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Ultracold atoms
Very pure & highly controllable atomic gases  
Ideal research platform for quantum many-body phenomena
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From Schauss Group, University of Virginia (https://ultracold.phys.virginia.edu/public_html/)
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2. Spatial geometry of gas
3D, 2D, 1D, Lattice, …

1. Quantum statistics & spin degrees of freedom
Bose atom: 7Li, 23Na, 39K,…
Fermi atom: 6Li, 40K,…

Hyperfine states Spin
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complete control of the experimentalist. For example, 
the geometry of the trapping potentials can be changed 
by interfering laser beams under a di! erent angle, thus 
making even more complex lattice con" gurations19, 
such as Kagomé lattices20. # e depth of such optical 
potentials can even be varied dynamically during 
an experimental sequence by simply increasing or 
decreasing the intensity of the laser light, thus turning 
experimental investigations of the time dynamics of 
fundmental phase transitions into a reality.

Each periodic potential formed by a single 
standing wave has the form

Vlat(x) = V0sin2(kLx),

where kL = 2π/λL is the wave vector of the laser 
light used to form the optical standing wave and V0 
represents the lattice potential depth, usually given 
in units of the recoil energy ER = h _ 2kL

2/2m (m being 
the mass of a single neutral atom), which is a natural 
energy scale for neutral atoms in periodic light " elds. 
Note that by choosing to interfere two laser beams 
at an angle less than 180°, one can form periodic 
potentials with a larger period.

# e motion of a single particle in such periodic 
potentials is described in terms of Bloch waves 
with crystal momentum q. However, an additional 
harmonic con" nement arises due to the gaussian 
pro" le of the laser beams (see Fig. 2). Although this 
harmonic con" nement is usually weak (typically 
around 10–200 Hz oscillation frequencies) 
compared with the con" nement of the atoms on 
each lattice site (typically around 10–40 kHz), it 
generally leads to an inhomogeneous environment 
for the trapped atoms. One must be careful, 
therefore, when comparing experimental results 
derived for a homogeneous periodic potential case 
to the ones obtained under the inhomogeneous 
trapping conditions as described.

Owing to the large degree of control over the 
optical lattice parameters, a number of detection 
techniques have become available to directly measure 
the band populations present in the periodic potential. 
A good example of such a measurement technique 
is the mapping of a Bloch state in the nth energy 
band with crystal momentum q onto a free-particle 
momentum in the nth Brillouin zone (see Fig. 3). # is 
can be achieved by adiabatically lowering the lattice 
potential depth, such that the crystal momentum 
of the excitation is preserved during ramp-down. 
# en, the crystal momentum is eventually mapped 
onto a free-particle momentum in the corresponding 
Brillouin zone21,22 (see Fig. 3). For instance, for an 
equal statistical mixture of Bloch states in the lowest 
energy band, one expects a homogeneously " lled 
momentum distribution of the atom cloud within 
the " rst Brillouin zone (a square in momentum space 
with width 2h _ kL). # e atom cloud for such an input 
state should then expand like a square box a$ er the 
adiabatic lowering of the optical lattice potential, 
which has indeed been observed experimently22–24. 
Occupation of higher energy bands becomes visible 
as higher Brillouin zones are populated, and the atom 
cloud expands in a stair-case density distribution a$ er 
adiabatic turn-o! 23 (see Fig. 3e).
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Figure 1 Optical lattice potentials formed by superimposing two or three orthogonal standing waves. 
a, For a 2D optical lattice, the atoms are confi ned to an array of tightly confi ning 1D potential tubes. 
b, In the 3D case, the optical lattice can be approximated by a 3D simple cubic array of tightly 
confi ning harmonic oscillator potentials at each lattice site.
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Figure 2 Optical lattice potentials. a, The standing-wave interference pattern creates a periodic 
potential in which the atoms move by tunnel coupling between the individual wells. b, The gaussian 
beam profi le of the lasers, a residual harmonic trapping potential, leads to a weak harmonic confi nement 
superimposed over the periodic potential. Thus the overall trapping confi guration is inhomogeneous.
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FIG. 1. Triangular-lattice quantum gas microscope. (a) Sketch of triangular lattice and Raman sideband imaging beams and their
alignment relative to the vacuum chamber. The stainless steel octagon chamber is equipped with an outer copper coil pair for the MOT
field and inner coil pair for the Feshbach field. The dipole trap beams propagate in the x-y plane and are approximately aligned with
the axis R1. The triangular lattice is formed by recycling the lattice beam through the recessed top and bottom windows, leaving just
enough space for the objective at the top window. The second and third focus are created by 1:1 imaging systems, which are not shown.
Three orange arrows (T1, T2, and T3) indicate the direction of the three beams which cross at the position of the atoms where the
triangular lattice is formed. The polarization configuration used for imaging in the lattice is illustrated in the bottom middle inset. The
Raman cooling beams (R1 and R2) and the Raman repump beam (RP) are sent through the side windows. (b) Kapitza-Dirac scattering
of 6Li molecular Bose-Einstein condensate (BEC) from the triangular lattice. This image is an average of 10 absorption images after
a time-of-flight of 1.5 ms, using about 1% of the maximum lattice laser power and a pulse length of 2 µs. For this picture, we used
polarization angles of 0◦ for lattice beams T1, T2, and T3 to demonstrate a symmetric lattice. (c) Raw site-resolved fluorescence image
of 6Li atoms in the triangular lattice.

angle of 45◦ out of the x-y plane. Their projections onto
x-y plane cross each other at an angle of 120.0(6)◦. The
power for each beam is 42, 40, and 38 W, respectively,
due to losses caused by optics during the recycling. All
three beams have a Gaussian beam waist of approximately
30 µm at the crossing. This leads to a triangular lattice
with a lattice spacing of alatt = 1003 nm. Our configura-
tion for the lattice is compatible with a standard octagon
vacuum chamber but requires very careful consideration
of the objective mount and magnetic field coils which typ-
ically block the optical access exploited here, as illustrated
in Fig. 1. In addition, we have a custom-designed anti-
reflection coating for the vacuum windows to reduce the
reflection at the 45◦ angle of incidence. As the interfer-
ence pattern between the three crossing beams depends
both on the wavevector direction and the polarization of
each beam, these parameters have to be carefully adjusted
for each beam. The angles between the lattice beams are
restricted to about 1◦ by the optical access and we use
half-wave plates to control the polarizations of all lattice
passes. For the following experiments, we adjusted these to

obtain the strongest possible interference pattern in the tri-
angular lattice. We found that the lattice depth is maximal
for incoming linear polarization angles of about 40◦, −40◦,
and 80◦ for lattice beams L1, L2, and L3, respectively, rela-
tive to the vertical polarization closest aligned to the z axis
(Fig. 1). Owing to birefringence in the vacuum windows
and coatings the polarizations may be slightly modified
at the atom position. The asymmetry of the configuration
leads to anisotropic tunneling in the lattice in our current
configuration. We confirmed by explicit calculation that
anisotropic triangular lattice geometries can be adiabati-
cally transformed to a symmetric configuration by varying
the polarization of the three lattice beams. To implement
such a scheme, we plan to add the capability to dynam-
ically switch between the maximum-lattice-depth and an
isotropic-tunneling configuration during the experimental
cycle by upgrading to a motorized wave plate mount in the
future.

To prepare a quasi-two-dimensional Fermi gas in the tri-
angular lattice, we first load the degenerate Fermi gas from
the CDT into the light sheet and evaporate for another

020344-3

Yang et al.(Virginia), PRX 
Quantum (2021)
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3. Interaction between atoms

maximum transfer is reduced and the measured line
shape is wider.

Both of these effects arise from the mean-field energy
due to strong interactions between j9=2;!9=2i and
j9=2;!5=2i atoms at the Feshbach resonance. The
mean-field energy produces a density-dependent fre-
quency shift given by

!! " 2 "h
m

n9#a59 ! a79$; (1)

where m is the atom mass, "h " h=2", n9 is the number
density of atoms in the mf " !9=2 state, and a59 (a79) is
the scattering length for collisions between atoms in the
mf " !9=2 and mf " !5=2 (mf " !7=2) states. Here
we have ignored a nonresonant interaction term propor-
tional to the population difference between the mf "
!7=2 and mf " !5=2 states; this term is 0 for a perfect
" pulse. For our spatially inhomogeneous trapped gas, the
density dependence broadens the line shape and lowers
the maximum transfer on both sides of the Feshbach
resonance peak. In contrast, the frequency shift for maxi-
mum transfer reflects the scattering length and changes
sign across the resonance.

We have measured the mean-field shift !! as a func-
tion of B near the Feshbach resonance peak. The rf
frequency for maximum transfer was obtained from
Lorentzian fits to spectra similar to those shown in
Fig. 2(b). The expected resonance frequency was then
subtracted to yield !!. The scattering length a59 was
obtained using Eq. (1) with n9 " 0:5np and a79 "
174a0 where a0 is the Bohr radius [8]. The peak density
of the trapped mf " !9=2 gas np was obtained from
Gaussian fits to absorption images. The numerical
factor 0.5 multiplying np was determined by modeling
the transfer with a pulse-width limited Lorentzian
integrated over a Gaussian density profile in the two radial
directions.

The measured scattering length as a function of B is
shown in Fig. 3. This plot, which combines data taken for
two different trap strengths and gas densities, shows that
we are able to realize both large positive and large nega-
tive values of a59 near the Feshbach resonance peak. The
solid line in Fig. 3 shows a fit to the expected form for a
Feshbach resonance a " abgf1! %w=#B! Bpk$&g. Data
within '0:5 G of the peak were excluded from the fit.
With abg " 174a0 we find that Bpk " 224:21' 0:05 G
and w " 9:7' 0:6 G.

When B is tuned very close to the Feshbach resonance
peak we expect the measured ja59j to have a maximum
value of (1=kF due to the unitarity limit. Here "hkF is the
Fermi momentum for the mf " !9=2 gas. This satura-
tion can be seen in the data shown in Fig. 3. Two points
that were taken within '0:5 G of the Feshbach resonance
peak, one on either side of the resonance, clearly lie away
from the fit curve. Observation of this saturation demon-
strates that we can access the strongly interacting regime
when a59kF is greater than 1. It is in this regime that

resonance superfluidity is predicted to occur. Using the fit
discussed above, we find that the unitarity-limited point
on the attractive interaction side of the resonance (higher
B) corresponds to a gas that actually has a59kF ) 11.

Anisotropic expansion has been put forth as a possible
signature of superfluidity [23] and has recently been
observed in a 6Li Fermi gas [24]. However, a normal
gas in the hydrodynamic regime, where the collision
rate is large compared to the trap oscillator frequencies,
is expected to exhibit the same anisotropy in expansion
[23,25]. In this case, collisions during the expansion
transfer kinetic energy from the elongated axial cloud
dimension into the radial direction. A large magnitude
scattering length, such as is required for resonance super-
fluidity, enhances the collision rate in the gas and could
cause the normal gas to approach the hydrodynamic
regime.

We have utilized our ability to tune a59 with the mag-
netic-field Feshbach resonance to investigate these ef-
fects. After evaporatively cooling atoms in a 45=55
mixture of the mf " !9=2 and mf " !7=2 spin states,
the optical trap power was recompressed to !r " 1230 Hz
and B was ramped to the desired value near the reso-
nance. We then transferred atoms from the mf " !7=2
state to the mf " !5=2 state with a 29 #s rf " pulse [26].
Expansion was initiated by turning off the optical trap-
ping beam with an acousto-optic modulator 0.3 ms after
the rf pulse. The magnetic field remained high for 5 ms of
expansion and a resonant absorption image was taken
after a total expansion time of 20 ms.

We find that the ratio of the axial and transverse widths
of the expanded cloud, $z=$y, decreases at the peak of
the Feshbach resonance (Fig. 4). This effect depends on
having strong interactions during the expansion; we do
not see any change in $z=$y if the magnetic field, and
consequently the resonant interactions, are switched
off at the same time as the optical trap. The aniso-
tropic expansion is seen on both sides of the peak of the
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FIG. 3. Scattering length versus magnetic field near the
Feshbach resonance peak. The scattering length a59 was ob-
tained from measurements of the mean-field energy taken for
T=TF " 0:4 and two different densities: np " 1:8* 1014 cm!3

(circles) and np " 5:8* 1013 cm!3 (squares). We estimate a
systematic uncertainty in a59 of '50% due to uncertainty in
our measurement of the trapped gas density.
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1. Novel quantum phenomena

Superconductors

2. Quantum computation

3. Analog quantum simulation:  
   cold-atomic systems equivalent/similar to other interesting systems

Neutron superfluid in 
neutron stars

© HENNING DALHOFF/SCIENCE PHOTO LIBRARY
https://www.riken.jp/en/news_pubs/research_news/rr/20200207_2/index.html 

Fermi atoms 
in superfluid phase

Ideal platform to study quantum many-body phenomena

https://www.riken.jp/en/news_pubs/research_news/rr/20200207_2/index.html
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we find spin correlations across the entire disk that alternate in sign 
even up to the largest distance of d =  | d|  =  10, as expected for a state 
with antiferromagnetic long-range order. We determine the tempera-
ture of each sample by comparing the measured nearest-neighbour 
correlator C1 to quantum Monte Carlo predictions at half-filling, which 
gives T/t =  0.25(2) for the lowest temperature (Methods).

As temperature increases, the strength of antiferromagnetic order 
decreases rapidly, until for T/t =  0.64(6) only nearest-neighbour spin 
correlations remain. To quantitatively analyse the spin correlations, we 
plot in Fig. 2b a binned azimuthal average of the sign-corrected spin 
correlator (− 1)iCd as a function of distance d (Methods). For large  
distances (d >  2 sites), the measured correlation functions exhibit an 
exponential scaling with distance, verified by fitting N0exp(− d/ξ) to 
each dataset, with the correlation length ξ and N0 as free parameters (but 
keeping N0 the same across all fits). For our two-dimensional system,  
quantum fluctuations lead to an increase in spin correlations at short 
distances (d ≤  2) above the exponential dependence, most prominently 
visible in the nearest-neighbour correlator26. In Fig. 2d we show the 
experimentally determined correlation length as a function of temper-
ature, which increases markedly at temperatures around T/t =  0.4. For 
the lowest temperature, we find a correlation length of ξ =  8.3(9) sites, 
which is approximately equal to the system size of 10 sites, as expected 
for long-range order.

The long-wavelength and low-temperature behaviour of our system 
is expected to be well described by the quantum nonlinear σ model27, 
which contains three fundamental ground-state parameters: the sub-
lattice magnetization M, the spin stiffness constant ρs and the spin-
wave velocity c. The spin stiffness quantifies the rigidity of an ordered 
spin system upon twisting, and has been calculated to be ρs/t ≈  0.13 for 

U/t =  7, slightly below the Heisenberg model value28. Because the tem-
peratures and correlation lengths are independently determined in our 
experiment, we can obtain an experimental value of ρs directly by fitting 
the dependence in equation (2) to the data. The data show excellent 
agreement with the predicted exponential scaling of ξ with T−1 from 
equation (2). From the fit we determine ρs/t =  0.16(1), which is larger 
than the calculated value, possibly owing to finite-size effects (Methods).

Antiferromagnetic long-range order in solid-state systems is typi-
cally detected by neutron scattering or magnetic X-ray scattering. These 
methods measure the spin structure factor at wavevector q =  (qx, qy) 
and along the z direction, given by

∑= 〈 〉 


⋅ − 


Ω∈

q q r sS
N S

S S i( ) 1 1 ˆ ˆ exp ( )
r s

r s
z

N z z

,
2

In a square lattice, antiferromagnetic long-range order manifests as a 
peak in the structure factor at qAFM =  (π /a, π /a), the amplitude of which 
is directly related to the staggered magnetization: = /qm S N( )z z

AFM . 
For cold atom systems, the spin structure factor can be measured from 
noise correlations or Bragg scattering of light14. The site-resolved detection  
in our experiment enables a direct measurement of the spin structure 
factor, which is obtained from averaging the squared Fourier transfor-
mation of individual single-spin images (Methods). The same result is 
obtained when summing over all contributions of the spin correlation 
function (Extended Data Fig. 3).

For the lowest temperature, we observe a sharp peak in the structure 
factor at q =  qAFM, which confirms the presence of antiferromagnetic 
long-range order (Fig. 2c). For increasing temperatures, the amplitude 
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Figure 1 | Probing antiferromagnetism in the Hubbard model with a 
quantum gas microscope. a, Schematic of the two-dimensional Hubbard 
phase diagram, including predicted phases. We explore the trajectories 
traced by the red arrows for a Hubbard model with U/t =  7.2(2). The 
strongest antiferromagnetic order is observed at the starred point.  
b, Experimental set-up. We trap 6Li atoms in a two-dimensional square 
optical lattice. We use the combined potential of the optical lattice and 
the anticonfinement that is generated by the digital micromirror device 
(DMD) to trap the atoms in a central sample Ω of homogeneous density, 

surrounded by a dilute reservoir, as shown in the plot. The system is 
imaged with 671-nm light along the same beam path as the projected  
650-nm potential, and separated from it by a dichroic mirror. c, Exemplary 
raw (left) and processed (right) images of the atomic distribution of single 
experimental realizations, with both spin components present (upper; 
corresponding to the starred point in a) and with one spin component 
removed (lower). The observed chequerboard pattern in the spin-removed 
images indicates the presence of an antiferromagnet.
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Heisenberg 
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at lower initial T=TF with increasing !B, an effect pre-
dicted in [4–7].

An essential aspect of these measurements is the fast
magnetic-field sweep that pairwise projects the fermionic
atoms onto molecules. It is a potential concern that the
condensation might occur during this sweep rather than
at Bhold. However, in our previous work it was shown that
a magnetic-field sweep with an inverse speed less than
800 !s=G was too fast to produce a molecular condensate

when starting with a Fermi gas 0.68 G on the BCS side of
the resonance [16]. Thus, the inverse sweep speed we use
in this Letter of typically 50 !s=G, while sufficiently
slow to convert 60% of the sample to weakly bound
molecules [11], is much too fast to produce a molecular
condensate.

In addition, we have checked that the observation of a
condensate on the BCS side of the resonance does not
depend on this sweep speed. As seen in Fig. 5(a), much
faster sweeps result in fewer molecules. This is consistent
with our previous study of the molecule creation process
[11]. However, we find that the measured condensate
fraction is independent of the sweep rate [Fig. 5(b)].
Even with the lower number of molecules, and therefore
a lower phase space density of the molecular gas, we
observe an essentially unchanged condensate fraction.

Finally, we note that, as in our previous measurements
performed in the BEC limit, the measured condensate
fraction always remains well below one [16]. As part of
our probing procedure the magnetic field is set well below
the Feshbach resonance where the molecule lifetime is
only on the order of milliseconds [15,40]. This results in a
measured loss of 50% of the molecules and may also
reduce the measured condensate fraction.

In conclusion, we have introduced a method for prob-
ing the momentum distribution of fermionic atom pairs
and employed this technique to observe fermionic con-
densates near a Feshbach resonance. By projecting the
system onto a molecular gas, we map out condensation of

FIG. 3 (color online). Time of flight images showing the
fermionic condensate. The images, taken after the projection
of the fermionic system onto a molecular gas, are shown for
!B ! 0:12, 0.25, and 0.55 G (left to right) on the BCS side of
the resonance. The original atom cloud starts at T=TF ! 0:07,
and the resulting fitted condensate fractions are N0=N ! 0:10,
0:05, and 0:01 (left to right). Each image corresponds to N !
100 000 particles and is an average over 10 cycles of the
experiment.
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FIG. 4 (color online). Transition to condensation as a func-
tion of both !B and T=TF. The data for this phase diagram
were collected with the same procedure as shown in the inset in
Fig. 2 with thold " 2 ms. The area between the dashed lines
around !B ! 0 reflects the uncertainty in the Feshbach reso-
nance location from the width of the feature in Fig. 1. The
surface and contour plots are obtained using a Renka-Cline
interpolation of approximately 200 distinct data points (#)
[36]. One measure of when the gas becomes strongly interacting
is the criterion jkFaj > 1, where "hkF is the Fermi momentum
[20,21,37,38]. For these data, j!Bj< 0:6 corresponds to
jkFaj > 1.
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FIG. 2. Measured condensate fraction as a function of detun-
ing from the Feshbach resonance !B ! Bhold $ B0. Data here
were taken for thold ! 2 ms (!) and thold ! 30 ms (4) with an
initial cloud at T=TF ! 0:08 and TF ! 0:35 !K. The area be-
tween the dashed lines around !B ! 0 reflects the uncertainty
in the Feshbach resonance position based on the 10%–90%
width of the feature in Fig. 1. Condensation of fermionic atom
pairs is seen near and on either side of the Feshbach resonance.
Comparison of the data taken with the different hold times
indicates that the pair condensed state has a significantly longer
lifetime near the Feshbach resonance and on the BCS (!B > 0)
side. The inset shows a schematic of a typical magnetic-field
sweep used to measure the fermionic condensate fraction. The
system is first prepared by a slow magnetic-field sweep towards
the resonance (dotted line) to a variable position Bhold, indi-
cated by the two-sided arrow. After a time thold the optical trap
is turned off and the magnetic field is quickly lowered by
"10 G to project the atom gas onto a molecular gas. After
free expansion, the molecules are imaged on the BEC side of
the resonance (#).
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order of one second, which is an extremely long time compared to the
trapping period (44ms). The underlying explanation for spin current
reversal and the slow relaxation can be found in the extremely short
mean free path and the high collision rate between opposite-spin
atoms at unitarity. According to the above estimate, the spin diffusivity
is approximately B/m, which for 6Li is (100mm)2 s21. The atom clouds
in the experiment have a length of the order of 100mm, and it takes
them of the order of a second to diffuse through each other. So we are
indeed observing quantum-limited spin diffusion. The initial bounces
will occur when themean free path of a spin-up atom in the spin-down
cloud is smaller than the spin-down cloud size, that is, when the
mixture is hydrodynamic. Instead of quickly diffusing into the spin-
down region, it is then more likely that the spin-up atom is scattered
back into the spin-up region, where it can propagate ballistically.
After long evolution times, the oscillations shown in Fig. 1 have been

damped out, and the displacement between the centres of mass is
much smaller than the widths of the clouds. The relaxation dynamics
can then be described by linear response theory, giving access to the
spin transport coefficients. The spin drag coefficient Csd is defined as
the rate of momentum transfer between opposite-spin atoms12,14, and
is therefore related to the collision rate. From the Boltzmann transport
equation, the relaxation of the displacement d near equilibrium follows
the differential equation22

C sd
_dzv2

zd~0

in the case of strongly overdamped motion realized here. Fitting an
exponential with decay time t to the displacement gives the spin drag
coefficient of the trapped systemasC sd~v2

zt. In thedeeply degenerate
regime, the relationship between the measured and the microscopic
spin drag coefficient might be affected by a weak enhancement of the
effective mass23 and the attractive interaction energy between the
clouds10,22,24.
The spindrag coefficient is found tobegreatest on resonance, and thus

spin conduction is slowest on resonance (see Supplementary Informa-
tion). On resonance, Csd in a homogeneous system must be given by a
function of the reduced temperature T/TF times the Fermi rate EF/B. At
high temperatures, we expect the spin drag coefficient to obey a universal
scaling C sd!nsv! EF

B T=TFð Þ{1=2. In Fig. 2 we show the spin drag
coefficient as a function of T/TF; Csd is normalized by EF/B, where EF
and TF are the local values at the centre of total mass. We observe T21/2

scaling for T/TF. 2, finding C sd~0:16 1ð Þ EFB T=TFð Þ{1=2. At lower
temperatures, we observe a crossover from classical to non-classical
behaviour as the spin drag coefficient reaches a maximum of approxi-
mately 0.1EF/B near the Fermi temperature.We interpret this saturation
of the spin drag coefficient as a consequence of Fermi statistics and
unitarity4,5, as s and v approach values determined by the Fermi wave-
vector kF. The spin drag coefficient is inversely proportional to the spin
conductivity, which describes the spin current response to an external
spin-dependent force. Near the Fermi temperature, the maximum spin
drag coefficient corresponds to a minimum spin conductivity of the
order of kF/B. This is the slowest spin conduction possible in three
dimensions in the absence of localization.
At low temperatures, the spin drag coefficient decreases with

decreasing temperature. Reduced spin drag at low temperatures is
expected in Fermi liquids owing to Pauli blocking11,18,22,24,25, and is also
expected in one-dimensional Fermi gases26. In the case of collective
density (rather than spin) excitations, it was shown that pairing cor-
relations enhance the effective collision rate dramatically as the tem-
perature is lowered6. The effect of pairing on the spin drag coefficient
maybe qualitatively different. In a simple picture, spin currents require
the flow of unpaired atoms, whereas collective density excitations
affect paired and unpaired atoms alike.
Comparing the relaxation rate to the gradient in spin density allows

us to also measure the spin diffusivityDs. At the centre of the trap, the
spin current density Js is given by the spin diffusion equation27
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Figure 1 | Observation of spin current reversal in a resonant collision
between two oppositely spin-polarized clouds of fermions. a, b, Total
column density (a) and the difference in column densities (b: red, spin up; blue,
spin down) during the first 20ms after the collision. The central column
densities here are typically 73 109 cm22. Strong repulsion is observed that
leads to a high-density interface. c, The centre of mass separation initially
oscillates at 1.63(2) times the axial trap frequency of 22.8Hz (see
Supplementary Information) before decaying exponentially at later times. The
initial atom number per spin state is 1.23 106, and the temperature 200ms
after the collision and later is 0.5TF, withTF the Fermi temperature at the centre
of each cloud.d, The trapping potentialV is harmonic along the symmetry axis.
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Figure 2 | Spin drag coefficient of a trapped Fermi gas with resonant
interactions. The spin drag coefficientCsd is normalized by the Fermi rateEF/B
at the trap centre, whereas the temperature is normalized by TF5EF/kB. We
find agreement between measurements taken at three different axial trapping
frequencies, 22.8Hz (red circles), 37.5Hz (blue triangles) and 11.2Hz (black
squares). The data for T/TF. 2 fit to a T21/2 law (solid line). Dashed line, a
power law fit for T/TF, 0.5 to show the trend. Each point is a mean from
typically three determinations ofCsd, each obtained from a time series of about
30 experimental runs and weighted according to the standard deviation from
fitting error and shot to shot fluctuations. Error bars, 61s.e.
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2. Spin impurity on lattice1. Spin diffusion w/o lattice

↑

↓

Sommer et al.,(MIT) Nature (2011) Fukuhara et al.,(MPI) Nat. Phys. (2013)

Ideal experimental grounds to study spin dynamics 
Spin-resolved manipulation & detection
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Figure 4 | Spin dynamics across the superfluid-to-Mott-insulator transition. a–c, Spin impurity dynamics in the superfluid regime (J/U=0.32) close to
the critical point [(J/U)c ≈0.3] for different hold times. The upper panels show fluorescence images of the impurity spins after removing the other spin
component (positive image). The 1D chains containing more than one atom were excluded from the data analysis. The white vertical stripe highlights the
initial position of the flipped spin. The lower panels show the position distribution averaged over about 300 chains (blue bars) together with a t-DMRG
simulation at T=0.11U/kB (red line). The error bars denote the 1 σ statistical uncertainty. d, Measured velocities of the spin impurity for different values of
J/U extracted from negative (green circles) and positive images (blue circles); horizontal and vertical error bars indicate the 1σ uncertainties of the lattice
depth and the combination of fit error and uncertainties of J, respectively. The dark grey line shows scaling with 4J2/U, whereas the brown line indicates
the propagation velocity of a single free particle (J/U=∞). The grey shaded region shows results from a t-DMRG simulation at T=0 taking into account
varying initial atom numbers. The area denotes the 1σ fit error to the simulated distributions.

of 0.5ms (Fig. 5b). The difference in the bath distributions with
and without the impurity is still visible. It matches the probability
distribution of the impurity after the same evolution time (Fig. 5c),
which shows that the impurity leaves an imprint in the bath density,
thus supporting the picture of polaronic dynamics. Moreover, both
impurity and bath distributions agree with our DMRG simulations
(Fig. 5a–c). Measurements for different evolution times yielded
similar results (see Supplementary Information).

To illustrate how correlations between the impurity and
bath atoms develop around the impurity as it starts to prop-
agate, we calculated the time evolution of the correlator
C↓↑(j)=

∑
kN↓↑(k,k+ j) from the simulations (Fig. 5d). Here

N↓↑(j,k)= 〈n̂↓,j n̂↑,k〉−〈n̂↓,j〉〈n̂↑,k〉 is the density–density correlator
between the impurity and the bath, and j,k denote the lattice sites.
As the impurity and the bath deformation propagate together,
we expect an anti-correlation of ↑ and ↓ atoms (N↓↑(j,k) < 0
around the impurity position). Before releasing the impurity, no

correlation exists (t = −1ms in Fig. 5d), because the impurity is
pinned at the centre site and its distribution is independent of the
bath distribution. As the impurity starts moving, it continues to
displace bath atoms owing to the repulsive interaction, resulting
in the build-up of an anti-correlation around the impurity
position. An experimental observation of such correlations requires
simultaneous imaging of both impurity and bath atoms with
single-site resolution, which is a major challenge for future work.
However, our observed opposite imprint of the average impurity
density on the average bath density strongly supports the picture of
a single moving polaron. Further discussion on the time evolution
of the correlator N↓↑(j,k) and the correlation hole24 can be found
in the Supplementary Information.

Conclusion
We have observed the dynamics of a deterministically cre-
ated spin impurity in a 1D lattice across the superfluid–Mott-
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Figure 4 | Spin dynamics across the superfluid-to-Mott-insulator transition. a–c, Spin impurity dynamics in the superfluid regime (J/U=0.32) close to
the critical point [(J/U)c ≈0.3] for different hold times. The upper panels show fluorescence images of the impurity spins after removing the other spin
component (positive image). The 1D chains containing more than one atom were excluded from the data analysis. The white vertical stripe highlights the
initial position of the flipped spin. The lower panels show the position distribution averaged over about 300 chains (blue bars) together with a t-DMRG
simulation at T=0.11U/kB (red line). The error bars denote the 1 σ statistical uncertainty. d, Measured velocities of the spin impurity for different values of
J/U extracted from negative (green circles) and positive images (blue circles); horizontal and vertical error bars indicate the 1σ uncertainties of the lattice
depth and the combination of fit error and uncertainties of J, respectively. The dark grey line shows scaling with 4J2/U, whereas the brown line indicates
the propagation velocity of a single free particle (J/U=∞). The grey shaded region shows results from a t-DMRG simulation at T=0 taking into account
varying initial atom numbers. The area denotes the 1σ fit error to the simulated distributions.

of 0.5ms (Fig. 5b). The difference in the bath distributions with
and without the impurity is still visible. It matches the probability
distribution of the impurity after the same evolution time (Fig. 5c),
which shows that the impurity leaves an imprint in the bath density,
thus supporting the picture of polaronic dynamics. Moreover, both
impurity and bath distributions agree with our DMRG simulations
(Fig. 5a–c). Measurements for different evolution times yielded
similar results (see Supplementary Information).

To illustrate how correlations between the impurity and
bath atoms develop around the impurity as it starts to prop-
agate, we calculated the time evolution of the correlator
C↓↑(j)=

∑
kN↓↑(k,k+ j) from the simulations (Fig. 5d). Here

N↓↑(j,k)= 〈n̂↓,j n̂↑,k〉−〈n̂↓,j〉〈n̂↑,k〉 is the density–density correlator
between the impurity and the bath, and j,k denote the lattice sites.
As the impurity and the bath deformation propagate together,
we expect an anti-correlation of ↑ and ↓ atoms (N↓↑(j,k) < 0
around the impurity position). Before releasing the impurity, no

correlation exists (t = −1ms in Fig. 5d), because the impurity is
pinned at the centre site and its distribution is independent of the
bath distribution. As the impurity starts moving, it continues to
displace bath atoms owing to the repulsive interaction, resulting
in the build-up of an anti-correlation around the impurity
position. An experimental observation of such correlations requires
simultaneous imaging of both impurity and bath atoms with
single-site resolution, which is a major challenge for future work.
However, our observed opposite imprint of the average impurity
density on the average bath density strongly supports the picture of
a single moving polaron. Further discussion on the time evolution
of the correlator N↓↑(j,k) and the correlation hole24 can be found
in the Supplementary Information.

Conclusion
We have observed the dynamics of a deterministically cre-
ated spin impurity in a 1D lattice across the superfluid–Mott-

NATURE PHYSICS | VOL 9 | APRIL 2013 | www.nature.com/naturephysics 239

© 2013 Macmillan Publishers Limited. All rights reserved

↓↓↓↑↓↓↓

Sp
ac
e



Spin dynamics with cold atoms 10/29

order of one second, which is an extremely long time compared to the
trapping period (44ms). The underlying explanation for spin current
reversal and the slow relaxation can be found in the extremely short
mean free path and the high collision rate between opposite-spin
atoms at unitarity. According to the above estimate, the spin diffusivity
is approximately B/m, which for 6Li is (100mm)2 s21. The atom clouds
in the experiment have a length of the order of 100mm, and it takes
them of the order of a second to diffuse through each other. So we are
indeed observing quantum-limited spin diffusion. The initial bounces
will occur when themean free path of a spin-up atom in the spin-down
cloud is smaller than the spin-down cloud size, that is, when the
mixture is hydrodynamic. Instead of quickly diffusing into the spin-
down region, it is then more likely that the spin-up atom is scattered
back into the spin-up region, where it can propagate ballistically.
After long evolution times, the oscillations shown in Fig. 1 have been

damped out, and the displacement between the centres of mass is
much smaller than the widths of the clouds. The relaxation dynamics
can then be described by linear response theory, giving access to the
spin transport coefficients. The spin drag coefficient Csd is defined as
the rate of momentum transfer between opposite-spin atoms12,14, and
is therefore related to the collision rate. From the Boltzmann transport
equation, the relaxation of the displacement d near equilibrium follows
the differential equation22

C sd
_dzv2

zd~0

in the case of strongly overdamped motion realized here. Fitting an
exponential with decay time t to the displacement gives the spin drag
coefficient of the trapped systemasC sd~v2

zt. In thedeeply degenerate
regime, the relationship between the measured and the microscopic
spin drag coefficient might be affected by a weak enhancement of the
effective mass23 and the attractive interaction energy between the
clouds10,22,24.
The spindrag coefficient is found tobegreatest on resonance, and thus

spin conduction is slowest on resonance (see Supplementary Informa-
tion). On resonance, Csd in a homogeneous system must be given by a
function of the reduced temperature T/TF times the Fermi rate EF/B. At
high temperatures, we expect the spin drag coefficient to obey a universal
scaling C sd!nsv! EF

B T=TFð Þ{1=2. In Fig. 2 we show the spin drag
coefficient as a function of T/TF; Csd is normalized by EF/B, where EF
and TF are the local values at the centre of total mass. We observe T21/2

scaling for T/TF. 2, finding C sd~0:16 1ð Þ EFB T=TFð Þ{1=2. At lower
temperatures, we observe a crossover from classical to non-classical
behaviour as the spin drag coefficient reaches a maximum of approxi-
mately 0.1EF/B near the Fermi temperature.We interpret this saturation
of the spin drag coefficient as a consequence of Fermi statistics and
unitarity4,5, as s and v approach values determined by the Fermi wave-
vector kF. The spin drag coefficient is inversely proportional to the spin
conductivity, which describes the spin current response to an external
spin-dependent force. Near the Fermi temperature, the maximum spin
drag coefficient corresponds to a minimum spin conductivity of the
order of kF/B. This is the slowest spin conduction possible in three
dimensions in the absence of localization.
At low temperatures, the spin drag coefficient decreases with

decreasing temperature. Reduced spin drag at low temperatures is
expected in Fermi liquids owing to Pauli blocking11,18,22,24,25, and is also
expected in one-dimensional Fermi gases26. In the case of collective
density (rather than spin) excitations, it was shown that pairing cor-
relations enhance the effective collision rate dramatically as the tem-
perature is lowered6. The effect of pairing on the spin drag coefficient
maybe qualitatively different. In a simple picture, spin currents require
the flow of unpaired atoms, whereas collective density excitations
affect paired and unpaired atoms alike.
Comparing the relaxation rate to the gradient in spin density allows

us to also measure the spin diffusivityDs. At the centre of the trap, the
spin current density Js is given by the spin diffusion equation27
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Figure 1 | Observation of spin current reversal in a resonant collision
between two oppositely spin-polarized clouds of fermions. a, b, Total
column density (a) and the difference in column densities (b: red, spin up; blue,
spin down) during the first 20ms after the collision. The central column
densities here are typically 73 109 cm22. Strong repulsion is observed that
leads to a high-density interface. c, The centre of mass separation initially
oscillates at 1.63(2) times the axial trap frequency of 22.8Hz (see
Supplementary Information) before decaying exponentially at later times. The
initial atom number per spin state is 1.23 106, and the temperature 200ms
after the collision and later is 0.5TF, withTF the Fermi temperature at the centre
of each cloud.d, The trapping potentialV is harmonic along the symmetry axis.

0.12

0.10

0.08

0.06

sd
/E

F
Γ

0.1 0.3 31 10
T/TF

Figure 2 | Spin drag coefficient of a trapped Fermi gas with resonant
interactions. The spin drag coefficientCsd is normalized by the Fermi rateEF/B
at the trap centre, whereas the temperature is normalized by TF5EF/kB. We
find agreement between measurements taken at three different axial trapping
frequencies, 22.8Hz (red circles), 37.5Hz (blue triangles) and 11.2Hz (black
squares). The data for T/TF. 2 fit to a T21/2 law (solid line). Dashed line, a
power law fit for T/TF, 0.5 to show the trend. Each point is a mean from
typically three determinations ofCsd, each obtained from a time series of about
30 experimental runs and weighted according to the standard deviation from
fitting error and shot to shot fluctuations. Error bars, 61s.e.
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Figure 4 | Spin dynamics across the superfluid-to-Mott-insulator transition. a–c, Spin impurity dynamics in the superfluid regime (J/U=0.32) close to
the critical point [(J/U)c ≈0.3] for different hold times. The upper panels show fluorescence images of the impurity spins after removing the other spin
component (positive image). The 1D chains containing more than one atom were excluded from the data analysis. The white vertical stripe highlights the
initial position of the flipped spin. The lower panels show the position distribution averaged over about 300 chains (blue bars) together with a t-DMRG
simulation at T=0.11U/kB (red line). The error bars denote the 1 σ statistical uncertainty. d, Measured velocities of the spin impurity for different values of
J/U extracted from negative (green circles) and positive images (blue circles); horizontal and vertical error bars indicate the 1σ uncertainties of the lattice
depth and the combination of fit error and uncertainties of J, respectively. The dark grey line shows scaling with 4J2/U, whereas the brown line indicates
the propagation velocity of a single free particle (J/U=∞). The grey shaded region shows results from a t-DMRG simulation at T=0 taking into account
varying initial atom numbers. The area denotes the 1σ fit error to the simulated distributions.

of 0.5ms (Fig. 5b). The difference in the bath distributions with
and without the impurity is still visible. It matches the probability
distribution of the impurity after the same evolution time (Fig. 5c),
which shows that the impurity leaves an imprint in the bath density,
thus supporting the picture of polaronic dynamics. Moreover, both
impurity and bath distributions agree with our DMRG simulations
(Fig. 5a–c). Measurements for different evolution times yielded
similar results (see Supplementary Information).

To illustrate how correlations between the impurity and
bath atoms develop around the impurity as it starts to prop-
agate, we calculated the time evolution of the correlator
C↓↑(j)=

∑
kN↓↑(k,k+ j) from the simulations (Fig. 5d). Here

N↓↑(j,k)= 〈n̂↓,j n̂↑,k〉−〈n̂↓,j〉〈n̂↑,k〉 is the density–density correlator
between the impurity and the bath, and j,k denote the lattice sites.
As the impurity and the bath deformation propagate together,
we expect an anti-correlation of ↑ and ↓ atoms (N↓↑(j,k) < 0
around the impurity position). Before releasing the impurity, no

correlation exists (t = −1ms in Fig. 5d), because the impurity is
pinned at the centre site and its distribution is independent of the
bath distribution. As the impurity starts moving, it continues to
displace bath atoms owing to the repulsive interaction, resulting
in the build-up of an anti-correlation around the impurity
position. An experimental observation of such correlations requires
simultaneous imaging of both impurity and bath atoms with
single-site resolution, which is a major challenge for future work.
However, our observed opposite imprint of the average impurity
density on the average bath density strongly supports the picture of
a single moving polaron. Further discussion on the time evolution
of the correlator N↓↑(j,k) and the correlation hole24 can be found
in the Supplementary Information.

Conclusion
We have observed the dynamics of a deterministically cre-
ated spin impurity in a 1D lattice across the superfluid–Mott-
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Figure 4 | Spin dynamics across the superfluid-to-Mott-insulator transition. a–c, Spin impurity dynamics in the superfluid regime (J/U=0.32) close to
the critical point [(J/U)c ≈0.3] for different hold times. The upper panels show fluorescence images of the impurity spins after removing the other spin
component (positive image). The 1D chains containing more than one atom were excluded from the data analysis. The white vertical stripe highlights the
initial position of the flipped spin. The lower panels show the position distribution averaged over about 300 chains (blue bars) together with a t-DMRG
simulation at T=0.11U/kB (red line). The error bars denote the 1 σ statistical uncertainty. d, Measured velocities of the spin impurity for different values of
J/U extracted from negative (green circles) and positive images (blue circles); horizontal and vertical error bars indicate the 1σ uncertainties of the lattice
depth and the combination of fit error and uncertainties of J, respectively. The dark grey line shows scaling with 4J2/U, whereas the brown line indicates
the propagation velocity of a single free particle (J/U=∞). The grey shaded region shows results from a t-DMRG simulation at T=0 taking into account
varying initial atom numbers. The area denotes the 1σ fit error to the simulated distributions.

of 0.5ms (Fig. 5b). The difference in the bath distributions with
and without the impurity is still visible. It matches the probability
distribution of the impurity after the same evolution time (Fig. 5c),
which shows that the impurity leaves an imprint in the bath density,
thus supporting the picture of polaronic dynamics. Moreover, both
impurity and bath distributions agree with our DMRG simulations
(Fig. 5a–c). Measurements for different evolution times yielded
similar results (see Supplementary Information).

To illustrate how correlations between the impurity and
bath atoms develop around the impurity as it starts to prop-
agate, we calculated the time evolution of the correlator
C↓↑(j)=

∑
kN↓↑(k,k+ j) from the simulations (Fig. 5d). Here

N↓↑(j,k)= 〈n̂↓,j n̂↑,k〉−〈n̂↓,j〉〈n̂↑,k〉 is the density–density correlator
between the impurity and the bath, and j,k denote the lattice sites.
As the impurity and the bath deformation propagate together,
we expect an anti-correlation of ↑ and ↓ atoms (N↓↑(j,k) < 0
around the impurity position). Before releasing the impurity, no

correlation exists (t = −1ms in Fig. 5d), because the impurity is
pinned at the centre site and its distribution is independent of the
bath distribution. As the impurity starts moving, it continues to
displace bath atoms owing to the repulsive interaction, resulting
in the build-up of an anti-correlation around the impurity
position. An experimental observation of such correlations requires
simultaneous imaging of both impurity and bath atoms with
single-site resolution, which is a major challenge for future work.
However, our observed opposite imprint of the average impurity
density on the average bath density strongly supports the picture of
a single moving polaron. Further discussion on the time evolution
of the correlator N↓↑(j,k) and the correlation hole24 can be found
in the Supplementary Information.

Conclusion
We have observed the dynamics of a deterministically cre-
ated spin impurity in a 1D lattice across the superfluid–Mott-
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FIG. 1. The reflectance of YBaqCu306. yo along the c axis
from -25 to 300 cm, above and below T, (63 K). At room
temperature (solid line), the reflectance displays a metallic
response; just above T, the weak upturn in the reflectance
indicates an unusual type of metallic behavior, but the mate-
rial is not an insulator (oq, g 0). Below T„the condensation
of the carriers into a zero-f'requency mode is clearly shown by
the plasma edge in the reflectance.

decreased.
We treat the phonons as a separate channel of conduc-

tivity and subtract their contribution from the spectrum.
This is done by a least-squares fit by a Lorentzian profile
(except for the two high-frequency lines where an asym-
metric Fano-like [21] line shape was used), and the broad
phonon centered at 450 cm which we have not been
able to subtract out in an unambiguous way. The total
spectral weight from 250 to 650 cm i does not change
much with temperature despite the dramatic changes to
the phonons. Figure 2(b) shows the conductivity with all
the phonon lines except the one at 450 cm removed.
The spectrum of the oxygen-reduced sample is domi-

nated by a pseudogap extending from 30 cm, our low-
est measured frequency, to 200 cm at low temperature.
The inset in the diagram is the magnitude of the normal-
ized conductivity in the flat gap region as a function of
temperature plotted as open circles.
Added to the finite-frequency conductivity is the delta

function response of the superconducting condensate at
zero frequency. The area under this singularity can be
found in two ways: by plotting e~ as a function of u2,
[17] or by using a sum rule for the conductivity [22]. The
two methods yield the same spectral weight indicated by
the shaded area in Fig. 2(b). Expressed as a plasma fre-
quency through jo(u)eke = uz/8, the spectral weight
is 305 cm (Al, = 5.2 pm). Above the superconducting
transition, as the pseudogap deepens, the spectral weight
between 50 and 800 cm is decreasing in a roughly linear
fashion without a break at T,. In the superconducting

5
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state, the spectral weight is transferred to the delta func-
tion, in contrast to above T„where it appears to go to
higher-frequency regions of the spectrum.
The behavior of the fully doped sample with the

phonons subtracted is shown in I ig. 3. The major change
in the phonon structure in the fully doped sample com-
pared to the 2: = 0.70 sample is that the doublet centered
at =600 cm is replaced by a single, more symmetric
peak at 567 cm . The electronic continuum in the fully
doped sample shows no evidence of a pseudogap in the
normal state above the limit of our data at 100 cm
The conductivity is flat at room temperature and in-
creases slightly as the temperature is lowered, consistent
with the dc conductivity which also increases as the tem-
perature is lowered. There is a slight downturn of dc
conductivity just before the superconducting transition
in our sample.
In the superconducting state, in the fully oxygenated

sample, a gaplike depression of conductivity develops as
the temperature is lowered, However, both the frequency
and temperature dependence differ from BCS dirty-limit
behavior. There is no evidence for a true gap in the
conductivity at low frequency. The 10 K conductivity

FIG. 2. The optical conductivity of YBa2Cu306. 7p
along the c axis from -25 to 800 cm ' obtained by a
Kramers-Kronig analysis of the reflectance with (a) the
phonons at 150, 192, 286, 317, 557, and 630 cm present and
(b) subtracted to yield the electronic background. Note that
the formation of a pseudogap is clearly visible well above T
(63 K). The shaded area represents the spectral weight of the
condensate (305 cm ) for T « T,. Inset: The conductivity
at 50 cm ' normalized with respect to the room tempera-
ture conductivity (open circles), compared to the normalized
Knight shift for Cu(2) (solid line) in YBa2Cu306 63 (after Ref.
[2])
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FIG. 1. The reflectance of YBaqCu306. yo along the c axis
from -25 to 300 cm, above and below T, (63 K). At room
temperature (solid line), the reflectance displays a metallic
response; just above T, the weak upturn in the reflectance
indicates an unusual type of metallic behavior, but the mate-
rial is not an insulator (oq, g 0). Below T„the condensation
of the carriers into a zero-f'requency mode is clearly shown by
the plasma edge in the reflectance.

decreased.
We treat the phonons as a separate channel of conduc-

tivity and subtract their contribution from the spectrum.
This is done by a least-squares fit by a Lorentzian profile
(except for the two high-frequency lines where an asym-
metric Fano-like [21] line shape was used), and the broad
phonon centered at 450 cm which we have not been
able to subtract out in an unambiguous way. The total
spectral weight from 250 to 650 cm i does not change
much with temperature despite the dramatic changes to
the phonons. Figure 2(b) shows the conductivity with all
the phonon lines except the one at 450 cm removed.
The spectrum of the oxygen-reduced sample is domi-

nated by a pseudogap extending from 30 cm, our low-
est measured frequency, to 200 cm at low temperature.
The inset in the diagram is the magnitude of the normal-
ized conductivity in the flat gap region as a function of
temperature plotted as open circles.
Added to the finite-frequency conductivity is the delta

function response of the superconducting condensate at
zero frequency. The area under this singularity can be
found in two ways: by plotting e~ as a function of u2,
[17] or by using a sum rule for the conductivity [22]. The
two methods yield the same spectral weight indicated by
the shaded area in Fig. 2(b). Expressed as a plasma fre-
quency through jo(u)eke = uz/8, the spectral weight
is 305 cm (Al, = 5.2 pm). Above the superconducting
transition, as the pseudogap deepens, the spectral weight
between 50 and 800 cm is decreasing in a roughly linear
fashion without a break at T,. In the superconducting
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state, the spectral weight is transferred to the delta func-
tion, in contrast to above T„where it appears to go to
higher-frequency regions of the spectrum.
The behavior of the fully doped sample with the

phonons subtracted is shown in I ig. 3. The major change
in the phonon structure in the fully doped sample com-
pared to the 2: = 0.70 sample is that the doublet centered
at =600 cm is replaced by a single, more symmetric
peak at 567 cm . The electronic continuum in the fully
doped sample shows no evidence of a pseudogap in the
normal state above the limit of our data at 100 cm
The conductivity is flat at room temperature and in-
creases slightly as the temperature is lowered, consistent
with the dc conductivity which also increases as the tem-
perature is lowered. There is a slight downturn of dc
conductivity just before the superconducting transition
in our sample.
In the superconducting state, in the fully oxygenated

sample, a gaplike depression of conductivity develops as
the temperature is lowered, However, both the frequency
and temperature dependence differ from BCS dirty-limit
behavior. There is no evidence for a true gap in the
conductivity at low frequency. The 10 K conductivity

FIG. 2. The optical conductivity of YBa2Cu306. 7p
along the c axis from -25 to 800 cm ' obtained by a
Kramers-Kronig analysis of the reflectance with (a) the
phonons at 150, 192, 286, 317, 557, and 630 cm present and
(b) subtracted to yield the electronic background. Note that
the formation of a pseudogap is clearly visible well above T
(63 K). The shaded area represents the spectral weight of the
condensate (305 cm ) for T « T,. Inset: The conductivity
at 50 cm ' normalized with respect to the room tempera-
ture conductivity (open circles), compared to the normalized
Knight shift for Cu(2) (solid line) in YBa2Cu306 63 (after Ref.
[2])

Homes et al., PRL (1993)
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FIG. 1. The reflectance of YBaqCu306. yo along the c axis
from -25 to 300 cm, above and below T, (63 K). At room
temperature (solid line), the reflectance displays a metallic
response; just above T, the weak upturn in the reflectance
indicates an unusual type of metallic behavior, but the mate-
rial is not an insulator (oq, g 0). Below T„the condensation
of the carriers into a zero-f'requency mode is clearly shown by
the plasma edge in the reflectance.

decreased.
We treat the phonons as a separate channel of conduc-

tivity and subtract their contribution from the spectrum.
This is done by a least-squares fit by a Lorentzian profile
(except for the two high-frequency lines where an asym-
metric Fano-like [21] line shape was used), and the broad
phonon centered at 450 cm which we have not been
able to subtract out in an unambiguous way. The total
spectral weight from 250 to 650 cm i does not change
much with temperature despite the dramatic changes to
the phonons. Figure 2(b) shows the conductivity with all
the phonon lines except the one at 450 cm removed.
The spectrum of the oxygen-reduced sample is domi-

nated by a pseudogap extending from 30 cm, our low-
est measured frequency, to 200 cm at low temperature.
The inset in the diagram is the magnitude of the normal-
ized conductivity in the flat gap region as a function of
temperature plotted as open circles.
Added to the finite-frequency conductivity is the delta

function response of the superconducting condensate at
zero frequency. The area under this singularity can be
found in two ways: by plotting e~ as a function of u2,
[17] or by using a sum rule for the conductivity [22]. The
two methods yield the same spectral weight indicated by
the shaded area in Fig. 2(b). Expressed as a plasma fre-
quency through jo(u)eke = uz/8, the spectral weight
is 305 cm (Al, = 5.2 pm). Above the superconducting
transition, as the pseudogap deepens, the spectral weight
between 50 and 800 cm is decreasing in a roughly linear
fashion without a break at T,. In the superconducting

5
40 g~.0 ~2,
0 1 I I I ]

200 400
FREQUENCY (cm

100 200
T(K)
l I I

600 800

state, the spectral weight is transferred to the delta func-
tion, in contrast to above T„where it appears to go to
higher-frequency regions of the spectrum.
The behavior of the fully doped sample with the

phonons subtracted is shown in I ig. 3. The major change
in the phonon structure in the fully doped sample com-
pared to the 2: = 0.70 sample is that the doublet centered
at =600 cm is replaced by a single, more symmetric
peak at 567 cm . The electronic continuum in the fully
doped sample shows no evidence of a pseudogap in the
normal state above the limit of our data at 100 cm
The conductivity is flat at room temperature and in-
creases slightly as the temperature is lowered, consistent
with the dc conductivity which also increases as the tem-
perature is lowered. There is a slight downturn of dc
conductivity just before the superconducting transition
in our sample.
In the superconducting state, in the fully oxygenated

sample, a gaplike depression of conductivity develops as
the temperature is lowered, However, both the frequency
and temperature dependence differ from BCS dirty-limit
behavior. There is no evidence for a true gap in the
conductivity at low frequency. The 10 K conductivity

FIG. 2. The optical conductivity of YBa2Cu306. 7p
along the c axis from -25 to 800 cm ' obtained by a
Kramers-Kronig analysis of the reflectance with (a) the
phonons at 150, 192, 286, 317, 557, and 630 cm present and
(b) subtracted to yield the electronic background. Note that
the formation of a pseudogap is clearly visible well above T
(63 K). The shaded area represents the spectral weight of the
condensate (305 cm ) for T « T,. Inset: The conductivity
at 50 cm ' normalized with respect to the room tempera-
ture conductivity (open circles), compared to the normalized
Knight shift for Cu(2) (solid line) in YBa2Cu306 63 (after Ref.
[2])

Tc=63K
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YS, Tajima, & Uchino, arXiv:2103.02418
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Cold atoms with spin (at least Sz) conserved 
Spin: S=1/2, 1, 3/2, … 
Zeeman field, synthetic gauge field, … 
trap & lattice potentials, … 

BCS-BEC crossover, Spinor BEC, ferromagnets/antiferromagnets, … 

(Extension to spin-nonconserving & nonequilibrium systems is possible)
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YS, Tajima, & Uchino, arXiv:2103.02418

Time-dependent force coupled to spin density Sz
<latexit sha1_base64="1WGptdntrxIisl4mNJtZ9uLcaPY="></latexit>
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YS, Tajima, & Uchino, arXiv:2103.02418
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Single-frequency driving force toward β = x, y, z

1. Magnetic field gradient 
Medley et al., (MIT) PRL (2011); Jotzu et al., (ETH) PRL (2015) 

2. Optical Stern-Gerlach effect 
Taie et.al., (Kyoto) PRL (2010)

Time-dependent force coupled to spin density Sz
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YS, Tajima, & Uchino, arXiv:2103.02418

1. Spin current:
<latexit sha1_base64="wYuMN1Xn+spea+u27bfu9aZxtmw="></latexit>
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2. Spin conductivity:

3. Driving force:

(Spin conservation)

order of one second, which is an extremely long time compared to the
trapping period (44ms). The underlying explanation for spin current
reversal and the slow relaxation can be found in the extremely short
mean free path and the high collision rate between opposite-spin
atoms at unitarity. According to the above estimate, the spin diffusivity
is approximately B/m, which for 6Li is (100mm)2 s21. The atom clouds
in the experiment have a length of the order of 100mm, and it takes
them of the order of a second to diffuse through each other. So we are
indeed observing quantum-limited spin diffusion. The initial bounces
will occur when themean free path of a spin-up atom in the spin-down
cloud is smaller than the spin-down cloud size, that is, when the
mixture is hydrodynamic. Instead of quickly diffusing into the spin-
down region, it is then more likely that the spin-up atom is scattered
back into the spin-up region, where it can propagate ballistically.
After long evolution times, the oscillations shown in Fig. 1 have been

damped out, and the displacement between the centres of mass is
much smaller than the widths of the clouds. The relaxation dynamics
can then be described by linear response theory, giving access to the
spin transport coefficients. The spin drag coefficient Csd is defined as
the rate of momentum transfer between opposite-spin atoms12,14, and
is therefore related to the collision rate. From the Boltzmann transport
equation, the relaxation of the displacement d near equilibrium follows
the differential equation22

C sd
_dzv2

zd~0

in the case of strongly overdamped motion realized here. Fitting an
exponential with decay time t to the displacement gives the spin drag
coefficient of the trapped systemasC sd~v2

zt. In thedeeply degenerate
regime, the relationship between the measured and the microscopic
spin drag coefficient might be affected by a weak enhancement of the
effective mass23 and the attractive interaction energy between the
clouds10,22,24.
The spindrag coefficient is found tobegreatest on resonance, and thus

spin conduction is slowest on resonance (see Supplementary Informa-
tion). On resonance, Csd in a homogeneous system must be given by a
function of the reduced temperature T/TF times the Fermi rate EF/B. At
high temperatures, we expect the spin drag coefficient to obey a universal
scaling C sd!nsv! EF

B T=TFð Þ{1=2. In Fig. 2 we show the spin drag
coefficient as a function of T/TF; Csd is normalized by EF/B, where EF
and TF are the local values at the centre of total mass. We observe T21/2

scaling for T/TF. 2, finding C sd~0:16 1ð Þ EFB T=TFð Þ{1=2. At lower
temperatures, we observe a crossover from classical to non-classical
behaviour as the spin drag coefficient reaches a maximum of approxi-
mately 0.1EF/B near the Fermi temperature.We interpret this saturation
of the spin drag coefficient as a consequence of Fermi statistics and
unitarity4,5, as s and v approach values determined by the Fermi wave-
vector kF. The spin drag coefficient is inversely proportional to the spin
conductivity, which describes the spin current response to an external
spin-dependent force. Near the Fermi temperature, the maximum spin
drag coefficient corresponds to a minimum spin conductivity of the
order of kF/B. This is the slowest spin conduction possible in three
dimensions in the absence of localization.
At low temperatures, the spin drag coefficient decreases with

decreasing temperature. Reduced spin drag at low temperatures is
expected in Fermi liquids owing to Pauli blocking11,18,22,24,25, and is also
expected in one-dimensional Fermi gases26. In the case of collective
density (rather than spin) excitations, it was shown that pairing cor-
relations enhance the effective collision rate dramatically as the tem-
perature is lowered6. The effect of pairing on the spin drag coefficient
maybe qualitatively different. In a simple picture, spin currents require
the flow of unpaired atoms, whereas collective density excitations
affect paired and unpaired atoms alike.
Comparing the relaxation rate to the gradient in spin density allows

us to also measure the spin diffusivityDs. At the centre of the trap, the
spin current density Js is given by the spin diffusion equation27
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Figure 1 | Observation of spin current reversal in a resonant collision
between two oppositely spin-polarized clouds of fermions. a, b, Total
column density (a) and the difference in column densities (b: red, spin up; blue,
spin down) during the first 20ms after the collision. The central column
densities here are typically 73 109 cm22. Strong repulsion is observed that
leads to a high-density interface. c, The centre of mass separation initially
oscillates at 1.63(2) times the axial trap frequency of 22.8Hz (see
Supplementary Information) before decaying exponentially at later times. The
initial atom number per spin state is 1.23 106, and the temperature 200ms
after the collision and later is 0.5TF, withTF the Fermi temperature at the centre
of each cloud.d, The trapping potentialV is harmonic along the symmetry axis.
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Figure 2 | Spin drag coefficient of a trapped Fermi gas with resonant
interactions. The spin drag coefficientCsd is normalized by the Fermi rateEF/B
at the trap centre, whereas the temperature is normalized by TF5EF/kB. We
find agreement between measurements taken at three different axial trapping
frequencies, 22.8Hz (red circles), 37.5Hz (blue triangles) and 11.2Hz (black
squares). The data for T/TF. 2 fit to a T21/2 law (solid line). Dashed line, a
power law fit for T/TF, 0.5 to show the trend. Each point is a mean from
typically three determinations ofCsd, each obtained from a time series of about
30 experimental runs and weighted according to the standard deviation from
fitting error and shot to shot fluctuations. Error bars, 61s.e.
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Our works on optical spin conductivity in homogeneous gases

YS, Tajima, & Uchino, arXiv:2103.02418 
Tajima, YS, & Uchino, PRB (2022)

1. S=1/2 superfluid Fermi gas with spin gap 

2. 1D p-wave Fermi superfluid with topological phase transition  

3. Tomonaga-Luttinger liquid 

4. S=1 polar BEC with gapped or gapless spin modes
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YS, Tajima, & Uchino, arXiv:2103.02418

Spin-current response func.:
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Superfluid Fermi gas 22/29

Randeria & Taylor (2014)

Eagles (1969); Leggett (1980)BCS-Leggett mean-field theory

maximum transfer is reduced and the measured line
shape is wider.

Both of these effects arise from the mean-field energy
due to strong interactions between j9=2;!9=2i and
j9=2;!5=2i atoms at the Feshbach resonance. The
mean-field energy produces a density-dependent fre-
quency shift given by

!! " 2 "h
m

n9#a59 ! a79$; (1)

where m is the atom mass, "h " h=2", n9 is the number
density of atoms in the mf " !9=2 state, and a59 (a79) is
the scattering length for collisions between atoms in the
mf " !9=2 and mf " !5=2 (mf " !7=2) states. Here
we have ignored a nonresonant interaction term propor-
tional to the population difference between the mf "
!7=2 and mf " !5=2 states; this term is 0 for a perfect
" pulse. For our spatially inhomogeneous trapped gas, the
density dependence broadens the line shape and lowers
the maximum transfer on both sides of the Feshbach
resonance peak. In contrast, the frequency shift for maxi-
mum transfer reflects the scattering length and changes
sign across the resonance.

We have measured the mean-field shift !! as a func-
tion of B near the Feshbach resonance peak. The rf
frequency for maximum transfer was obtained from
Lorentzian fits to spectra similar to those shown in
Fig. 2(b). The expected resonance frequency was then
subtracted to yield !!. The scattering length a59 was
obtained using Eq. (1) with n9 " 0:5np and a79 "
174a0 where a0 is the Bohr radius [8]. The peak density
of the trapped mf " !9=2 gas np was obtained from
Gaussian fits to absorption images. The numerical
factor 0.5 multiplying np was determined by modeling
the transfer with a pulse-width limited Lorentzian
integrated over a Gaussian density profile in the two radial
directions.

The measured scattering length as a function of B is
shown in Fig. 3. This plot, which combines data taken for
two different trap strengths and gas densities, shows that
we are able to realize both large positive and large nega-
tive values of a59 near the Feshbach resonance peak. The
solid line in Fig. 3 shows a fit to the expected form for a
Feshbach resonance a " abgf1! %w=#B! Bpk$&g. Data
within '0:5 G of the peak were excluded from the fit.
With abg " 174a0 we find that Bpk " 224:21' 0:05 G
and w " 9:7' 0:6 G.

When B is tuned very close to the Feshbach resonance
peak we expect the measured ja59j to have a maximum
value of (1=kF due to the unitarity limit. Here "hkF is the
Fermi momentum for the mf " !9=2 gas. This satura-
tion can be seen in the data shown in Fig. 3. Two points
that were taken within '0:5 G of the Feshbach resonance
peak, one on either side of the resonance, clearly lie away
from the fit curve. Observation of this saturation demon-
strates that we can access the strongly interacting regime
when a59kF is greater than 1. It is in this regime that

resonance superfluidity is predicted to occur. Using the fit
discussed above, we find that the unitarity-limited point
on the attractive interaction side of the resonance (higher
B) corresponds to a gas that actually has a59kF ) 11.

Anisotropic expansion has been put forth as a possible
signature of superfluidity [23] and has recently been
observed in a 6Li Fermi gas [24]. However, a normal
gas in the hydrodynamic regime, where the collision
rate is large compared to the trap oscillator frequencies,
is expected to exhibit the same anisotropy in expansion
[23,25]. In this case, collisions during the expansion
transfer kinetic energy from the elongated axial cloud
dimension into the radial direction. A large magnitude
scattering length, such as is required for resonance super-
fluidity, enhances the collision rate in the gas and could
cause the normal gas to approach the hydrodynamic
regime.

We have utilized our ability to tune a59 with the mag-
netic-field Feshbach resonance to investigate these ef-
fects. After evaporatively cooling atoms in a 45=55
mixture of the mf " !9=2 and mf " !7=2 spin states,
the optical trap power was recompressed to !r " 1230 Hz
and B was ramped to the desired value near the reso-
nance. We then transferred atoms from the mf " !7=2
state to the mf " !5=2 state with a 29 #s rf " pulse [26].
Expansion was initiated by turning off the optical trap-
ping beam with an acousto-optic modulator 0.3 ms after
the rf pulse. The magnetic field remained high for 5 ms of
expansion and a resonant absorption image was taken
after a total expansion time of 20 ms.

We find that the ratio of the axial and transverse widths
of the expanded cloud, $z=$y, decreases at the peak of
the Feshbach resonance (Fig. 4). This effect depends on
having strong interactions during the expansion; we do
not see any change in $z=$y if the magnetic field, and
consequently the resonant interactions, are switched
off at the same time as the optical trap. The aniso-
tropic expansion is seen on both sides of the peak of the
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FIG. 3. Scattering length versus magnetic field near the
Feshbach resonance peak. The scattering length a59 was ob-
tained from measurements of the mean-field energy taken for
T=TF " 0:4 and two different densities: np " 1:8* 1014 cm!3

(circles) and np " 5:8* 1013 cm!3 (squares). We estimate a
systematic uncertainty in a59 of '50% due to uncertainty in
our measurement of the trapped gas density.
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Regal & Jin (JILA),  PRL(2003)
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1. Spin is insulated for small ω

μ > 0 [(kFa)-1= -1,0] → coherence peak
μ < 0 [(kFa)-1= 1]     → decay

2. Behaviors for ω → 2Egap + 0
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BdG Hamiltonian

P-wave Feshbach resonance in the ↑-↓ channel:
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⇠k = k2/(2m)� µ

Fermi atoms in quasi 1D
Tajima, YS, & Uchino, PRB (2022)
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Class BDI with winding #
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�(k) = kD (D > 0)

der and interactions on the Z2 topological insulator have been
less well studied in the 3D case than in the 2D case, there are
known to exist gapless surface modes in the topologically
nontrivial 3D phase which are robust against arbitrary strong
disorder as long as the latter does not alter the bulk topologi-
cal properties, in analogy to the quantum spin Hall effect
!QSHE" in two dimensions.12,21,24–27 These delocalized sur-
face states, whose Fermi surface encloses an odd number of
Dirac points, form a two-dimensional “Z2 topological
metal.”12,27,28

Recently, a series of experiments have been performed on
certain candidate materials for Z2 topological insulators. For
example, the QSH effect has been observed in HgTe/
!Hg,Cd"Te semiconductor quantum wells.29–33 Moreover, a
3D Z2 topological phase has been predicted for strained
HgTe and for bismuth-antimony alloys.12,33,34 Indeed, photo-
emission experiments on the latter system have revealed an
odd number of Dirac points inside the Fermi surface on the
!111" surface, thereby providing !indirect" evidence for the
existence of a nontrivial topological phase in three spatial
dimensions.12,35

In this paper we provide an exhaustive classification of
topological insulators and superconductors. Our classifica-
tion is for noninteracting systems of fermions. However,
since there is a gap, our results also apply to interacting
systems as long as the strength of the interactions is suffi-
ciently small as compared to the gap. As the majority of
previous works studied two-dimensional topological phases,

we shall be mostly concerned with the classification of 3D
systems, and only briefly comment on one- and two-
dimensional topological insulators in Sec. VIII. In the same
spirit as in the treatments of Z2 topological insulators, we
impose several discrete symmetries on a family of quantum
ground states. We then ask if different quantum states can be
transmuted into each other, without crossing a quantum
phase transition, by a continuous deformation respecting the
discrete symmetries.

If we are to include spatially inhomogeneous deforma-
tions of quantum states, such as those arising, e.g., from the
presence of random impurity potentials, the natural discrete
symmetries we should think of would be those considered in
the context of disordered systems.36 It is at this stage that we
realize that the existence of the classification of random
Hamiltonians, familiar from the theory of random matrices,
will become very useful for this purpose.

Specifically, following Zirnbauer37 and Altland and
Zirnbauer38 !AZ", all possible symmetry classes of random
matrices, which can be interpreted as Hamiltonians of some
noninteracting fermionic system, can be systematically enu-
merated: there are ten symmetry classes in total. !For a sum-
mary, see Table I." The basic idea as to why there are pre-
cisely ten is easy to understand. Roughly, the only generic
symmetries relevant for any system are TRS and charge con-
jugation or particle-hole symmetry !PHS". Both can be rep-
resented by antiunitary operators on the Hilbert space on
which the single-particle Hamiltonian !a matrix" acts, and

TABLE I. Ten symmetry classes of single-particle Hamiltonians classified in terms of the presence or
absence of time-reversal symmetry !TRS" and particle-hole symmetry !PHS", as well as “sublattice” !or
“chiral”" symmetry !SLS" !Refs. 37 and 38". In the table, the absence of symmetries is denoted by “0.” The
presence of these symmetries is denoted by either “+1” or “−1,” depending on whether the !antiunitary"
operator implementing the symmetry at the level of the single-particle Hamiltonian squares to “+1” or “−1”
!see text". #The index !1 equals "c in Eq. !1b"; here #c= +1 and −1 for TRS and PHS, respectively.$ For the
first six entries of the table !which can be realized in nonsuperconducting systems", TRS= +1 when the SU!2"
spin is an integer #called TRS !even" in the text$ and TRS=−1 when it is a half-integer #called TRS !odd" in
the text$. For the last four entries, the superconductor “Bogoliubov–de Gennes” !BdG" symmetry classes D,
C, DIII, and CI, the Hamiltonian preserves SU!2" spin-1/2 rotation symmetry when PHS=−1 #called PHS
!singlet" in the text$, while it does not preserve SU!2" when PHS= +1 #called PHS !triplet" in the text$. The
last three columns list all topologically non-trivial quantum ground states as a function of symmetry class and
spatial dimension. The symbols Z and Z2 indicate whether the space of quantum ground states is partitioned
into topological sectors labeled by an integer or a Z2 quantity, respectively.

TRS PHS SLS d=1 d=2 d=3

Standard A !unitary" 0 0 0 - Z -
!Wigner-Dyson" AI !orthogonal" +1 0 0 - - -

AII !symplectic" −1 0 0 - Z2 Z2

Chiral AIII !chiral unitary" 0 0 1 Z - Z
!sublattice" BDI !chiral orthogonal" +1 +1 1 Z - -

CII !chiral symplectic" −1 −1 1 Z - Z2

BdG D 0 +1 0 Z2 Z -
C 0 −1 0 - Z -

DIII −1 +1 1 Z2 Z2 Z
CI +1 −1 1 - - Z

SCHNYDER et al. PHYSICAL REVIEW B 78, 195125 !2008"

195125-2

Schnyder, Ryu, Furusaki & Ludwig, PRB (2008)
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Tajima, YS, & Uchino, PRB (2022)
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He et al.,  PRL (2020)

One-dimensional systems with spin-charge separation
Described by 4 parameters vc, vs, Kc, Ks
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Giamarchi, PRB (1991); (1992)
cf. Charge conductivity

4

Fig. 3. Spin-charge separation. Peaks of measured Bragg
spectra for charge (red triangles) and spin (blue circles) con-
figurations for a ranging from 0 to 500 a0. Peak frequency
values determined via fits of a parabolic function to the data-
points above 50% of the maximum measured value, and error
bars are statistical standard errors of the relevant fit parame-
ters. The corresponding speed of sound vp = !p/q is given by
the right axis. The upper horizontal axis gives the interaction
strength in terms of the Lieb-Liniger parameter �⇤, evaluated
at the center of a tube with occupancy 30 atoms. Lines show
the calculated values for !p for the charge- and the spin-mode
(dash-dotted red and dashed blue, respectively). Symbols for
a = 0 and 100 a0 have been slightly displaced from one an-
other for clarity. Non-monotonicity in the charge-mode data
and theory at low interaction is due to small residual di↵er-
ences in the number profiles prepared at di↵erent interaction
strengths. Non-monotonicity in the spin-mode theory is likely
due to neglecting the e↵ects of band curvature, a q

3 correc-
tion.

to model the increase in the out-coupled width for the spin-
mode by calculating the spread in velocities implied by the
finite spin-boson lifetime due to back-scattering [27].

Having harnessed the tunability of interactions available
in the cold-atom setting, we reveal the role of interactions
in spin-charge separation for the first time, by tuning be-
tween a spin-charge separated regime and one where there is
no separation. Further, the selectivity of the Bragg process
in exciting either the CDW or the SDW allows us to pro-
vide the clearest demonstration of the division of the TLL
Hamiltonian into distinct spin and charge sectors. Bragg
spectroscopy may be used to probe the ultracold-atom TLL
beyond the demonstration of spin-charge separation contained
in this work. Measurements with variable q can be conducted
to further study the NLL and to benchmark novel calculations
which include e↵ects of band curvature and spin-charge cou-
pling [34, 36, 37]. Additionally, at elevated temperatures and
interactions, a spin-incoherent Luttinger liquid is expected,
which supports a propagating charge-mode but not a spin-
mode [38, 39]. Spin-imbalanced mixtures and attractive in-
teractions are also of interest and are accessible via this tech-
nique [40]. Experiments with shallower lattices will allow for
the study of dimensionality e↵ects due to tunneling between
tubes [5]. It is increasingly clear that the oft-admired math-
ematical elegance of 1D many-body physics is well comple-
mented by the purity and tunability of ultracold atoms.

Fig. 4. Dispersion of spin and charge density waves.
1/e2 axial width of outcoupled atoms following a Bragg pulse
and 150 µs time-of-flight for (A) charge (dc, red triangles) and
(B) spin (ds, blue circles) excitations, with a ranging from 0
to 500 a0. The widths are the Gaussian fits to the postive
outcoupled signal at !p. Error bars are standard errors de-
termined by bootstrapping for at least 20 independent images
[30]. The horizontal axis gives the Lieb-Liniger parameter �⇤

calculated for a median tube occupancy of 30 atoms [27]. The
blue dashed line shows an estimation for ds derived from the
finite lifetime of the spin bosons. (C-F) Representative sam-
ples of column-density (⇢c) images of the atom cloud after the
Bragg pulse and time-of-flight. (C) Charge mode with a = 0
and (D) a = 500 a0. (E,F) Spin mode with a = 0 and a =
500 a0, respectively. Each frame corresponds to 40 µm x 65
µm.
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(Memory function method)

Ks can be experimentally determined by spin conductivity at low frequency

These CORs reveal a coexistence of liquid and gaslike
states; for more details see Ref. [44].
Exact low-lying excitations and dynamic structure

factor.—Solving the TBA equations (2) and (3), we obtain
precisely the low-lying excitations in both spin and charge.
As shown in Fig. 3, the excitations in the two sectors are
separated from each other. The charge particle and hole
excitations at low energy are given exactly by

ωðqÞ ¼ vcjqj$
ℏq2

2m% þ ' ' ' ð9Þ

with ½m=ðm%Þ) ¼ f½ϵc″ðk0Þ)=f2½2πρcðk0Þ)2gg − f½πρc0ðk0Þ
ϵc0ðk0Þ)=½2πρcðk0Þ)3g, where m% is the effective mass,
taking the form m% ≈m½1þ ð4 ln 2=γÞ) as γ ≫ 1 [41].
For small q, the charge excitation can be well captured
by the leading order in Eq. (9), while the second term is
irrelevant. The charge DSF in a 1D repulsive Fermi gas has
been recently measured [24,48] using the technique of
Bragg spectroscopy [49,50], where the key feature of free
Fermi liquid was observed in the DSF and the speed of
sound in the charge sector was measured. The charge
DSF of a free homogeneous Fermi gas is already known to
be [51]

Sðq;ωÞ ¼ Imχðq;ω; kF; T; NÞ
πð1 − e−βℏωÞ

: ð10Þ

Based on the charge excitation spectrum (9), the interaction
only modifies the effective mass with the Fermi point kF
replaced by kc ¼ m%vc=ℏ [24]. As a consequence, it will
move the resonance position from ω ¼ vFq to ω ≈ vcq in
the excitation spectrum. Here we observe that for T → 0,
DSF Sðq;ωÞ ≠ 0 only for ω− ≤ ω ≤ ωþ, where ω$ ¼
vcjqj$ ðℏq2=2m%Þ captures the dispersion (9). Taking
the setting for a gas of spin-balanced 6Li with particle
number N ¼ 60, several different values of inter-
action strength at temperature T ¼ 120 nk, tube length
L ¼ 20 μm, and q ¼ 1.47 μm−1 ≈ 0.15kF [24,48], we
demonstrate in Fig. 4(a) the Bragg spectrum as a function
of Bragg frequency. The peak frequency of the DSF
signal is plotted in Fig. 4(b) as a function of γ, from which
we can read off the peak velocity defined as the ratio of
peak frequency and q. As Fig. 4(b) demonstrates, this peak
velocity is solely determined by the charge sound velocity,
whereas the effective mass affects the width of the
DSF. Our results on charge velocity and its dependence
of the interaction strength are consistent with the
experimental measurement and analysis reported in
Ref. [24]. A more detailed study will be presented in the
near future [44].

FIG. 3. Exact low energy excitation spectra in charge (yellow
green) and spin (dark green) at γ ¼ c=n ¼ 5.03ðas ¼ 700a0Þ
with the Fermi surface kF ¼ nπ, density n ¼ N=L ¼
3 × 106ð1=mÞ, ΔE ¼ ℏω. The yellow green shows the par-
ticle-hole continuum excitation. The black solid lines indicate
the thresholds of particle-hole excitation which remarkably
manifest the free fermion-like dispersion (9) with an effective
mass m% ≈ 1.27m at low energy. The black dashed line in the
charge excitation stands for the charge velocity vc. The dark green
shows the two-spinon excitation, where the black dashed lines
stand for the spin velocities vs near ΔK ¼ 0 and ℏkF, respec-
tively. The two red dashed lines indicates the positions of
excitation momenta in charge and spin sectors for Fig. 4.

(a)

(c) (d)

(b)

FIG. 4. Normalized charge and spin DSFs of a homogeneous
Fermi gas with parameters corresponding to these of
Ref. [24]: length L ¼ 20 μm, particle numbers N ¼ 60, tempera-
ture T ¼ 120 nk, and various interaction strengths
as ¼ 400a0, 500a0, 600a0, 700a0. Here as is the 3D scattering
length, which is related to the 1D interaction strength by c ¼
−2ℏ2=ma1D with a1D ¼ ð−a2⊥=2asÞ½1 − Cðas=a⊥Þ) [52]. In con-
verting to dimensional quantities, we have assumed the atoms are
6Li with transverse harmonic confinement ω⊥ ¼ ð2πÞ198 kHz.
(a) Normalized charge DSF [Eq. (10)] vs Bragg frequency ω=2π
at q ¼ 1.47 μm−1. (b) The empty circles denote the peak
frequency of each spectrum vs γ. The corresponding peak charge
velocity ω=q is given by the right axis. The dashed line is the
charge sound velocity obtained from TBA. (c) Normalized spin
DSF [Eq. (11)] vs Bragg frequency ω=2π at δk ¼ 1.47 μm−1.
(d) The empty circles denote the peak frequency of each spectrum
vs γ. The corresponding peak spin velocity ω=δk is given by the
right axis. Stars are spin sound velocity obtain from the TBA.
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complete control of the experimentalist. For example, 
the geometry of the trapping potentials can be changed 
by interfering laser beams under a di! erent angle, thus 
making even more complex lattice con" gurations19, 
such as Kagomé lattices20. # e depth of such optical 
potentials can even be varied dynamically during 
an experimental sequence by simply increasing or 
decreasing the intensity of the laser light, thus turning 
experimental investigations of the time dynamics of 
fundmental phase transitions into a reality.

Each periodic potential formed by a single 
standing wave has the form

Vlat(x) = V0sin2(kLx),

where kL = 2π/λL is the wave vector of the laser 
light used to form the optical standing wave and V0 
represents the lattice potential depth, usually given 
in units of the recoil energy ER = h _ 2kL

2/2m (m being 
the mass of a single neutral atom), which is a natural 
energy scale for neutral atoms in periodic light " elds. 
Note that by choosing to interfere two laser beams 
at an angle less than 180°, one can form periodic 
potentials with a larger period.

# e motion of a single particle in such periodic 
potentials is described in terms of Bloch waves 
with crystal momentum q. However, an additional 
harmonic con" nement arises due to the gaussian 
pro" le of the laser beams (see Fig. 2). Although this 
harmonic con" nement is usually weak (typically 
around 10–200 Hz oscillation frequencies) 
compared with the con" nement of the atoms on 
each lattice site (typically around 10–40 kHz), it 
generally leads to an inhomogeneous environment 
for the trapped atoms. One must be careful, 
therefore, when comparing experimental results 
derived for a homogeneous periodic potential case 
to the ones obtained under the inhomogeneous 
trapping conditions as described.

Owing to the large degree of control over the 
optical lattice parameters, a number of detection 
techniques have become available to directly measure 
the band populations present in the periodic potential. 
A good example of such a measurement technique 
is the mapping of a Bloch state in the nth energy 
band with crystal momentum q onto a free-particle 
momentum in the nth Brillouin zone (see Fig. 3). # is 
can be achieved by adiabatically lowering the lattice 
potential depth, such that the crystal momentum 
of the excitation is preserved during ramp-down. 
# en, the crystal momentum is eventually mapped 
onto a free-particle momentum in the corresponding 
Brillouin zone21,22 (see Fig. 3). For instance, for an 
equal statistical mixture of Bloch states in the lowest 
energy band, one expects a homogeneously " lled 
momentum distribution of the atom cloud within 
the " rst Brillouin zone (a square in momentum space 
with width 2h _ kL). # e atom cloud for such an input 
state should then expand like a square box a$ er the 
adiabatic lowering of the optical lattice potential, 
which has indeed been observed experimently22–24. 
Occupation of higher energy bands becomes visible 
as higher Brillouin zones are populated, and the atom 
cloud expands in a stair-case density distribution a$ er 
adiabatic turn-o! 23 (see Fig. 3e).

a

b

Figure 1 Optical lattice potentials formed by superimposing two or three orthogonal standing waves. 
a, For a 2D optical lattice, the atoms are confi ned to an array of tightly confi ning 1D potential tubes. 
b, In the 3D case, the optical lattice can be approximated by a 3D simple cubic array of tightly 
confi ning harmonic oscillator potentials at each lattice site.
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Figure 2 Optical lattice potentials. a, The standing-wave interference pattern creates a periodic 
potential in which the atoms move by tunnel coupling between the individual wells. b, The gaussian 
beam profi le of the lasers, a residual harmonic trapping potential, leads to a weak harmonic confi nement 
superimposed over the periodic potential. Thus the overall trapping confi guration is inhomogeneous.
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1. Elusive in solid-state systems 
2. Powerful probe for quantum many-body states  

BCS-BEC crossover, Tomonaga-Luttinger liquid(TLL), Spinor BEC,… 

3. Widely applicable probe for clean systems
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Optical (AC) spin conductivity 
Measurable in cold-atom experiments 

Significance of YS, Tajima, & Uchino, accepted by PRResearch (2022) 
Tajima, YS, & Uchino, PRB (2022)

Future perspective: Pseudogap of the unitary Fermi gas ?



Backup Slides

30/29



Ultracold atoms
Very pure & highly controllable atomic gases 

31/29

From Schauss Group, University of Virginia (https://ultracold.phys.virginia.edu/public_html/)

n = 1013 ̶1015 cm-3, T = 10-6 ̶10-8 K  (μK̶nK)

(cf. O2 in a room:  n = 1019 cm-3, T = 103 K)

Coldest in the Universe !!

https://ultracold.phys.virginia.edu/public_html/
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1. Spin diffusivity 2. DC spin conductivity

4. Quantized conductance3. Optical (AC) conductivity

From images of the central four planes [see Figs. 1(b),1(c)],
we determine projections of a site-granulated center-of-mass
position operator R̂α¼x;y ¼ N−1P

i;srα;in̂i;s, where n̂i;s is the
number operator for an atom of spin s on lattice site i located
at rα;i. hR̂αðtÞi is fit toAα cos½ωtd − ϕα% [see Fig. 1(d)],where
ω is the drive frequency (typically 2π × 10–200 Hz) and Aα
andϕα are fit parameters. The steady-state bulk current is then
hĴαðωÞi ¼ NdhR̂αðωÞi=dt. As shown in Fig. 1(e), remaining
in the linear-response regime restricts hR̂αi to the micron
scale, emphasizing the need for high-resolution measure-
ment. In complex notation, the global conductivity σαβðωÞ
can be determined through the equivalent of Ohm’s law [22],

hĴαðωÞi ¼
X

β

σαβðωÞFβðωÞ: ð1Þ

In terms of fit variables and drive strength, σαβðωÞ ¼
−iNωAαðωÞ exp½iϕαðωÞ%=FβðωÞ. We write the conductivity
in dimensionless form σ=σ0, where σ0 ≡ Na2L=ℏ sets the
scale of the Mott-Ioffe-Regel limit [35].
Figure 2(a) shows an example of on-diagonal conduc-

tivity, σxx. We observe both a peak in Re σxx and a zero
crossing in Im σxx at finite frequency, in contrast to the dc
peak expected in a conventional metal with Drude-like
response. This can be understood as a capacitive effect of
the harmonic trap, which shifts the peak response to its
oscillation frequency, renormalized by the effective mass of
particles in the lattice [9].

Figure 2(b) shows that in the same conditions, σxy − σyx
is a smaller and noisy signal. When integrated using a sum
rule for off-diagonal conductivity [36], we find a cyclotron
frequency of 2π × ð0& 2Þ Hz. This is expected, since no
gauge field is applied here, however the method could be
used to explore the finite-frequency anomalous conduc-
tivity of systems with broken time-reversal symmetry
[37–40]. In the remainder of this Letter, we report only
on-diagonal response.
In a pure harmonic trap, Re σxx is a measurement-time-

limited peak at the bare trap frequency [41] [see Fig. 2(c)],
but the addition of a lattice broadens the response by
enabling current dissipation [Figs. 2(d)–2(f)]. The Kubo
relation [42,43] gives σðωÞ as the Fourier transform of the
retarded current-current correlation function, and thus a
finite current lifetime τ broadens the ac conductivity spectra
by τ−1. The damping of the current is seen through the
diminished quality of the resonance, similar to cavity-
perturbation techniques employed in microwave spectros-
copy of conductors [44,45]. In the absence of phonons,
defects, and impurities, collisions between the fermions are
responsible for dissipation of current. However, low-energy
collisions in the parabolic sector of the dispersion relation
ϵðkÞ do not contribute, since velocity and quasimomenta
are proportional, as in free space [22,41,46–48]. The full
band structure breaks Galilean invariance at higher quasi-
momenta, and enables collisional current dissipation [49].
The broadening of the global response includes not

only irreversible decoherence due to collisions, but also
dephasing due to the nonparabolic dispersion relation.
To deconvolve these two effects, we developed an effective
model based on linear response theory using the exact
eigenmode structure of the single-band confined-lattice
Hamiltonian [50–52], ĤCL ¼ Ĥ0 þ ĤP. In this model, a
tight-binding (TB) kinetic energy Ĥ0 ¼ −t
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i;sĉj;s,

(a)

XDT1 x lattice

XDT2

y lattice

z lattice

(c)(b)

0 25 50

-2

0

2 (d)

drive time  (ms)

di
sp

la
ce

m
en

t (
µm

)

b
c

(e)

drive amplitude µm)

re
sp

on
se

 
 (

µm
)

60 Hz

20 Hz
50 Hz

0 5 10
0

1

2

FIG. 1. Measurement. (a) Atoms in a 3D optical lattice are
driven by periodic displacement of one or both trapping beams
(XDT). (b),(c) In situ images are taken after various drive times td
and the center of mass is extracted. (d) The displacement of the
center of mass is fit to a single-frequency response (solid line)
typically across two periods in trap displacement (dashed line).
Data is for a 40 Hz drive and V ¼ 2ER lattice. (e) The response
amplitude Ax is shown versus drive dx in typical conditions and at
several ω. The linear response limit is found for Ax ≲ 1 μm, as
seen by comparison to the lines fit at low Ax.
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FIG. 2. Conductivity spectra. (a) Real and imaginary on-
diagonal conductivity, and (b) difference in real off-diagonal
conductivities, versus drive frequency. Here, V ¼ 2.5ER, with
background as. Lines show fits to Eq. (2). (c) For V ¼ 0, a
Fourier-limited response is observed, with mSxx=N ¼ 1.01ð8Þ
and Γ ¼ 18ð1Þ s−1. (d),(e),(f) For increasing V, the response
broadens and spectral weight (shaded) decreases. By V ¼ 4ER,
mSxx=N ¼ 0.37ð2Þ, and Γ ¼ 370ð140Þ s−1. The upwards shift in
frequency is due to increased confinement from the lattice beams.
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Js~{Ds
L n:{n;
! "

Lz
where n"(#) is the density of spin-up (spin-down) atoms. We calculate
Js using the trap-averaged velocity as Js~ 1

2 n:zn;
! "

_d, where the
densities are evaluated at the centre of total mass.
We find that the spin diffusivity is at a minimumwhen interactions

are resonant (see Supplementary Information). The increase in spin
diffusivity for positive scattering lengtha, aswell as the decrease in spin
drag, argues against the existence of a ferromagnetic state in repulsive
Fermi gases, for which diffusion should stop entirely9,11. Figure 3
reports the measured spin diffusivity as a function of temperature at
unitarity. In the high-temperature limit on resonance, one expects
Ds / v/ns / T3/2. At high temperatures, we indeed find this temper-
ature dependence, with a fit giving Ds~5:8 2ð Þ B

m T=TFð Þ3=2 for
T/TF. 2. In the degenerate regime, the spin diffusivity is seen to attain
a limiting value of 6.3(3)B/m.
When comparing these results to theoretical calculations, it is

important to account for the inhomogeneous density distributions
and velocity profiles. For a homogeneous system on resonance, and
at high temperatures compared to the Fermi temperature, we predict
Ds~1:11 B

m T=TFð Þ3=2 and C sd~0:90 EF
B T=TFð Þ{1=2 (see Supplemen-

tary Information). The measured spin drag coefficient is smaller by a
factor of 0.90/0.16(1)5 5.6(4) while the spin diffusivity is larger by
about the same factor, 5.8(2)/1.115 5.3(2), compared to a homogen-
eous system at the density of the centre of total mass. These factors
reflect the inhomogeneity of the system and agree with an estimate
from the Boltzmann transport equation (see Supplementary Informa-
tion). The emergence of a superfluid core at our lowest tempera-
tures will further modify the ratio of trap-averaged to local transport
coefficients.
Finally, the measured transport coefficients give for the first time

access to the temperature dependence of the spin susceptibility, xs(T),

in strongly interacting Fermi gases. Defined as xs~
L n:{n;
! "

L m:{m;
! " , the

spin susceptibility describes the spin response to an infinitesimal effec-
tive magnetic field or chemical potential difference m"2m# applied to
the gas, and is a crucial quantity that can discriminate between differ-
ent states of matter10. In a magnetic field gradient, particles with
opposite spin are forced apart at a rate determined by the spin con-
ductivity ss, while diffusion acts to recombine them. The balance
between the processes of diffusion and conduction therefore deter-
mines the resulting magnetization gradient, a connection expressed

in the Einstein relation11 xs5ss/Ds. Assuming the standard rela-
tion11,14 ss5 n/(mCsd),

xs~
1

mdv2
z

L n:{n;
! "

Lz

where
L n:{n;ð Þ

Lz is evaluated near the trap centre. The inhomogeneous
trapping potential does not affect the measurement of xs in the hydro-
dynamic limit at high temperatures (see Supplementary Information).
Close to the transition to superfluidity, interaction effects may modify
the relation between ss and Csd.
Figure 4 reports our findings for the spin susceptibility at unitarity, as

a function of the dimensionless temperature T/TF. At high tempera-
tures, we observe the Curie law xs5n/(kBT), where kB is Boltzmann’s
constant. In this classical regimeof uncorrelated spins, the susceptibility
equals the (normalized) compressibility of the gas n2k5 hn/hm that
we also directly obtain from our profiles. At degenerate tempera-
tures, the measured spin susceptibility becomes smaller than the nor-
malized compressibility. This is expected for a Fermi liquid, where

xs~
3n
2EF

1
1zFa

0
and k~

3
2nEF

1
1zFs

0
with Landau parameters Fs

0 and

Fa
0 describing the density (s) and spin (a) response

10. The spin suscepti-
bility is expected to strongly decrease at sufficiently low temperatures in
the superfluid phase, as pairs will form that will not break in the pres-
ence of an infinitesimal magnetic field. It is currently debated whether
the strongly interacting Fermi gas above the superfluid transition tem-
perature is a Fermi liquid23 or a state with an excitation gap (pseudo-
gap)28,29. The opening of a gap in the excitation spectrum would be
revealed as a downturn of the spin susceptibility below a certain tem-
perature. Such a downturn is not observed in xs down to T/TF< 0.2,
and therefore our spin susceptibility data agree down to this point with
the expected behaviour for a Fermi liquid.
In conclusion, we have studied spin transport in strongly interacting

Fermi gases. The spin diffusivity was found to attain a limiting value of
about 6.3B/m, establishing the quantum limit of diffusion for strongly
interacting Fermi gases. Away from resonance, the diffusivity increases.
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Figure 3 | Spin diffusivity of a trapped Fermi gas. Shown is the spin
diffusivity on resonance (Ds, normalized by B/m; filled circles) as a function of
the dimensionless temperature T/TF. At high temperatures, Ds obeys the
universal T 3/2 behaviour (solid line). At low temperatures, Ds approaches a
constant value of 6.3(3)B/m for temperatures below about 0.5TF, establishing
the quantum limit of spin diffusion for strongly interacting Fermi gases. Error
bars, 61s.e.
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Figure 4 | Spin susceptibility on resonance. a, Spin susceptibility (xs, open
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the values for an ideal Fermi gas at zero temperature. For temperatures below
TF, xs becomes suppressed relative to k, owing to interactions between
opposite-spin atoms. Dashed line, xs of a non-interacting Fermi gas for
comparison. b, Red circles, xs divided by the value of n2k obtained from the
same clouds. At temperatures above TF, the ratio of xs to n

2k approaches unity
(dashed line). Error bars, 61s.e.
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response (44). By comparing themeasured values of
cwith calculations from the numerical linked-
cluster expansion (NLCE) technique (48), we can
determine the entropy per particle S/kBN (where
kB is theBoltzmann constant).We find an entropy
per particle of S/kBN = 1.1 (±0.1), a regime where
NLCE is expected to converge at half-filling over
the range of t/U explored here (23, 49, 50).
The equilibrated samples with a spin density

gradient provide the starting point for subsequent
measurements. Because the initial spin density
gradient is small, it acts as a small perturbation
to the untilted scenario, ensuring that we are
probing properties of the homogeneous system
in linear response. After the sample has been
prepared at a fixed value of t/U, the magnetic
gradient is suddenly switched off. Following this
quench, the systembegins to relax back to equilib-
rium, where hŜz; ji ¼ 0 everywhere. Figure 2, A
to F, shows the decay of the spin density gradient
after the quench for t/U = 0.23 (±0.01). This
relaxation implies that a spin current JS must be
present. To obtain JS from the measured spin
profiles, we define the spin density imbalance,
I (t), at time t after the quench as

IðtÞ ¼
X

L

hŜ z; jðtÞi$
X

R

hŜ z; jðtÞi ð2Þ

where
P

L,R denotes summation over the left and
right halves of the box. Using the continuity
equation for the spin density, one can relate I(t)
to the spin current JS at the center of the box
( j = 0) via JS(t) = –(a/2)(d/dt)I(t)|t, where a is
the lattice spacing.
Figure 2G shows I (t) measured for several

values of t/U. For all values of t/U explored, I (t)
decays to zero. We have verified that the effects
of lattice heating during this decay are negligible
relative to the experimental uncertainty in the
measurement (44). I (t) is then fitted to an ex-
ponential curve, and the spin current JS is ob-
tained through the time derivative of the fit. To
connect JS with the spin transport coefficients,
we first examine the dependence of JS on the
spin density gradient at the center of the box,
∇hŜz; j¼0i. By extracting both quantities for a fixed
t/U at various times t, we have access to the
dependence of JS on∇hŜz; j¼0iover a large range
of values (Fig. 2H). We find that to within ex-
perimental error, JS is linearly proportional to
∇hŜz; j¼0i. This implies that the spin dynamics are
diffusive, so that JS ¼ DS∇hŜz; j¼0i, where DS is
the spin diffusion coefficient. The diffusive nature
of the dynamics is also independently probed by a
measurement of the power-law dependence of
the decay time of I(t), at a fixed value of t/U,
on the system size L (44).
Figure 3 shows the measured spin diffusion

coefficient DS of the half-filled, homogeneous
Hubbard model as a function of t/U, in units
of the quantum scale for mass diffusion D0 =
ħ/m, where m = ħ2/ta2 is the effective mass in
the tight-binding limit. For all data in the strongly
interacting regime (t/U ≤ 0.125), the spin diffusion
coefficient lies below the scale of quantum-limited
mass diffusion D0. In this range, the dependence

Nichols et al., Science 363, 383–387 (2019) 25 January 2019 3 of 5

Fig. 3. Spin diffusion coefficient of the half-filled Fermi-Hubbard system versus t/U.The
experimentallymeasured spin diffusion coefficient ħDS/ta

2 ≡DS/D0 at half-filling (black circles) versus the
Hubbard parameters t/U, and a linear fit to data points with t/U<0.09 (black dot-dashed line).The vertical
error bars represent the 1s statistical error in the measurement; the horizontal error bars represent the
1s statistical error in the calibrated value of t/U. The blue solid line represents isentropic results for
DS/D0 obtained from NLCE calculations of the real-time spin current-current correlation function for the
Hubbard model (44), with an entropy per particle of 1.1kB.With a finite temporal cutoff of ~ħ/t for the
real-time correlation functions, theNLCE theory is expected to provide a lower bound to the true diffusivity.
For comparison, a prediction for the spin diffusion coefficient of the 2D Heisenberg model at high
temperatures, kBT >> Jex, where T is the temperature, is shown (dashed red line) (8, 51, 52).
Inset: A close-up view of the spin diffusion coefficient at half-filling for t/U < 0.09, where it
is expected to scale approximately linearly with t2/U.

Fig. 4. Spin conductivity of the half-filled Fermi-Hubbard system versus t/U.The measured spin
conductivity at half-filling from the initial spin current in an applied magnetic gradient (red squares)
and from the measured spin diffusion coefficient using the Einstein relation sS = DSc (black circles).
A linear fit to data points with t/U < 0.09 is represented by the black dot-dashed line. The vertical
error bars represent the 1s statistical uncertainty of the measurements; the horizontal error bars
represent the 1s statistical error in the calibrated value of t/U. The data have been corrected for finite
detection fidelity associated with the imaging process of the two spin states (44). The blue solid
line is the result obtained for ħsS at constant entropy using an NLCE calculation of the real-time spin
current-current correlation function for the Hubbard model, with an entropy per particle of 1.1kB (44).
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Hot topic in spintronics 
Multilayer systems are considered 

Bulk transport property             is elusive !!

Ferromagnetic resonance in Multilayer systems
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0.02%, as shown in Fig. 3(c), corresponds to a moment of
2.5 × 10−3μB=Mn. The dc Mn moment due to the spin
current should be ∼tanðθNiÞ×2.5×10−3μB¼6.5×10−5μB,
similar to the transient magnetic moment of 3 × 10−5μB
reported in Ref. [24]. Note that this is only an estimate since
the relation between magnetic moment and XMCD magni-
tude depends in detail on the electronic structure of the
material.
We rule out electron spin resonance (ESR) [53] from the

Cu75Mn25 layer. At f¼4GHz, ESR occurs atH ≈ 1300 Oe;
thus, we do not expect any detectable Mn ESR signal at the
Py FMR field of H ≈ 230 Oe. We proved the absence of
ESR at the Py resonance field by performing time-resolved
XMCD measurements on the Pyð12 nmÞ=MgOð3.0 nmÞ=
Cu75Mn25ð2.0 nmÞ sample. The insulating MgO layer
blocks the spin current from the Py layer in the
Cu75Mn25 layer. While the Py exhibits the expected FMR
spin precession [Fig. 4(a)], no Mn AC XMCD signal is
detected in the Cu75Mn25 layer at a sensitivity of 0.01%
[Fig. 4(b)]. The total power absorption indicates the pres-
ence of a broad ESRpeak [Fig. 4(c)] with contributions from

all conducting elements in the sample (e.g., the Coplanar
Waveguide and Cu). However, no detectable Mn ac XMCD
signal was found at H ¼ 1300 Oe. Therefore, the Mn
precession in Fig. 3 cannot be attributed to ESR or dipolar
coupling between Py and Mn, but rather to the FMR of Py,
which drives theMn precession in phasewith the Py (ac spin
current across the Cu layer).
From the pump-probe XMCD measurement, we also

determined the relative phase of the Py, Cu75Mn25, and Co
magnetic moment precession at the Py FMR resonance
field. Figure 3(c) shows that the Cu75Mn25 magnetic
moment has identical phase to the Py magnetic moment.
In fact the identical phase of the Mn and Py precessions is
an important property of the ac spin current in Eq. (1) (i.e.,
the pumped magnetic current is in phase with the pumping
FMR magnetic moment) [51]. In contrast, the Co magnetic
moment precession has an obviously different phase to the
Py magnetic moment precession. This is a clear indication
that the Co magnetic moment precession cannot be
explained by direct exchange coupling of the Py and Co
layer through pin holes, etc. Then an interesting question is
the following: why is there a phase difference between the
spin current and the Co spin precession?
We systematically measured the Py and Co precessions

at different magnetic fields [Fig. 5(a)] from which the Py
and Co amplitude [Fig. 5(b)] and phase [Fig. 5(c)] were
extracted by fitting of the XMCD signal to a sine wave.
Note that the amplitudes are normalized in Fig. 5(a) for
clarity. The extracted component of the Py amplitude
projected onto the y axis, i.e., perpendicular to the applied
field, exhibits a Lorentzian-shaped FMR peak at the same
resonance field of Hres ¼ 235 Oe as in Py=Cu=Cu75Mn25=
Cu [Fig. 2(a)]. However, the linewidth of ΔH1=2 ¼ 95 Oe

FIG. 4. For the Py=MgO=Cu75Mn25 sample, (a) Ni spin
precession at the Py resonance field. (b) Absence of Mn XMCD
indicates the absence of the Mn spin precession at the Py
resonance field. (c) Total power absorption showing a broad
ESR peak atH ¼ 1300 Oe in addition to the sharp Py FMR peak.
The ESR arises from all conduction electrons in the sample.
(d) The absence of Mn AC XMCD at H ¼ 1300 Oe shows that
the ESR does not contribute to the Mn ac XMCD signal.

FIG. 3. (a) Schematic drawing of the magnetic moment
precession in each layer due to the pure spin current pumped
by the Py FMR. Note the inverted cone of precession for the Mn
moment as described by Eq. (1). (b) Spin precession within the
Py, Cu75Mn25, and Co layers revealed by ac XMCD measure-
ments using LCP (red dots) and RCP (green dots) x rays at the Ni,
Mn, and Co edges, respectively. The absence of any oscillations
below the Mn L3 edge energy (purple solid dots) confirms the
absence of any artifacts in the measurement. (c) The relative
magnitude and phase of the Py, Cu75Mn25, and Co spin
precession. The Cu75Mn25 spin precession is a direct indicator
of the ac spin current.
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Optical mass conductivity for cold atoms

From images of the central four planes [see Figs. 1(b),1(c)],
we determine projections of a site-granulated center-of-mass
position operator R̂α¼x;y ¼ N−1P

i;srα;in̂i;s, where n̂i;s is the
number operator for an atom of spin s on lattice site i located
at rα;i. hR̂αðtÞi is fit toAα cos½ωtd − ϕα% [see Fig. 1(d)],where
ω is the drive frequency (typically 2π × 10–200 Hz) and Aα
andϕα are fit parameters. The steady-state bulk current is then
hĴαðωÞi ¼ NdhR̂αðωÞi=dt. As shown in Fig. 1(e), remaining
in the linear-response regime restricts hR̂αi to the micron
scale, emphasizing the need for high-resolution measure-
ment. In complex notation, the global conductivity σαβðωÞ
can be determined through the equivalent of Ohm’s law [22],

hĴαðωÞi ¼
X

β

σαβðωÞFβðωÞ: ð1Þ

In terms of fit variables and drive strength, σαβðωÞ ¼
−iNωAαðωÞ exp½iϕαðωÞ%=FβðωÞ. We write the conductivity
in dimensionless form σ=σ0, where σ0 ≡ Na2L=ℏ sets the
scale of the Mott-Ioffe-Regel limit [35].
Figure 2(a) shows an example of on-diagonal conduc-

tivity, σxx. We observe both a peak in Re σxx and a zero
crossing in Im σxx at finite frequency, in contrast to the dc
peak expected in a conventional metal with Drude-like
response. This can be understood as a capacitive effect of
the harmonic trap, which shifts the peak response to its
oscillation frequency, renormalized by the effective mass of
particles in the lattice [9].

Figure 2(b) shows that in the same conditions, σxy − σyx
is a smaller and noisy signal. When integrated using a sum
rule for off-diagonal conductivity [36], we find a cyclotron
frequency of 2π × ð0& 2Þ Hz. This is expected, since no
gauge field is applied here, however the method could be
used to explore the finite-frequency anomalous conduc-
tivity of systems with broken time-reversal symmetry
[37–40]. In the remainder of this Letter, we report only
on-diagonal response.
In a pure harmonic trap, Re σxx is a measurement-time-

limited peak at the bare trap frequency [41] [see Fig. 2(c)],
but the addition of a lattice broadens the response by
enabling current dissipation [Figs. 2(d)–2(f)]. The Kubo
relation [42,43] gives σðωÞ as the Fourier transform of the
retarded current-current correlation function, and thus a
finite current lifetime τ broadens the ac conductivity spectra
by τ−1. The damping of the current is seen through the
diminished quality of the resonance, similar to cavity-
perturbation techniques employed in microwave spectros-
copy of conductors [44,45]. In the absence of phonons,
defects, and impurities, collisions between the fermions are
responsible for dissipation of current. However, low-energy
collisions in the parabolic sector of the dispersion relation
ϵðkÞ do not contribute, since velocity and quasimomenta
are proportional, as in free space [22,41,46–48]. The full
band structure breaks Galilean invariance at higher quasi-
momenta, and enables collisional current dissipation [49].
The broadening of the global response includes not

only irreversible decoherence due to collisions, but also
dephasing due to the nonparabolic dispersion relation.
To deconvolve these two effects, we developed an effective
model based on linear response theory using the exact
eigenmode structure of the single-band confined-lattice
Hamiltonian [50–52], ĤCL ¼ Ĥ0 þ ĤP. In this model, a
tight-binding (TB) kinetic energy Ĥ0 ¼ −t

P
hi;ji;sĉ
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FIG. 1. Measurement. (a) Atoms in a 3D optical lattice are
driven by periodic displacement of one or both trapping beams
(XDT). (b),(c) In situ images are taken after various drive times td
and the center of mass is extracted. (d) The displacement of the
center of mass is fit to a single-frequency response (solid line)
typically across two periods in trap displacement (dashed line).
Data is for a 40 Hz drive and V ¼ 2ER lattice. (e) The response
amplitude Ax is shown versus drive dx in typical conditions and at
several ω. The linear response limit is found for Ax ≲ 1 μm, as
seen by comparison to the lines fit at low Ax.
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FIG. 2. Conductivity spectra. (a) Real and imaginary on-
diagonal conductivity, and (b) difference in real off-diagonal
conductivities, versus drive frequency. Here, V ¼ 2.5ER, with
background as. Lines show fits to Eq. (2). (c) For V ¼ 0, a
Fourier-limited response is observed, with mSxx=N ¼ 1.01ð8Þ
and Γ ¼ 18ð1Þ s−1. (d),(e),(f) For increasing V, the response
broadens and spectral weight (shaded) decreases. By V ¼ 4ER,
mSxx=N ¼ 0.37ð2Þ, and Γ ¼ 370ð140Þ s−1. The upwards shift in
frequency is due to increased confinement from the lattice beams.
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From images of the central four planes [see Figs. 1(b),1(c)],
we determine projections of a site-granulated center-of-mass
position operator R̂α¼x;y ¼ N−1P

i;srα;in̂i;s, where n̂i;s is the
number operator for an atom of spin s on lattice site i located
at rα;i. hR̂αðtÞi is fit toAα cos½ωtd − ϕα% [see Fig. 1(d)],where
ω is the drive frequency (typically 2π × 10–200 Hz) and Aα
andϕα are fit parameters. The steady-state bulk current is then
hĴαðωÞi ¼ NdhR̂αðωÞi=dt. As shown in Fig. 1(e), remaining
in the linear-response regime restricts hR̂αi to the micron
scale, emphasizing the need for high-resolution measure-
ment. In complex notation, the global conductivity σαβðωÞ
can be determined through the equivalent of Ohm’s law [22],

hĴαðωÞi ¼
X

β

σαβðωÞFβðωÞ: ð1Þ

In terms of fit variables and drive strength, σαβðωÞ ¼
−iNωAαðωÞ exp½iϕαðωÞ%=FβðωÞ. We write the conductivity
in dimensionless form σ=σ0, where σ0 ≡ Na2L=ℏ sets the
scale of the Mott-Ioffe-Regel limit [35].
Figure 2(a) shows an example of on-diagonal conduc-

tivity, σxx. We observe both a peak in Re σxx and a zero
crossing in Im σxx at finite frequency, in contrast to the dc
peak expected in a conventional metal with Drude-like
response. This can be understood as a capacitive effect of
the harmonic trap, which shifts the peak response to its
oscillation frequency, renormalized by the effective mass of
particles in the lattice [9].

Figure 2(b) shows that in the same conditions, σxy − σyx
is a smaller and noisy signal. When integrated using a sum
rule for off-diagonal conductivity [36], we find a cyclotron
frequency of 2π × ð0& 2Þ Hz. This is expected, since no
gauge field is applied here, however the method could be
used to explore the finite-frequency anomalous conduc-
tivity of systems with broken time-reversal symmetry
[37–40]. In the remainder of this Letter, we report only
on-diagonal response.
In a pure harmonic trap, Re σxx is a measurement-time-

limited peak at the bare trap frequency [41] [see Fig. 2(c)],
but the addition of a lattice broadens the response by
enabling current dissipation [Figs. 2(d)–2(f)]. The Kubo
relation [42,43] gives σðωÞ as the Fourier transform of the
retarded current-current correlation function, and thus a
finite current lifetime τ broadens the ac conductivity spectra
by τ−1. The damping of the current is seen through the
diminished quality of the resonance, similar to cavity-
perturbation techniques employed in microwave spectros-
copy of conductors [44,45]. In the absence of phonons,
defects, and impurities, collisions between the fermions are
responsible for dissipation of current. However, low-energy
collisions in the parabolic sector of the dispersion relation
ϵðkÞ do not contribute, since velocity and quasimomenta
are proportional, as in free space [22,41,46–48]. The full
band structure breaks Galilean invariance at higher quasi-
momenta, and enables collisional current dissipation [49].
The broadening of the global response includes not

only irreversible decoherence due to collisions, but also
dephasing due to the nonparabolic dispersion relation.
To deconvolve these two effects, we developed an effective
model based on linear response theory using the exact
eigenmode structure of the single-band confined-lattice
Hamiltonian [50–52], ĤCL ¼ Ĥ0 þ ĤP. In this model, a
tight-binding (TB) kinetic energy Ĥ0 ¼ −t
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FIG. 1. Measurement. (a) Atoms in a 3D optical lattice are
driven by periodic displacement of one or both trapping beams
(XDT). (b),(c) In situ images are taken after various drive times td
and the center of mass is extracted. (d) The displacement of the
center of mass is fit to a single-frequency response (solid line)
typically across two periods in trap displacement (dashed line).
Data is for a 40 Hz drive and V ¼ 2ER lattice. (e) The response
amplitude Ax is shown versus drive dx in typical conditions and at
several ω. The linear response limit is found for Ax ≲ 1 μm, as
seen by comparison to the lines fit at low Ax.
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FIG. 2. Conductivity spectra. (a) Real and imaginary on-
diagonal conductivity, and (b) difference in real off-diagonal
conductivities, versus drive frequency. Here, V ¼ 2.5ER, with
background as. Lines show fits to Eq. (2). (c) For V ¼ 0, a
Fourier-limited response is observed, with mSxx=N ¼ 1.01ð8Þ
and Γ ¼ 18ð1Þ s−1. (d),(e),(f) For increasing V, the response
broadens and spectral weight (shaded) decreases. By V ¼ 4ER,
mSxx=N ¼ 0.37ð2Þ, and Γ ¼ 370ð140Þ s−1. The upwards shift in
frequency is due to increased confinement from the lattice beams.
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Generalized Kohn’s theorem: 
Strong constraint on mass conductivity of clean gases 

Spin conductivity is never constrained and  
works as probes w/o lattice

Homogeneous Harmonically trapped On lattice

Kohn (1961); Brey et al. (1989); Li et al. (1991)

Mass 
conductivity

Sensitive to 
quantum states
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YS, Tajima, & Uchino, arXiv:2103.02418

1. Spin current:
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2. Spin conductivity:

3. Driving force:

(Spin conservation)

order of one second, which is an extremely long time compared to the
trapping period (44ms). The underlying explanation for spin current
reversal and the slow relaxation can be found in the extremely short
mean free path and the high collision rate between opposite-spin
atoms at unitarity. According to the above estimate, the spin diffusivity
is approximately B/m, which for 6Li is (100mm)2 s21. The atom clouds
in the experiment have a length of the order of 100mm, and it takes
them of the order of a second to diffuse through each other. So we are
indeed observing quantum-limited spin diffusion. The initial bounces
will occur when themean free path of a spin-up atom in the spin-down
cloud is smaller than the spin-down cloud size, that is, when the
mixture is hydrodynamic. Instead of quickly diffusing into the spin-
down region, it is then more likely that the spin-up atom is scattered
back into the spin-up region, where it can propagate ballistically.
After long evolution times, the oscillations shown in Fig. 1 have been

damped out, and the displacement between the centres of mass is
much smaller than the widths of the clouds. The relaxation dynamics
can then be described by linear response theory, giving access to the
spin transport coefficients. The spin drag coefficient Csd is defined as
the rate of momentum transfer between opposite-spin atoms12,14, and
is therefore related to the collision rate. From the Boltzmann transport
equation, the relaxation of the displacement d near equilibrium follows
the differential equation22

C sd
_dzv2

zd~0

in the case of strongly overdamped motion realized here. Fitting an
exponential with decay time t to the displacement gives the spin drag
coefficient of the trapped systemasC sd~v2

zt. In thedeeply degenerate
regime, the relationship between the measured and the microscopic
spin drag coefficient might be affected by a weak enhancement of the
effective mass23 and the attractive interaction energy between the
clouds10,22,24.
The spindrag coefficient is found tobegreatest on resonance, and thus

spin conduction is slowest on resonance (see Supplementary Informa-
tion). On resonance, Csd in a homogeneous system must be given by a
function of the reduced temperature T/TF times the Fermi rate EF/B. At
high temperatures, we expect the spin drag coefficient to obey a universal
scaling C sd!nsv! EF

B T=TFð Þ{1=2. In Fig. 2 we show the spin drag
coefficient as a function of T/TF; Csd is normalized by EF/B, where EF
and TF are the local values at the centre of total mass. We observe T21/2

scaling for T/TF. 2, finding C sd~0:16 1ð Þ EFB T=TFð Þ{1=2. At lower
temperatures, we observe a crossover from classical to non-classical
behaviour as the spin drag coefficient reaches a maximum of approxi-
mately 0.1EF/B near the Fermi temperature.We interpret this saturation
of the spin drag coefficient as a consequence of Fermi statistics and
unitarity4,5, as s and v approach values determined by the Fermi wave-
vector kF. The spin drag coefficient is inversely proportional to the spin
conductivity, which describes the spin current response to an external
spin-dependent force. Near the Fermi temperature, the maximum spin
drag coefficient corresponds to a minimum spin conductivity of the
order of kF/B. This is the slowest spin conduction possible in three
dimensions in the absence of localization.
At low temperatures, the spin drag coefficient decreases with

decreasing temperature. Reduced spin drag at low temperatures is
expected in Fermi liquids owing to Pauli blocking11,18,22,24,25, and is also
expected in one-dimensional Fermi gases26. In the case of collective
density (rather than spin) excitations, it was shown that pairing cor-
relations enhance the effective collision rate dramatically as the tem-
perature is lowered6. The effect of pairing on the spin drag coefficient
maybe qualitatively different. In a simple picture, spin currents require
the flow of unpaired atoms, whereas collective density excitations
affect paired and unpaired atoms alike.
Comparing the relaxation rate to the gradient in spin density allows

us to also measure the spin diffusivityDs. At the centre of the trap, the
spin current density Js is given by the spin diffusion equation27
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Figure 1 | Observation of spin current reversal in a resonant collision
between two oppositely spin-polarized clouds of fermions. a, b, Total
column density (a) and the difference in column densities (b: red, spin up; blue,
spin down) during the first 20ms after the collision. The central column
densities here are typically 73 109 cm22. Strong repulsion is observed that
leads to a high-density interface. c, The centre of mass separation initially
oscillates at 1.63(2) times the axial trap frequency of 22.8Hz (see
Supplementary Information) before decaying exponentially at later times. The
initial atom number per spin state is 1.23 106, and the temperature 200ms
after the collision and later is 0.5TF, withTF the Fermi temperature at the centre
of each cloud.d, The trapping potentialV is harmonic along the symmetry axis.
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Figure 2 | Spin drag coefficient of a trapped Fermi gas with resonant
interactions. The spin drag coefficientCsd is normalized by the Fermi rateEF/B
at the trap centre, whereas the temperature is normalized by TF5EF/kB. We
find agreement between measurements taken at three different axial trapping
frequencies, 22.8Hz (red circles), 37.5Hz (blue triangles) and 11.2Hz (black
squares). The data for T/TF. 2 fit to a T21/2 law (solid line). Dashed line, a
power law fit for T/TF, 0.5 to show the trend. Each point is a mean from
typically three determinations ofCsd, each obtained from a time series of about
30 experimental runs and weighted according to the standard deviation from
fitting error and shot to shot fluctuations. Error bars, 61s.e.
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e.g. Experiment on spin diffusion (w/o         )
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Tajima, YS, & Uchino, PRB (2022)
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Tajima, YS, & Uchino, PRB (2022)
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