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Radio-frequency techniques were used to study ultracold fermions. We ob-
served the absence of mean-field “clock” shifts, the dominant source of sys-
tematic error in current atomic clocks based on bosonic atoms. This absence
is a direct consequence of fermionic antisymmetry. Resonance shifts propor-
tional to interaction strengths were observed in a three-level system. However,
in the strongly interacting regime, these shifts became very small, reflecting the
quantum unitarity limit and many-body effects. This insight into an interacting
Fermi gas is relevant for the quest to observe superfluidity in this system.

Radio-frequency (RF) spectroscopy of ultra-
cold atoms provides the standard of time.
However, the resonance frequencies of ultra-
cold atoms are sensitive to interactions be-
tween atoms, leading to the so-called clock
shifts of the unperturbed resonances (1).
These shifts limit the accuracy of current
atomic clocks (2, 3), but can also be used to
characterize atomic interactions.

RF spectroscopy has previously been ap-
plied to cold atoms to determine the size and
temperature of atom clouds (4, 5). RF meth-
ods have also been used for evaporative cool-
ing, for preparing spinor Bose-Einstein con-
densates (BECs) (6, 7), and as an output
coupler for atom lasers (5, 8). In all these
experiments, shifts and broadenings due to
atomic interactions were negligible. Recent-
ly, density-dependent frequency shifts of RF
transitions were observed in rubidium (9) and
sodium (10) BECs. These frequency shifts
are proportional to the difference in mean-
field energies of two internal atomic states
and allow scattering lengths to be extracted.
Mean-field shifts in BECs have also been
observed by optical spectroscopy (11, 12).

Here, we apply RF spectroscopy to ultra-
cold clouds of fermions and demonstrate sev-
eral phenomena: (i) the absence of a clock
shift in a two-level system because of fermi-
onic antisymmetry, (ii) the emergence of
mean-field shifts in a three-level system after
the relaxation of pair correlations, (iii) the
limitation of mean-field shifts because of the
unitarity limit, and (iv) the universality of the

interaction energy in a dense cloud, indepen-
dent of the attractive or repulsive nature of
the two-particle interactions.

Research in ultracold fermions has ad-
vanced rapidly, with six groups now having
cooled fermions into quantum degeneracy (13–
18). A major goal of this research is to induce
strong interactions by tuning magnetic fields to
scattering resonances (called Feshbach reso-
nances). Under these conditions, Cooper pairs
of fermions may form, leading to superfluidity.
This would establish a model system for study-
ing Bardeen-Cooper-Schrieffer (BCS) pairing
at densities nine orders of magnitude lower than
in previous realizations in 3He and supercon-
ductors. We show that RF spectroscopy can be
used to characterize interactions between fermi-
ons in the regime where superfluidity has been
predicted (19, 20).

Our experimental technique for preparing
ultracold fermions has been considerably
improved since our earlier work (17, 21).
Because the Pauli exclusion principle sup-
presses elastic collisions between identical
fermions at low temperatures and prevents
evaporative cooling, we cooled fermionic 6Li
sympathetically with bosonic 23Na loaded
into the same magnetic trap. In contrast to
previous work, we cooled both species in
their upper hyperfine states (23Na: �F,mF� �
�2,�2�, 6Li: �F,mF� � �3⁄2,�3⁄2�, where F and
mF are the quantum numbers for the total spin
and its z component, respectively. This led to
a reduction of inelastic loss processes and
boosted our final fermion atom numbers by
two orders of magnitude. We could produce
BECs that contained up to 10 million sodium
atoms in the �2,�2� state by evaporatively
cooling pure bosonic samples in the magnetic
trap. For a Bose-Fermi mixture, the finite
heat capacity of the bosons limited the final
lithium temperature after the 30-s evapora-
tion cycle to �0.3 TF for 10 million fermi-

ons and �TF for 50 million fermions (22),
where TF is the Fermi temperature.

The spin states of 6Li of most interest for
superfluid pairing are the two lowest states
�1� and �2� (�1⁄2,�1⁄2� and �1⁄2,�1⁄2� at low
field), which are predicted to have an inter-
state s-wave (23) Feshbach resonance at
�800 G (24, 25). However, both states are
high-field–seeking at these fields, which
makes them unsuitable for magnetic trapping.
We therefore transferred the atoms into an
optical trap. For these experiments, 6 to 8
million �3⁄2,�3⁄2� lithium atoms were loaded
into the optical trap at temperature T � TF �
35 �K (26). The atoms were then transferred
to the lowest energy state �1�, with an adia-
batic frequency sweep around the lithium
hyperfine splitting of 228 MHz. Magnetic
fields of up to �900 G were applied, a range
that encompasses the �1� � �2� Feshbach
resonance. Using RF-induced transitions near
80 MHz, we could create mixtures of states
�1�, �2�, and �3� (�3⁄2, �3⁄2� at low field) and
explore interactions between fermions in
these states.

Collisions between atoms cause a shift of
their energy, which is usually described by the
mean-field effect of all the other atoms on the
atom of interest. For example, atoms in state �2�
experience an energy shift, [(4�	2)/(m)]n1a12,
that is due to the presence of atoms in state �1�.
Here 	 is Planck’s constant h divided by 2�, m
is the mass of the atom, n1 is the density of �1�
atoms, and a12 is the interstate scattering length
between states �1� and �2�. We use the conven-
tion that positive scattering length corresponds
to a repulsive interaction. Density-dependent
shifts of the resonance frequency for the tran-
sition that connects two states have been ob-
served in laser-cooled (1) and Bose-condensed
(9, 10) clouds.

In the case of ultracold fermions, only
interactions between different internal states
are allowed. For a system of density n, let us
compare the energy of a gas prepared purely
in state �1� to a gas in which one atom is
transferred into state �2�. The energy differ-
ence is h
12 � [(4�	2)/(m)]na12, where 
12

is the resonance frequency of the noninteract-
ing system. Similarly, the energy difference
between a gas prepared purely in state �2� and
a gas in which one atom is transferred into
state �1� is h
12 � [(4�	2)/(m)]na12.

However, these energy shifts should not
affect the resonance for a coherent transfer
out of a pure state. For fermions in the initial
pure state, the pair-correlation function van-
ishes at zero distance because of the antisym-
metry of the wave function. During any co-
herent transfer process, the state vectors of all
the atoms rotate “in parallel” in Hilbert space;
i.e., the superposition of the two spin states
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has the same relative phase for all atoms.
Thus, the atoms remain identical and cannot
interact in the s-wave regime. The mean-field
energy is thus established only after the co-
herence of the superposition state is lost and
the pair correlations have relaxed, forming a
purely statistical mixture of the two states.

It is a consequence of Fermi statistics
that spectroscopic methods do not measure
the equilibrium energy difference between
the initial and final state of the system, but
rather measure the unperturbed resonance
frequency. The expected absence of the
clock shift has led to suggestions for the
use of fermions in future atomic clocks
(27 ). Our work presents an experimental
demonstration of this phenomenon.

We determined the transition frequency be-
tween states �1� and �2�, first starting with a pure
state �1� and then with a pure state �2� sample.
The absence of a splitting between these two
lines proves the suppression of the clock shift.
Fig. 1 shows an example of such measure-
ments. The magnetic field was ramped up to
570 G with the cloud in state �1�. At this field,
a12 � 150a0. Therefore, the expected equilib-
rium mean-field shifts were �
 � �5 kHz for
our mean density of 3  1013 cm�3 (28). The
interaction between states �1� and �2� at this
magnetic field was also observed in the mutual
evaporative cooling of the two states in the
optical trap. RF pulses 140 �s in duration were
applied at frequencies near the unperturbed res-
onance 
12 � 76 MHz. Atoms in states �1� and
�2� could be monitored separately by absorption
imaging, because they are optically resolved at
this field. We observed a suppression of the
clock shift by a factor of 30 (Fig. 1). Using the
same method, we observed the absence of a
clock shift at several other magnetic fields. In
particular, we observed a suppression of more
than three orders of magnitude at �860 G (29).

P-wave interactions (23) could lead to a
nonvanishing clock shift. However, at these
low temperatures, they are proportional to T
or TF, whichever is higher, and are therefore
strongly suppressed.

We can observe mean-field shifts and
scattering lengths spectroscopically by driv-
ing transitions from a statistical mixture of
two states to a third energy level. [While this
work was in progress, use of a similar method
to measure scattering lengths in fermionic
40K was reported (30).] Specifically, we re-
corded the difference between the RF spectra
for the �2� 3 �3� transition in the presence
and in the absence of state �1� atoms. The
presence of atoms in state �1� is then expected
to shift the resonance by (31).

�
 �
2	

m
n1(a13 � a12) (1)

In our experimental scheme to determine the
interaction energy at different magnetic fields
(Fig. 2), the system was prepared by ramping
up the magnetic field to 500 G with the atoms

in state �1�. Either partial or complete RF
transfer to state �2� was then performed. The
number of atoms in state �1� was controlled
by adjusting the speed of a frequency sweep
around the �1� 3 �2� resonance. A fast, non-
adiabatic sweep created a superposition of the
two states, whereas a slow, adiabatic sweep
prepared the sample purely in state �2�. A
wait time of 200 ms was allowed for the
coherence between states �1� and �2� to decay
and the system to equilibrate.

Typical parameters for the decohered �1�
– �2� mixture were mean-density n1 �
2.4  1013 cm�3 and T � 0.7 TF. The
magnetic field was then changed to the
desired value, and the transition from state
�2� to state �3� was driven with 140-�s RF
pulses (Fig. 2C). We monitored the appear-
ance of atoms in state �3� and the disap-
pearance of atoms from state �2�, using
simultaneous absorption imaging. Fig. 2D
shows the unperturbed and perturbed reso-
nances at the magnetic field B � 480 G.
The position of the unperturbed resonance

Fig. 1. Absence of the clock shift. RF transitions
were driven between states �1� and �2� on a
system prepared purely in state �1� (solid cir-
cles) and purely in state �2� (open circles).
Mean-field interactions would have resulted in
5-kHz shifts for the two curves in opposite
directions. Gaussian fits (solid lines) to the data
are separated by 0.04 � 0.35 kHz. This gives a
clock-shift suppression factor of 30. Arb., arbi-
trary units.

Fig. 2. Schematic of the mean-
field measurement and represen-
tative spectra at 480 G. (A) Hy-
perfine structure of the ground
state of 6Li. (B and C) Experimen-
tal scheme: (B) Preparation of a
mixture of atoms in states �1�
and �2�, and (C) RF spectroscopy
of the �2� 3 �3� transition using
a variable radio frequency (
RF).
(D) The fraction of atoms trans-
ferred from �2� to �3�, with �1�
atoms absent (solid circles) and
present (open circles). The
mean-field shift is computed
from Gaussian fits to the data
(solid lines). (E) Spatial images of
state �3� for the perturbed reso-
nance. The optical trap was
turned off immediately after the
RF pulse and absorption images
of the atoms were taken after
120 �s of expansion time. The
central section of �150-�m ver-
tical extent was used to extract
the transferred fractions in (D).
(E) also shows images of states
�2� and �1� for zero RF detuning.
States �3� and �2� were imaged
simultaneously to observe their
complementary spatial struc-
ture. State �1� was imaged after
760 �s of expansion time to
record its density for normaliza-
tion purposes.
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23 also determines the magnetic field to an
accuracy of �0.1 G. Fig. 2E shows absorp-
tion images of atoms in state �3�, obtained
for different values of the applied radio
frequency. One can clearly see the spatial
dependence and thus the density depen-
dence of the mean-field shift: Close to the
unperturbed resonance, the low-density
wings of the cloud are predominantly trans-
ferred, whereas the high-density central
part of the cloud is transferred only at
sufficient detuning. To suppress spurious
effects from this spatial dependence, only a
small central part of the images was used to
extract the transferred atomic fraction.

To ensure that our mean-field measure-
ments were performed on a statistical mix-
ture, we measured the time scale for decoher-
ence in our system. The decay of the �1� � �2�
coherence at 500 G was observed by moni-
toring the �2� 3 �3� transfer at the measured
unperturbed resonance 
23, as a function of
wait time (Fig. 3). For wait times that are
small compared to the decoherence time of
the �1� � �2� superposition, the �2�3 �3� RF
drive places each atom in an identical three-
state superposition. All mean-field shifts are
then absent and the resulting transfer is un-
changed from the unperturbed case. For long-
er wait times, the �1� � �2� superposition
decoheres and mean-field interactions set in.
This shifts the resonance frequency of the �2�
3 �3� transition, reducing the transferred
fraction at 
23. The measured decoherence
time of �12 ms was attributed mainly to the
sensitivity of 
12 to magnetic field variations
across the cloud. These inhomogeneities
cause the relative phase of the �1� � �2�
superposition in different parts of the trap to
evolve at different rates, given by the local

12. Atoms that travel along different paths
within the trap therefore acquire different
phases between their �1� and �2� components.
Being no longer in identical states, s-wave
interactions between them are allowed. The
inhomogeneities scale with B, whereas the
sensitivity of the transition scales with �
12/

�B. We would thus expect the decoherence
time to vary inversely with the product of
these two quantities. Our hypothesis is sup-
ported by our observation of longer decoher-
ence times at higher fields, where B  �
12/
�B is lower.

Fig. 4A summarizes the results of our
mean-field measurements for a wide range of
magnetic fields up to 750 G. For magnetic
fields up to 630 G, our data can be explained
fairly well by using Eq. 1 with the theoretical
calculations of the scattering lengths shown
in Fig. 4B and an effective density of n1 �
2.2  1013 cm�3, which is consistent with
the initial preparation of the system at 500 G.
A narrow resonance of a12 at �550 G (21,
25, 32) is indicated by the data but was not
fully resolved. We also see additional struc-
ture near 470 G, which is not predicted by
theory and deserves further study.

For fields above 630 G, the measured shifts
strongly deviated from the predictions of Eq. 1,
indicating a different regime of interactions. In
the region between 630 G and 680 G, the two
scattering lengths are expected to be large and
positive, with a13 �� a12 (Fig. 4B). Eq. 1 would
thus predict large positive mean-field shifts. In
contrast, we observe very small shifts, indicat-
ing almost perfect cancellation of the two con-
tributions. We also observe essentially no mean-
field shifts between 680 G and 750 G, where the
two scattering lengths are predicted to be very
large in magnitude and of opposite signs, and in
a simple picture should add up to a huge nega-
tive shift. These results are evidence for phe-
nomena in a strongly interacting system, where

the scattering length becomes comparable to
either the inverse wave vector of interacting
particles or the interatomic separation.

Eq. 1 is valid only for low energies and
weak interactions, where the relative wave
vector of the two particles, k, satisfies k ��
1/�a�. For arbitrary values of ka, the s-wave
interaction between two atoms is described
by replacing the scattering length a with the
complex scattering amplitude f.

f �
� a

1�k2a2 (1�ika) (2)

The real part of f, Re( f ) determines energy
shifts, and hence the ground state properties of
an interacting many-body system. The imagi-
nary part, Im( f ) determines the (inverse) life-
time for elastic scattering out of a momentum
state, and hence the dynamic properties of the
system such as thermalization rates. For k�a�3
�, the elastic cross-section � � 4�Im( f )/k
monotonically approaches the well known
“unitarity-limited” value of 4�/k2. On the other
hand, the two-particle contribution to the mean-
field energy, proportional to �Re( f ) � a/(1 �
k2a2) peaks at �a� � 1/k and then, counter-
intuitively, decreases as 1/�a� for increasing �a�.
Averaging Re( f ) over a zero-temperature
Fermi distribution with Fermi momentum 	kF

limits its absolute value to 1.05/kF and marked-
ly weakens its dependence on the exact value of
a in the kF�a� � 1 regime (33). This results in a
prediction for the mean-field energy that is
sensitive to the sign of the scattering length,
remains finite for kF�a� �� 1, and never exceeds
0.45 EF, where EF is the Fermi energy. Hence,

Fig. 3. Emergence of mean-field shifts due to
decoherence at 500 G. Decoherence leads to a
reduction of the �2� 3 �3� transfer at the
unperturbed resonance 
23. An exponential fit
to the data (solid line) gives a time constant of
12 ms.

Fig. 4. Spectroscopic measurement of interaction energy. (A) Frequency shift versus magnetic field
for the �2�3 �3� resonance due to atoms in state �1�. The shifts are computed by monitoring the
arrival fraction in state �3� for 140-�s RF pulses, except at 750 G. At 750 G, because of strong
inelastic losses between �3� and �1� atoms, we monitored the loss of atoms in state �2� after
applying RF sweeps 3 ms in duration and 2 kHz in width. All the data points are normalized to the
same atom number in state �1�. The fit at low fields (solid line) uses Eq. 1 with n1 � 2.2  1013

cm�3 and the theoretical calculations of the scattering lengths. The error bars reflect uncertainty
in the state �1� atom number and the uncertainty in the Gaussian fits to the spectra. The dashed
line indicates the position of the predicted a13 resonance. (B) S-wave scattering lengths a12 and a13
as a function of magnetic field, obtained from a highly model-independent quantum-scattering
calculation. The calculation makes use of the presently available 6Li experimental data (40) in a
coupled channel approach to deduce accumulated phases that characterize the less well-known,
short-range parts of the 6Li � 6Li scattering potential (32). a12 has a narrow Feshbach resonance
at 550 G and a wide one at 810 G. a13 has a wide Feshbach resonance at 680 G.
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this approach could qualitatively explain our
results in the 630 to 680 G region, but it is in
clear contradiction with negligible resonance
shifts in the 680 to 750 G region (34).

We suggest that these discrepancies might
be due to the fact that we are in the high-density
regime, where n�a�3 approaches unity. In a de-
generate Fermi gas, the interparticle spacing is
comparable to the inverse Fermi wave vector,
kF

3 � 6�2n. Hence, the unitarity limit coincides
with the breakdown of the low-density approx-
imation (n�a�3 �� 1) and higher order many-
body effects can become important. Some re-
cent many-body calculations (35–37) suggest
that in the regime kF�a� �� 1 (or n�a�3 �� 1), the
interaction energy is always negative and inde-
pendent of both sign and magnitude of a. This
suggests that whenever the scattering length is
large, either positive or negative, the interaction
energy is a universal fraction of the Fermi en-
ergy (33). This is a possible explanation for the
small line shifts that we observed for fields
higher than 630 G, where the interactions are
strong in both states.

This picture is consistent with other recent
experimental observations (30, 33, 38, 39).
Expansion energy measurements in a mixture
of states �1� and �2� of 6Li (39) showed a
negative interaction energy at 720 G, which is
on the repulsive side of the predicted Fesh-
bach resonance. RF spectroscopy in 40K (30)
has also shown some saturation of the mean
field in the vicinity of a Feshbach resonance,
which may reflect the unitarity limit.

In characterizing an interacting Fermi gas by
RF spectroscopy, we have demonstrated ab-
sence of clock shifts in a two-level system and
introduced a three-level method for measuring
mean-field shifts. For strong interactions, we
have found only small line shifts that may re-
flect both the unitarity limit of binary collisions
and many-body effects. It would be very impor-
tant to distinguish between two-body and many-
body effects by studying the gas over a broad
range of temperatures and densities. In a very
dilute and very cold gas, the weakly interacting
limit could be extended to very large values of
�a�, thus allowing for direct verification of mo-
lecular calculations. This presents experimental
challenges, because cooling changes the density
and the temperature together. It would also be
interesting to study similar phenomena in
bosonic gases, in order to distinguish to what
extent the high density many-body effects de-
pend on quantum statistics. This insight into the
physics of strongly interacting Fermi gases must
be taken into account in the search for superflu-
idity in these systems.
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The Interface Phase and the
Schottky Barrier for a Crystalline

Dielectric on Silicon
R. A. McKee,1* F. J. Walker,1,2 M. Buongiorno Nardelli,1,3

W. A. Shelton,1 G. M. Stocks1

The barrier height for electron exchange at a dielectric-semiconductor interface
has long been interpreted in terms of Schottky’s theorywithmodifications from
gap states induced in the semiconductor by the bulk termination. Rather, we
showwith the structure specifics of heteroepitaxy that the electrostatic bound-
ary conditions can be set in a distinct interface phase that acts as a “Coulomb
buffer.” This Coulomb buffer is tunable and will functionalize the barrier-height
concept itself.

When Schottky (1) and Mott (2) formulated the
barrier-height theory for a metal-semiconductor
junction and later when Anderson (3) formulated
the band-edge offset problem for semiconductor-
semiconductor junctions, there was no consider-
ation given to interface states as contributions

to the electrostatic boundary conditions. The
charge distribution at the interface was treated
simply as a superposition of the bulk-terminated
junction. Certainly these theories have been in-
sightful, but they consistently misrepresent the
barrier height or band-edge offsets because
real interfaces, apparently from interfacial
structure variations, modify the intrinsic band
alignment (4–6).

Although the bulk-termination view of the
problem has been enhanced over the years with
an ever-increasing formalization of theoretical
techniques (7–15), recent bond polarization ar-
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