively higher densities. At a fixed temperature
their slow variation with density can be understood in

terms of a slow barrier-height variation over the density
regime studied as predicted by the CHM (upper abscissa
in Fig. 2). In inset (b) of Fig. 2 we show the temperature
dependence of the thermally activated rates at n, =0.4
X 10" cm together with a two-parameter fit by an ex-
pression for the theoretically calculated thermal activa-
tion rates induced by electron-ripplon interactions [9]:

W=C
6 o.

T2Eg 1+ 3k~T
Eg

Eg
exp

kgT
(3)

Here cr is the helium surface tension and C=0.354 was
obtained from a first-principles calculation in the un-

correlated limit r0=0. The best-fit value obtained for the
barrier height, Ett =4.4 ~0.1 K, coincides with the value
E8=4.4 K calculated in the CHM. The smaller value
obtained for the prefactor, C=0.071 ~0.004, could be
attributed to a correlation-induced slowdown of the rates.
For W & 10 sec ' a sharp deviation from this behavior
indicates the crossover into region B.

The CHM is very successful in describing the escape in

region A, where the barrier is mostly determined by the
external field. As VI decreases the barrier becomes
larger causing a slowdown in the tunneling rates. A
prominent feature of the escape in this region is the ap-
pearance of a lower bound on the rates at 4X 10 "sec
which is independent of n, and of V, for 4.5 V~ V, «0
V and only weakly dependent on them for V, &0. These
features, which characterize the escape in region B, are
not consistent with the escape mechanisms discussed so
far. In Fig. 3 the escape for Ez ~ 6 K, region B, clearly
separates away from the tunneling regime. In region B
the rates are single valued in Ett and seem to converge to
a straight line whose slope could be interpreted in terms
of an energy of 3.5+ 0.4 K. The origin of such an energy
scale and how it would affect the escape is yet unknown.
So far we have ruled out vibrations, a tilted helium sur-
face, and cosmic muons.

To compare our results to those of Ref. [3] we have

plotted in Fig. 4 the escape rate versus V, at n, =0.8
x10" cm, together with calculated tunneling rates.
For V,"~4 V the rates are in region A and the calculated
rates follow closely the measured ones. At lower Vf, re-
gion B, they break away abruptly from the tunneling
curve. The temperature-independent rates of Ref. [3], in-
dicated on this plot by triangles [10], are clearly situated
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FIG. 4. Escape rates 8' (data of Fig. 1) as a function of the

top plate voltage V,
" for the electronic density 0.8x 10" cm

and temperature 40 mK. o, rates measured in this work; &,
rates reported in Ref. [3]; solid line, calculated rates in the
correlation-hole model.
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in region B.
In region C where n, ~ n, (V,") we observe an instabili-

ty signaled by the onset of a nonlinear dependence on i.
More detailed studies, which will be discussed elsewhere,
indicate that the locus of the instability corresponds to a
fixed value of total energy acquired by electrons that im-

pact the top plate, E =(~A„~+ ~8~„)(D—h) =20+ I eV,
and seems to involve electronic excitations in the helium
atoms coating the top plate.
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