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For a quantum double well system interacting with a mesoscopic bath, it is shown that a “bath” consisting
of a single particle is sufficient to substantially reduce tunneling between the two wells. This is demonstrated
by considering an ammonia molecule in the center of a ring; in addition to halving the maser line frequency,
there is an increase in intensity by four orders of magnitude. The tunneling varies nonmonotonically with the
number N of electrons in the ring, reflecting the changing electronic correlations. Although the tunneling is
reduced for small N, it turns around and grows to its free value for large N. This is shown to not violate
Anderson’s orthogonality theorem. Experimental implementations are discussed.
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The importance of decoherence for the transition from
quantum to classical behavior is well known. Various authors
have shown that when a system is coupled to a bath consist-
ing of an infinite number of degrees of freedom,
irreversibility—and therefore, decoherence—is a conse-
quence; this has given rise to the field of dissipative quantum
mechanics.1,2 Studies in this field have been further stimu-
lated by the experimental realization of quantum coherent
mesoscopic systems that are small on the macroscopic scale
but large on the microscopic, atomic scale.3 Control of cou-
pling to the environment is also critical to the success of
quantum computing, a fast-expanding area of research.4

In this paper we consider a microscopic quantum system
that is predominantly coupled to a mesoscopic bath. In dis-
sipative quantum mechanics, it is generally presumed that
the quantum system is coupled to a macroscopic bath with an
essentially infinite number of degrees of freedom. The gen-
eral belief is that “more is worse;” the greater the coupling to
the environment, the more quantum effects are destroyed.
Here we show that, for a mesoscopic bath, it is possible for
the tunneling between the two wells of a quantum system in
a double well potential to be highly nonmonotonic as a func-
tion of the number of particles in the bath. There is a sub-
stantial reduction in the tunneling with a single particle. As
the number of particles is increased, the effect of the meso-
scopic bath at first sharply decreases, then grows, and finally
decreases again, essentially vanishing for sufficiently large
particle number. We will show that the last assertion does not
contradict Anderson’s orthogonality catastrophe.5

We demonstrate these results by considering an often
studied double well system, the ammonia molecule,6 at the
center of a mesoscopic ring. The mesoscopic bath is taken to
be a one-dimensional ring; qualitatively similar results would
be obtained for a multichannel ring or for a singly connected
geometry such as a disk. If the ring has just one electron, the
tunneling between the two configurations for the ammonia
dipole is reduced by as much as 50%, reducing the frequency
of the transition between the symmetric and antisymmetric
configurations by the same amount. In addition, the coupling
to the electron in the ring increases the dipole moment ap-
proximately 100-fold. This dramatically enhances the inten-
sity of the spectral line for the transition, by �104. As the

number of electrons on the ring is increased, a rich non-
monotonic behavior unfolds: the transition frequency almost
reverts to the free-molecule value for N=2, decreases again
as N is increased, and then turns around to again approach
the free-molecule value as N→�. Possible experimental re-
alizations are discussed towards the end of the paper.

Parenthetically we note that it is known the coupling of a
molecule to light is enhanced by proximity to a metallic
nanoparticle, an effect that is the basis of sensitive optical
detection of molecules.7 The physical origin of this essen-
tially classical effect is field enhancement due to the cou-
pling of optical radiation to metallic plasmons. In contrast
the enhancement in the spectral line identified here is quan-
tum in origin.

To establish these results, first consider an ammonia
molecule in the center of a ring of radius R. Assume for the
moment that the dipole moment of the molecule is in
the plane of the ring, and that there is only one electron
in the ring. In the absence of the ring, for every orientation
of the hydrogen plane, there are two possible positions of the
nitrogen atom. The ground and first excited states are
the symmetric and antisymmetric combinations of these.
Transitions between the two states are used in the ammonia
maser.

In the presence of the ring, the two possible positions of
the nitrogen atom, which have opposite dipole moments, per-
turb the electron in the ring, changing its ground state to two
different ground states. The possible states of the combined
system of the ammonia molecule and the electron in the ring
are then

�↑� � �En�, �↓� � �En�� , �1�

where �En� is the nth electronic eigenstate when the ammonia
electric dipole moment is in one orientation, and �En�� is the
corresponding electronic eigenstate when the dipole moment
is in the other orientation. The fact that �En� and �En�� are
different—partially orthogonal—states reduces the tunneling
between the two dipole orientations, since the tunneling part
of the Hamiltonian connects �↑ � � ��� to �↓ � � ��� with the
same ��� for both states. Thus the splitting between the sym-
metric and antisymmetric state is reduced. The different ori-
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entations of the hydrogen triangle do not affect this calcula-
tion, since there is no tunneling between the different
orientations, only between the two different positions of the
nitrogen atom for a fixed orientation of the hydrogen tri-
angle.

The potential of the electron in the ring due to the ammo-
nia dipole moment is V���=ep cos � / �4��0R2�, causing ma-
trix elements between the unperturbed electronic eigenstates.
The unperturbed eigenstates of the electron are �0=1/�2�
and �n���=cos�n�� /�� for n�0, with energies
�2n2 / �2mR2�. We neglect the sin�n�� wave functions, since
they are not mixed into the ground state by V���. The Hamil-
tonian for the electron in the presence of the ammonia mol-
ecule is

Hij =
�2

2mR2 �j2�ij + 	��i,j−1�1 + ��2 − 1��i,0	 + i ↔ j�
 ,

�2�

where 	=mep / �4��0�2� is the dimensionless perturbation
strength. Using 	�0.58 Debye for ammonia, H can be trun-
cated to a n
n matrix, and its eigenvalues obtained numeri-
cally. Changing n from 4 to 5 changes the first four eigen-
values by less than 1%, so we use a 4
4 truncation. The
eigenvalues are

�E0,E1,E2,E3
 =
�2

2mR2 �− 0.48,1.36,4.05,9.07
 . �3�

Including the configuration of the ammonia dipole, the
Hamiltonian can be written in the basis �↑ � � �En�,
�↓ � � �En��, where �En�� are the electronic eigenstates with the
dipole moment p→−p �with eigenvalues En�=En�. This is an
8
8 matrix with our truncation. In the absence of tunneling
between the dipole configurations, this would be a diagonal
matrix, with doubly degenerate energy eigenvalues.

Without the electron in the ring, the splitting between the
symmetric and antisymmetric levels of the ammonia mol-
ecule is 9
10−5 eV. In terms of the units used in Eq. �2�, for
a ring of R=10 nm, the tunneling matrix element is thus

t = − 0.13
�2

2mR2 , �4�

with the level splitting equal to 2�t�. Since the tunneling
Hamiltonian does not act on the electron in the ring, the
tunneling matrix element between �↑ � � �En� and �↓ � � �Em� �
is t�Em� �En�, which can be evaluated numerically.

If �E1−E0�� �t�, the degenerate ground state in the 8
8
Hamiltonian is split by 2t�E0 �E0��. Numerically, for a ring of
R=10 nm, the splitting between the lowest two eigenvalues
is 0.49 of the free-molecule splitting, and is to a good ap-
proximation equal to 2�t��E0 �E0��. On the other hand, if R is
sufficiently large so that �E1−E0�� �t�, the radiation fre-
quency is that of the free molecule. Numerically, this hap-
pens when R�30 nm. If the temperature is large compared
to �E1−E0�, one has to consider transitions between excited
states as well. For a 10 nm ring, the temperature T has to be
much less than 8K to ignore the excited states.

For R
30 nm and T�8 K, to a good approximation
the Hamiltonian can thus be truncated to a symmetric
2
2 matrix, for which the ground and first excited states
are the symmetric and antisymmetric combinations
�I�,�II�= �1/�2���↑ ;E0�± �↓ ;E0��
. In order to excite transi-
tions between �I� and �II�, one has to apply a time dependent
electric field, which couples to the dipole moment of
the states. With P= Pamm+ Pel, one can verify that
�I�P�II�= �↑�Pamm�↑ �+ �E0�Pel�E0�. Since the electronic
ground state has a dipole moment opposed to the direction of
the ammonia moment, this changes the intensity of the spec-
tral line. Numerically, one obtains

�I�P�II� = 0.31eÅ − 0.65eR . �5�

For R=10 nm, �I�P�II� is changed by a factor of −210, in-
creasing the line intensity by about 4
104.

We now re-examine the approximations made so far. For
a general orientation of the ammonia molecule, only the
component of its dipole moment in the plane of the ring
couples to the electron in the ring, reducing the effects dis-
cussed above. For randomly oriented molecules, a broad
band will be seen. Also, if the molecule is not in the center of
the ring, the symmetry between the two orientations of its
dipole moment is destroyed: the dipole moment prefers to
align itself towards the closest point on the ring.

We now consider the effect of increasing the number of
electrons in the ring. First, we consider the two electron case
in detail. If �1 and −�2 are the angular positions of the elec-
trons with respect to the dipole moment of the ammonia,
changing to �+= ��1+�2� /2 and �−= ��1−�2�, the electronic
Hamiltonian is

H =
�2

4mR2 ��+
2 + 4�−

2
 − 2
ep

R2 cos �+ cos
�−

2
� +

e2

2R cos �−
.

�6�

In the absence of the ammonia dipole, the Hamiltonian
is separable. Since the kinetic energy is small compared
to the potential energy, �−��. Expanding �− as �−2�,
H����2 /mR2��2 /��

2+e2� 2 /4R, so that

�� 2� = ��mRe2�−1/2. �7�

The wave function is uniform in the �+ coordinate.
With the dipole, the Hamiltonian of Eq. �6� is no longer

separable, so we perform an approximate analysis. From
classical arguments it is clear that ����+�� is greatest when
�+=0, for which case by minimizing −2�ep /R2�sin �
+e2 / �2R cos �� we find that ��2���4p /eR�2. By comparing
with Eq. �7�, we see that the change in the ground state wave
function is negligible for the � coordinate. For the �+ coor-
dinate, with � set at its optimal value ��=4p /eR for �+=0,
�=0 for �+= ±� /2�, there is an effective potential energy
−�4p2 /R3�cos2 �+. Since this is negligible compared to
�2 /2mR2, the kinetic energy still forces the wave function to
be essentially uniform in �+. Thus the overlap in the ground
state wave function of the two electrons with and without the
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ammonia dipole potential is almost unity, as is therefore the
overlap �E0� �E0�. Hence, for N=2, the radiation frequency is
essentially that of the free molecule.

If more electrons are added to the ring, �E0� �E0� decreases:
for N electrons at low density the electronic state is essen-
tially a Wigner crystal and the dipole potential shifts each
electron from its lattice position by an angle O�p /eRN�,
whereas the angular spread of each electron wave function is
O�1/N�. Thus �E0� �E0�= �1−O�p /eR�2
N, which tends to zero
for large N. But in reality, as N increases, the Wigner crystal
melts.8 The overlap �E0� �E0� then reverses its N dependence,
approaching unity as N→�. Physically this is because in the
liquid state the electrons efficiently screen the dipole poten-
tial so that it does not significantly perturb the electronic
ground state.

To make this plausible, let us consider the more tractable
problem of N electrons in a spherical shell of inner radius R,
perturbed by a point charge q placed at the center of
the shell. Within the Thomas Fermi approximation, the point
charge potential is screened within a distance �ds from R.
If ds�R, screening also changes V�R� from q /R to qds /R2.
The phase shift �l�kF� due to this potential is approximately
zero for l�kFR, because of the centrifugal barrier, whereas
for l�kFR, it is approximately �0�kF�. Within the WKB ap-
proximation, ��0�kF��V�R�ds /�vF�. Following Anderson,5

the overlap between the ground state wave function
with and without the point charge is bounded by
exp�−�l�2l+1�sin2 �l�kF�ln N
. Combining our results so far,
the prefactor to ln N is �−�kFR�2�qds /R2�2�ds /�vF�2. If N is
increased at fixed R, since 1/ds�kF�N1/3, the overlap
bound is exp�−� ln N /N4/3
, which approaches unity as
N→�. This does not conflict with Anderson’s result, which
applies when N and the system size are both increased, with
the particle density held constant.

Alternatively, we could consider N electrons in a spherical
box of radius R perturbed by a point charge −e placed at the
center of the box. Anderson’s bound on the overlap can also
be expressed as exp�−k2�tot ln N / �12�3
� where �tot is the
cross section for an electron at the Fermi surface to scatter
from the screened potential of the perturbing point charge. If
we take the screened potential to be of the Thomas-Fermi
form and use the Born approximation, both justified in the
high density limit kfaB�1 �where aB=4��0�2 /me2 is the
Bohr radius�, we find

�E0��E0� � exp�−
1

12�

 4

9�
�1/3 1

N1/3

R

aB
ln N� �8�

which tends to 1 as N→� if R is held constant. Again, this
does not conflict with Anderson’s result.5

The case of a strictly one-dimensional ring deserves spe-
cial consideration. For spinless electrons with short-range in-
teractions at high density, the problem can be analyzed by
bosonization, whereby the electron liquid is described in
terms of non-interacting bosonic density-wave oscillators.9

In this description, the smooth ammonia dipole potential per-
turbs just one bosonic oscillator via a linear coupling. Thus,
in contrast to the case of a sharp Kane-Fisher impurity,10 the
problem remains trivially soluble. A simple calculation re-

veals that the overlap of the electronic ground states corre-
sponding to the two configurations of the ammonia molecule
is exp�−4	2g /v2N2
, essentially perfect as N→�. Here v and
g are Luttinger liquid interaction parameters.9 Physically, the
reason for this dependence is that the single oscillator to
which the ammonia molecule couples becomes stiffer as N
�and therefore the Fermi velocity� increases.

In three dimensions, the single particle level spacing
scales as 1 /N1/3. Thus as N continues to grow, the bath will
ultimately cross over to a macroscopic regime when the
single particle level spacing falls well below the tunneling
scale t. In this regime, the ammonia molecule can couple to
an enormous number of possible particle-hole excitations of
the bath, and its tunneling behavior should therefore be well-
described in the conventional framework of the spin-boson
model.2,11 In contrast to the mesoscopic bath, the imperfect
overlap between the ground states of a macroscopic bath can
renormalize the tunneling frequency of the two level system
all the way down to zero, leading to a complete suppression
of tunneling, or localization.2 Also, there is damping for the
macroscopic bath, but not the mesoscopic. Another distinc-
tion is the mesoscopic bath-induced amplification of the di-
pole coupling of ammonia to external radiation. This has, to
our knowledge, no counterpart in the physical realizations of
the spin-boson model studied so far.

We now briefly consider possible experimental realiza-
tions. Metallic rings are unsuitable because of the high den-
sity of electrons in metals: rings of the requisite size would
contain far too many electrons. Conventional semiconductor
devices such as silicon MOSFETs and GaAs MODFETs can
have the required low electron density but suffer from the
difficulty that the electron gas is buried deep inside the de-
vice below a dielectric layer of oxide or semiconductor.
However it may be possible to circumvent this difficulty by
fabricating devices in which the electron gas lies on the outer
surface of the semiconductor and in which the vacuum plays
the role of the dielectric layer. GaAs is unsuitable for such
devices because of a high density of surface traps, but Kane
and co-workers have recently succeeded in passivating the
�111� surface of silicon and making working devices of this
type.12 By suitably gating these devices, in principle, it
should be possible to laterally confine the electrons to rings.
Other systems in which the electron gas has low density and
is not deeply buried include electrons deposited on liquid
helium13 and newer semiconductor structures that are grown
by bottom-up techniques and that may be injected with elec-
trons by photoexcitation of a dye with which the structures
have been coated.14 In the former system too electrons could
be shepherded into rings by suitable gating;15 in the latter,
the electrons would be confined to nanoscale semiconductor
particles that are typically spherical in shape.

Apart from fabricating the rings, the other experimental
task is to position ammonia molecules in their vicinity. A
simple extension of the calculation above shows that a free
ammonia molecule placed at the center of a ring experiences
a force that tends to deflect it off-center where the coupling
to the ring is much weaker. However this should not be an
insurmountable problem at least in the solid state systems
mentioned above. For example, with silicon devices, the am-
monia molecules could be deposited at random on the silicon
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surface, to which they would stick. Although ammonia sticks
to a bare silicon surface by covalent bonding of the nitrogen
atom16 that renders dipolar oscillations impossible, on a hy-
drogen passivated Si surface such as used in the devices of
Ref. 12 it is expected that ammonia would stick without such
covalent bonding.

In summary, we have shown that a quantum two level
system coupled to a mesoscopic bath responds to the bath in
an extremely nonmonotonic manner as the number of par-
ticles in the bath is changed, and has a strong response even
with one particle in the bath. Apart from its intrinsic interest,
such an interaction could be relevant to a quantum comput-
ing architecture integrating mesoscopic solid state and flying
atomic or ionic qubits,17 a potential application deserving
further exploration. As a prototype, we have considered an
ammonia molecule in the center of a ring with a small num-
ber of electrons. We have discussed possible experimental

techniques to make such devices with a single electron in a
ring. The experimental signatures of the effects studied here
are: �i� a shift in the ammonia spectral line due to the sup-
pressed tunneling, �ii� a factor of 104 increase in the strength
of the line due to the enhanced effective dipole moment, and
�iii� strong inhomogeneous broadening of the line due to
variations in the rings and the couplings between the rings
and ammonia molecules. A key role in our analysis is played
by the sensitivity of the electronic ground state to external
perturbation. It is desirable to determine the dependence of
this “wave function stiffness” on N and N /R more rigor-
ously, e.g., numerically.
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