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The Kibble–Zurek mechanism describes the spontaneous 
formation of topological defects in a system crossing a con-
tinuous phase transition1,2. Its central premise is the notion 
of universality, which states that the characteristic scaling 
exponent describing the dependence of the defect density on 
the quench rate is determined by the underlying symmetries 
of the system. Whether this universality can be extended to 
strongly interacting systems, such as a unitary Fermi gas, is 
an open question that has recently drawn attention in the con-
text of holographic theories3,4. Here, we report the observa-
tion of the Kibble–Zurek universality in a strongly interacting 
Fermi superfluid. As the microscopic nature of superfluidity is 
tuned from Bose–Einstein condensation of tightly bound mol-
ecules to Bardeen–Cooper–Schrieffer superfluidity of long-
range fermion pairs, the thermal quench formation of vortices 
reveals a constant scaling exponent arising from the U(1) 
gauge symmetry of the system. In rapid quenches, destructive 
vortex collisions lead to the saturation of vortex densities, the 
values of which can be universally scaled by the interaction-
dependent area of the vortex cores. This work paves the way 
for precision studies of non-equilibrium dynamics in a highly 
tunable, strongly correlated many-fermion system5,6.

Near a continuous phase transition, the characteristic length- 
and timescales of a system’s correlation diverge, giving rise to col-
lective phenomena that are largely decoupled from the microscopic 
details of the system7. The Kibble–Zurek (KZ) mechanism for the 
creation of topological defects presents a paradigmatic example of 
such universal dynamics1,2. When the temperature T of a system 
is cooled across the critical temperature Tc for a continuous phase 
transition, the diverging relaxation time τ will eventually exceed the 
timescale for the change in temperature, at which point the system 
can no longer follow the externally imposed quench. Consequently, 
the system’s correlation length ξ becomes frozen at a value ξ ̂until its 
reflexes are recovered in the broken-symmetry phase. This leads to 
the formation of domains of size ξ ̂with independent order param-
eters, which merge to create topological defects at their boundaries.

The essential prediction of the KZ theory is the existence of a uni-
versal scaling relationship between the defect density and the quench 
rate. Specifically, for a linear temperature quench, the defect density 
will have a power-law dependence on the quench rate, with a charac-
teristic exponent αKZ determined by the critical exponents ν and z of 
the system. Here, ν and z describe the divergence of ξ and τ through 
ξ = ξ0|(T − Tc)/Tc|−ν and τ = τ0|(T − Tc)/Tc|−νz, where ξ0 and τ0 are the 
microscopic length- and timescales of the system, respectively. Since 
systems that fall into the same universality class have a shared set of 
critical exponents determined by generic factors such as the under-
lying symmetries, range of interactions and dimensionality, the KZ 
exponent will also be universally determined by these factors.

Unlike previous investigations of the KZ mechanism8–18, strongly 
interacting atomic Fermi gases with tunable interactions offer a 
unique opportunity to explore the mechanism’s universal aspects in 
a setting where the system’s microscopic description can be consis-
tently and dramatically tuned. In the vicinity of a Feshbach reso-
nance, as the scattering length between the spin-up and spin-down 
fermions is tuned from positive to negative, the nature of super-
fluidity changes from Bose–Einstein condensation (BEC) of tightly 
bound molecules to Bardeen–Cooper–Schrieffer (BCS) superfluid-
ity of long-range fermion pairs19,20. This leads to strong variations 
in the static and dynamic properties of the superfluid, as apparent 
in the changes of the critical temperature21–23 and the critical veloc-
ity24–26 in the BEC–BCS crossover. Furthermore, in the unitary 
regime, the diverging scattering length gives rise to a novel form 
of strongly correlated fermionic superfluidity with a scale-invariant 
nature that provides connections to other exotic states of matter 
such as those found in neutron stars and quark–gluon plasma6,20,27. 
Nevertheless, the spontaneous breaking of the U(1) gauge symmetry 
associated with the normal-to-superfluid phase transition should 
prevail throughout the crossover, and the question of whether the 
KZ mechanism can be consistently applied in this regime remains 
largely unaddressed.

Here, we report the observation of the KZ universality in a 
strongly interacting Fermi superfluid. A linear temperature quench 
in an oblate sample of 6Li atoms near a Feshbach resonance sponta-
neously creates as many as 50 vortices in the superfluid phase with 
counting statistics that reveal the characteristic power-law scaling 
of the KZ mechanism. As the interaction is tuned across the BEC–
BCS crossover, the extracted critical exponents remain constant at a 
value that is consistent with the predictions of the inhomogeneous 
KZ mechanism for a BEC in a harmonic trap28. Interestingly, when 
the quench rate is sufficiently increased, the vortex density becomes 
saturated to a value that is strongly dependent on the interaction 
strength. This is explained in terms of the destructive collisions 
among vortices with opposite signs, whose effective range is gov-
erned by the interaction-dependent vortex core size of the super-
fluid. This mechanism reveals the microscopic scales involved in 
the critical dynamics of the superfluid, allowing the data obtained 
in different regimes of the BEC–BCS crossover to be collapsed into 
a single universal curve. Notably, these observations hold true at 
unitarity, where strong correlations make the investigations of the 
system’s non-equilibrium dynamics particularly challenging5,6.

The experiment starts with the creation of an equal mixture of 
ultracold 6Li in its two lowest hyperfine states |1〉 and |2〉 near the 
broad s-wave Feshbach resonance located at 832 G (ref. 26). The 
atoms are confined in a highly oblate trap that consists of a single-
beam optical dipole trap (ODT) that provides tight axial confine-
ment and a weak magnetic trap that provides radially symmetric 
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confinement. Initially, about 2.0 × 106 atoms per spin state are pre-
pared at different magnetic fields around the Feshbach resonance at 
a temperature corresponding to 1.15 times the critical ODT depth 
Uc for the onset of condensation. Since the critical temperature var-
ies across the BEC–BCS crossover as a function of the interaction 
strength, Uc is determined at each magnetic field accessed in the 
experiment (see Methods). The mixture is then evaporatively cooled 
by linearly reducing the ODT depth to a final value Uf = 0.15Uc  
(or 0.3Uc for the measurements on the BCS side) during various 
quench times tq ranging between 0.2 s and 2.6 s (Fig. 1a). The linear 
relationship between the sample temperature and the ODT depth is 
checked by monitoring the momentum width of the thermal clouds, 
and a study of the condensate growth dynamics in the experiment 
shows that the system is well thermalized for the explored range of 
quench times (see Supplementary Information).

During the quench, the system undergoes a spontaneous sym-
metry-breaking phase transition, and superfluid domains with 
independent phases are formed (Fig. 1b,c). Since the ODT provides 
tight axial confinement, lowering the ODT depth leads to evapora-
tion that occurs dominantly in the axial direction, along which fast 
thermalization is ensured. This leads to the production of domains 
principally in the radial plane of the sample, which merge to create 
vortices aligned parallel to the axial direction of the trap. To facili-
tate the merging dynamics, a hold time th of 200 ms (or 50 ms for the 
measurements on the BCS side) is applied after the quench, and the 
vortices are detected by performing time-of-flight (TOF) imaging 
of the sample26. At the end of this procedure, the sample contains 

about 1.0 × 106 atoms per spin state with a condensate fraction of 
80% at unitarity. Representative images of the sample for a range of 
quench times are shown in Fig. 1d for different interaction strengths 
1/kFa. The values of 1/kFa represent the final state of the gas, where 
kF is the Fermi wave number of non-interacting fermions in a  
harmonic trap and a is the s-wave scattering length.

Figure 2 shows the average number of observed vortices Nv as a 
function of tq at four different interaction strengths across the BEC–
BCS crossover. Our measurements feature an order-of-magnitude 
higher number of defects (up to 50 at unitarity) compared with pre-
vious KZ experiments with atomic BECs, which results from the 
large radial size and the short healing length of the strongly interact-
ing Fermi superfluid. The dynamic range of the defect number spans 
about two orders of magnitude, and the quench duration lasts over a 
decade, allowing different regimes of the vortex formation dynam-
ics to be clearly distinguished in the experiment. Specifically, for 
sufficiently long quench times, the evolution of the vortex number 
reveals the characteristic power-law scaling of the KZ mechanism, 
but as tq is reduced, the vortex number becomes saturated. Such 
behaviour has been observed in previous KZ experiments13,29,30, and 
was attributed to the presence of destructive interactions among the 
defects. To systematically distinguish the two regimes and reliably 
extract the KZ exponent, we adopt an empirical model of the defect 
number = + ∕ β − ∕N N t t[1 ( ) ]v sat q sat

2 1 2KZ  proposed in ref. 29, where Nsat 
is the saturated vortex number, tsat is the characteristic quench time 
for the onset of saturation, and βKZ is the scaling exponent from this 
model. The model fits the data well in all of the interaction regimes, 
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Fig. 1 | Spontaneous defect formation during the normal-to-superfluid phase transition in a strongly interacting Fermi gas. a, Schematic of the 
experiment. The ODT depth is initially set to Ui = 1.15Uc, and the gas is evaporatively cooled by linearly lowering the trap depth to Uf in a variable duration 
tq. After a hold time th, the sample is released from the trap and an absorption image of the sample is taken. The Boltzmann constant is defined by kB.  
b, Evolution of the correlation length and its freeze-out during the phase transition. During the quench, the critical slowing of the system’s reflexes near 
Tc leads to the freeze-out of the diverging correlation length at ̂ξ . In the experiment, since the quench width Ui − Uf is fixed, the quench time tq determines 
the value of ̂ξ . c, Formation of quantized vortices during spontaneous symmetry breaking. On entering the broken-symmetry phase, superfluid domains 
with independent phases are formed, which merge to create quantized vortices at their boundaries. Patches with different colours indicate domains with 
different phases. Red and blue spheres with up and down arrows illustrate 6Li atoms in the |1〉 and |2〉 states, respectively. The defect formation dynamics 
are explored across the BEC–BCS crossover. d, Representative images of the gas after TOF. The number of created vortices is recorded as a function of the 
quench duration and the interaction strength.
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suggesting the existence of a universal scaling of the vortex number 
even in the presence of saturation. From these fits, we identify the 
KZ regime through the condition tq ≳ 1.5tsat, and a power-law func-
tion = α−N Ctv q

KZ is fit in this regime to extract the KZ exponent αKZ.
A summary of the measured KZ exponents for the experimen-

tally explored interaction strengths are shown in Fig. 3. The central 
observation is that, within the experimental resolution, αKZ main-
tains a constant value across the BEC–BCS crossover, arising from 
the global U(1) gauge symmetry of the system. The values of αKZ 
range between 2.15 and 2.30, and their average (statistical uncer-
tainty) yields αKZ = 2.24(9). To put these numbers in perspective, 
we compare the measured values of αKZ to theoretical predictions 
of the KZ exponent in various scenarios. For a homogeneous sys-
tem, the KZ exponent is given by (D − d)ν/(1 + νz) (ref. 2), where 
D is the dimensionality of the system and d is the dimensionality 

of the defects. However, for an inhomogeneous sample confined in 
a harmonic trap, condensates with locally chosen phases are cre-
ated only where the velocity of the transition front is faster than the 
propagation speed of the phase information. A modification of the 
KZ exponent to

ν
ν

− +
+

D d
z

( ) 1 2
1

(1)

was predicted in ref. 28. With D − d = 2 for point defects created in 
an effective two-dimensional (2D) sample and the values of ν and 
z for the lambda transition of superfluid helium-4, the mean-field 
and the renormalization group theory (F model) predictions of 
the KZ exponents are 1/2 and 2/3 for a homogeneous system and 
2 and 7/3 for a harmonically trapped system, respectively. The 
measured αKZ departs far from the homogeneous case but lies 
between the predictions for a harmonic trap, closer to that of the 
F model. However, an improved signal-to-noise ratio is necessary 
to firmly distinguish between the mean-field and F model predic-
tions. In light of the Ginzburg criterion, our sample is expected 
to be away from the mean-field regime, since the freeze-out cor-
relation length at −1/kFa = −1.53 (which is the most weakly inter-
acting regime explored on the molecular side of the resonance) 
is estimated to be ξ ̂≈ 10 μm at tq = 200 ms, more than two orders 
of magnitude longer than the characteristic Ginzburg length 
ξ λ= ∕ π ∣ ∣ ≲ .a( 128 ) 0 05G dB,c

2 2  μm (ref. 31). Here, λdB,c is the thermal 
de Broglie wavelength at the critical point. Note that as the interac-
tion strength is tuned closer to resonance, the system is expected 
to move further away from the mean-field regime32,33. On the BCS 
side, the mean-field description should be recovered rapidly, but the 
data at −1/kFa = 0.70, which is still within the strongly interacting 
regime, show no observable change in the KZ exponent.

The saturation of the vortex number at short quench times 
enables exploration of the microscopic aspects of defect formation 
dynamics near the critical point. As mentioned, the likely cause for 
this behaviour is the destructive interactions among vortices and 
antivortices, which are consistent with the observed enhancement 
of the vortex decay rate in the saturated regime (see Supplementary 
Information). Such interactions would have already taken effect 
during the domain merging dynamics, which is a highly entangled 
process of both the creation and annihilation of vortices. To esti-
mate the saturated vortex number and understand its dependence 
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Fig. 2 | Vortex number versus quench time. The average number of detected vortices are plotted as a function of tq on log–log axes at four different final 
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on 1/kFa, we adopt a simple phenomenological model in which the 
effective range of the destructive vortex interactions during the 
coarsening dynamics is proportional to the vortex core size ξvor. The 
maximal vortex number will then be given by (RTF/fξvor)2, where 
RTF is the experimentally determined Thomas–Fermi radius of the 
superfluid, and f is a scaling factor that accounts for the character-
istic distance. Since f is a geometric factor that captures the effec-
tive size of a vortex, it is reasonable to expect that its value is fairly 
constant within the crossover. A mean-field estimate of Nsat can then 
be obtained by substituting ξvor with the superfluid healing length 
ξh = ħ/mvc, where m is the atomic mass of 6Li and vc is the mean-field 
Landau critical velocity of the superfluid sample at its centre.

Figure 4a compares the experimentally obtained values of Nsat 
with their mean-field estimates in the BEC–BCS crossover, and the 
inset shows their ratios. The scaling factor f has been determined 
to be ∼40 by fitting the theory to the data using least squares.  
The dependence of Nsat on 1/kFa is captured exceptionally well by 
the mean-field theory, where the slight variations of the ratios in the 
strongly interacting regime (shown in the inset) may imply the pres-
ence of beyond-mean-field corrections to ξh and also possible weak 
variations in f. Figure 4b summarizes the corresponding quench 
times tsat where saturation begins to develop. Note that to account for 
the higher final trap depth used for the data taken at −1/kFa = 0.70, 
the corresponding value of tsat has been rescaled to match the 
quench rates. In contrast to Nsat, tsat maintains a fairly constant value 
within the investigated interaction strengths. Since the thermaliza-
tion rate of the system would not show a sharp peak at unitarity34, a 
weak dependence of tsat on 1/kFa is expected. However, a full under-
standing of this behaviour will require enhanced modelling of the 
quench profile at each interaction strength 1/kFa and knowledge of 
the interaction dependence of the microscopic parameters ξ0 and τ0 
near the critical point. Using the Nsat and tsat values extracted from 
the model fits to the data, the measured vortex numbers and their 
respective quench times can be rescaled to collapse the full data into 
a single universal curve representing the quench dynamics of vortex 
formation in this system throughout the different quench regimes, 
as shown in Fig. 4c. This provides a benchmark for theoretical stud-
ies of the quench production of defects in a strongly interacting 

Fermi superfluid and for its related systems such as weakly interact-
ing BECs and superfluid helium.

An extension of this work will be to perform a similar set of 
measurements in the weak-fluctuation limit, where the system’s 
freeze-out correlation length is shorter than ξG and the mean-
field description of its critical dynamics is restored. A precise 
measurement of the evolution of the KZ exponent as the sys-
tem is tuned further away from unitarity in the BEC regime will 
characterize the role of fluctuations. The use of tailored optical 
potentials to confine the atoms in a quasi-2D geometry offers an 
additional means of controlling the role of fluctuations. In 2D, the 
Landau–Ginzburg description of phase transitions breaks down, 
and superfluidity arises through the infinite-order Berezinskii–
Kosterlitz–Thouless transition. Here, the exponential divergence 
of the correlation length and relaxation time has been predicted to 
give rise to a logarithmic correction to the KZ exponent35.
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Methods
Sample preparation. A detailed description of our experimental set-up and 
the preparation of a strongly interacting Fermi gas of 6Li is given in ref. 26. After 
standard laser cooling procedures and sympathetic cooling by bosonic 23Na atoms, 
a balanced mixture of the two lowest hyperfine states of fermionic 6Li atoms is 
prepared in a single-beam ODT (with an aspect ratio of 110:1) at 815 G, close to the 
Feshbach resonance at 832 G. The mixture is further cooled by reducing the ODT 
beam intensity to a value that corresponds to a trap depth of Ui = 1.15Uc(B), where 
Uc(B) is the critical ODT depth for the onset of condensation at magnetic field B. 
Since Uc depends on the interaction strength, its value for a given atom number 
is determined at each B accessed in the experiment by examining the condensate 
fraction as a function of the trap depth. The magnetic field is adiabatically ramped 
to the magnetic field B at which the thermal quench will be performed.

At this stage of the experiment before the thermal quench, the gas is composed 
of approximately 2.0 × 106 6Li atoms per spin state for all the explored values of B. 
The trapping frequencies in the radial plane of the sample are (ωx, ωy) = 2π × (20, 19)  
Hz, and the axial trapping frequency ranges between ωz = 2π × 1,080 Hz at 757 G 
and 780 Hz at 898 G, depending on the explored interaction regimes. Following the 
quench, the final radial trap frequency is about 17 Hz, and the axial trap frequency 
ranges between 350 Hz and 400 Hz. Here, the radially symmetric confinement is 
dominantly provided by the residual magnetic curvature of the Feshbach field, and 
the tight axial confinement is provided by the ODT. The variation in ωx and ωy for 
the explored range of B is negligible.

Detecting vortices. The spontaneously created vortices are manifested as density-
depleted holes in TOF images of the gas. The detection sequence begins by 

simultaneously switching off the ODT and rapidly decreasing the Feshbach field to 
a value close to zero. This initiates the TOF expansion of the sample and converts 
the fermion pairs into tightly bound molecules22. The sample freely expands for 
13.5 ms, and the magnetic field is then quickly ramped to 695 G in 10 ms, where 
an absorption image of the gas is taken. Owing to the tight axial confinement 
provided by the ODT, the condensate rapidly expands in the axial direction on its 
release, and the radial size remains fairly constant during the TOF.

For the experiments performed at 898 G on the BCS side of the resonance, the 
vortex visibility is reduced because of the higher thermal fraction of the sample. 
To enhance the depletion contrast and help identify the vortices, we ramp the 
magnetic field from 898 G to 855 G in 5 ms before releasing the gas from the trap. 
This additional ramping increases the condensate fraction of the sample and boosts 
the contrast of the depletion36. We check that this procedure does not influence the 
number of observed vortices by comparing the number with and without the ramp.

The number of vortices in TOF images is automatically counted by an 
image processing method with the analysis of the hole area (see Supplementary 
Information).

Data availability
The data supporting this manuscript are available from the corresponding authors 
on reasonable request.
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