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We report on the measurement of shear viscosity in an ultracold Fermi gas with variable temperatures and tunable
interactions. A quadrupole mode excitation in an isotropic harmonic trap is used to quantify the shear viscosity of the
quantum gas within the hydrodynamic regime. The shear viscosity of the system as a function of temperature has been
investigated, and the results closely align with calculations in the high-temperature limit utilizing a new definition of the
cutoff radius. Through an adiabatic sweep across the Bardeen—Cooper—Schrieffer (BCS) to Bose—FEinstein condensate
(BEC) crossover, we find that the minimum value of the shear viscosity, as a function of interaction strength, is significantly
shifted toward the BEC side. Furthermore, the behavior of the shear viscosity is asymmetric on both sides of the location

of the minimum.
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1. Introduction

Ultracold Fermi gases!!"?! offer an exceptional platform
for systematically investigating the physical properties of
strongly correlated quantum systems through the application
of Feshbach resonance.?! Recently, the study of shear vis-
cosity (1) in ultracold Fermi gases has garnered significant
interest.[*"!!1 During the transport process, shear viscosity
plays a crucial role in determining the damping or dissipation
behavior, providing valuable insights into the transport prop-
erties of quantum systems.

Beyond its significance as a hydrodynamic quantity, shear
viscosity has captivated researchers due to the Kovtun—Son—
Starinets (KSS) bound, 2! which posits that the ratio of shear
viscosity to entropy density (1/s) in any fluid is constrained
by the inequality 1 /s > hi/(47kg). Notably, the observed 1/s
in a °Li unitary Fermi gas exceeds this lower bound by ap-

proximately 5 times,>!3]

a value comparable to that found
in quark-gluon plasmas.!'#! Furthermore, it has been reported
that the shear viscosity 1 reaches a minimum value slightly
on the BEC side, '] rather than at the unitarity limit under the
same energy scale. This motivates us to experimentally mea-
sure 7] during the adiabatic variation of interaction strength in
an isentropic process.

Numerous experimental methods have been developed

to measure the shear viscosity, including radial breathing
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mode, ) anisotropic expansion,!!’-!3! and the fitting of den-
sity perturbations in a homogeneous system.!!®) However, the
experimental data across different measurements vary substan-
tially. Additionally, establishing a reliable theoretical model in
the regime of strong interactions remains challenging. In sum-
mary, the behavior of shear viscosity in a strongly interacting
Fermi gas has not yet been fully characterized, particularly in
the BCS-BEC crossover region.

In this work, we excite the quadrupole mode (the su-
perposition of (I,m) = (2,2) and (I,m) = (2,-2)[1" " in a
spherical Fermi gas!?”! to extract the system’s shear viscosity
from the damping rate of the oscillation. Here, [ is the or-
bital angular momentum quantum number and m is the mag-
netic quantum number, ranging from —/ to +/. The m =2
and m = —2 represent counter-rotating quadrupole in the x—y
plane, perpendicular to the trap’s axial direction (z-axis), and
their superposition results in a standing wave-like oscillation.
Due to the small ratio of the collisional mean free path to the
cloud size (Knudsen number k, = (0.023 ~ 0.038) < 1)[!]
in our system, it operates in the hydrodynamic limit across
a wide temperature range. Notably, the excited quadrupole
mode does not oscillate along the z-axis and exhibits out-of-
phase oscillations in the x- and y-directions. This characteris-
tic effectively suppresses the impact of bulk viscosity on the
oscillations, enabling more precise shear viscosity measure-
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ments across the crossover region. Using this methodology,
we assess the temperature dependence of shear viscosity in
the unitary regime. Furthermore, by adiabatically tuning the
interaction of atoms, 2! we investigate the evolution of shear
viscosity across the BCS-BEC crossover region.

2. Hydrodynamic theory
2.1. The trap-averaged shear viscosity coefficient

The collective oscillation of a unitary Fermi gas can be

considered in the framework of hydrodynamic theory, with the

continuity equation[>-20-22]

on
(T“‘V( v) =0 (D

and the Navier—Stokes equation
d
m|n—+n(v-V)|v;
ot
IVext

= arl +Za nGlj+CbG/51/) —n a}"i ) (2)

where n(r,t) is the density, v(r,t) is the velocity field, p(r,t)
is the local pressure, Vexi(r,t) is the external potential, 1 is
the shear viscosity, , is the bulk viscosity, 0;; = dv;/dx; +
dvj/dx;—28;V-v/3,and 6’ =V -v.

Considering the evolution of the atomic cloud size de-
fined as (r; > [ drr?n(r,t)/N, we obtain

d? 1 OVext
dr2 2 - /pdr+<v < 3rl>

h
_%<ascii+ab6/>7 3

where we have defined the shear viscosity 1 = oifin, bulk vis-
Jdrfn(r,t)/N. To solve the
hydrodynamic equation, we adopt an ansatz for the density

cosity &, = ophin, and (f) =

profile at time ¢

1 X y z
)= —— _— ., — 4
n(x,y,z,t) bbb, (bx’by’b)’ 4)

where ng(r) is the initial density profile, b; is the scaling fac-
tor, and the corresponding velocity field v(r,t) is fixed by the
b,‘(i)l’,’/b,’([).

For a Fermi gas in an isotropic harmonic trap with ar-

continuity equation v;(r,7) =

bitrary interaction strength, we assume that the equation of

1,20,23,24]

state follows a power law p(n) o< n?,! where n is the

average atomic density and 7 is the effective exponent that
depends on the interaction strength. With the form b?(¢) =
(r7) (1)/(r?), and w(n), we substitute those into Egs. (3) and

(4), ultimately obtaining the equation satisfied by b;(r) as

B,’ . 0)2 O

i

L S -
bi bi2 (bxbybz)y Yom(r?

26’, 5

where the trap-averaged shear (bulk) viscosity coefficient is
defined as O p) = N_lfdrnas(b)
square radius of atomic cloud in the trap along the ith axis

, and <rl~2>0 is the mean

before the excitation.

For a small quadrupole mode oscillation, Eq. (5) is lin-
earized by b;(r) ~ 1+ ¢&(t) (& < 1), and the oscillation occurs
only in the x—y plane but is out of phase between the oscilla-
tions along the x and y axes with an equal amplitude . Thus we
have

gx(t)zfgy(t):‘gl(t)’ (1) =0. 6)

For a unitary Fermi gas, we have o, = 0,1>2727] the fourth
term on the right-hand side of Eq. (5) is zero. For a finite
interaction strength, the bulk viscosity is not zero anymore
(o # 0). Fortunately, spherical geometry suggests that the
finite value of o4 does not significantly affect the decay of
quadrupole mode oscillations in comparison to shear viscos-
ity. As

by b, b & & _
o=+ 24+2= - ~ -2 &, (7
by by b, l+& l—g e, ()
b 2 (b by b\
=2 S (X2 ) 0 8
Oii I (bx+by+bz iy 8

where & > g;€;. Then Eq. (5) yields

d%¢,  2no de;
—_—t —— 205 € 9
dr? +m<rl-2>0 dr +205e, = ©)

Comparing the equation above with a standard damped har-
monic oscillation equation d?x/d¢? +2I" dx/dz + @w*x =0, we
can readily determine the frequency g and the damping rate
Iq of the quadrupole mode oscillation as

wg = V2ay, (10)
ha

o= a1

© m<ri2>0

The value of the mean square radius (r7), for

a unitary Fermi gas can be calculated as (r7), =

(r#) (ttor) / (1+ @3tfop). While with the finite interactions,
we operate under the assumption that 3YE e| = 2Ujggp, 22324
where E. is the release energy during the process of free
expansion. We can determine the value of < 2>0 using
the expression Uyap = 3YEre1/2 = Z,ma)0 (< > )/2 Here,
y is calculated using zero-temperature theory,>’) and E
is determined from experiments involving long-time free
expansion. 2]

The shear viscosity can be measured by exciting other vi-
brational modes of the system. When o;; in Eq. (5) is nonzero,
the relationship between the damping rate and the shear vis-
cosity can be established, which allows us to determine the
shear viscosity. For example, consider the quadrupole mode
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(I =2,m = 0) in an isotropic harmonic trap with the variation
amplitude & (t) = €,(t) = —¢&;(¢)/2 , and the radial breathing
mode in an axially symmetric harmonic trap with &(t) = &,(¢)
and g(¢) = 0,12%2°! both having a value of o;; # 0.

2.2. The cutoff radius

In general, the shear viscosity can be expressed as

n = hnog ( ,kp(n)a,kp(n)R> , (12)

T
Ti(n)
where Tr(n) (kp(n)) is the local Fermi temperature (wave vec-
tor), n is the atomic density, 0 is the local shear viscosity co-
efficient which is a function of the equation of state. Here, the
shear viscosity’s dependences of the s-wave scattering length
a and effective range R are included. In the high-temperature
limit, one can obtain the exact result

o (TFfm,kF(n)a,kF(n)@

_ 0 (T (T

where 05/, = 4571:3/2/64ﬁ. The integral I is given by

I (Tin) , kp(n)a,kp(n)R>

= /Ooo dxe x> [ZTI;(H) (kp(ln)a +

xkg(n)RT \* -
Te(n) ) +x}

(14)

Let us neglect the effective range correction for the mo-
ment. At resonance, we obtain the result

A (pr(;l),kF(n)a — oo,O)

T 3/2 T 3/2

the same result as those obtained in Refs. [30-33].
Then we calculate the trap-averaged shear viscosity

3/2 3/2
_ (X3/290 R ﬂ
O =—" A drn(r) o , (16)

where R, represents the cutoff radius in the integral, which
is introduced to account for the breakdown of hydrodynamics
in the outer regions of the cloud. In these outer regions, the
particle mean free paths become too long, violating the funda-
mental assumption of hydrodynamic theory.3*! 8 = T /Ty (n)
is the local reduced temperature, and 6y = T /T (ng) is the
reduced temperature at the trap center. At high tempera-
ture, the atomic density is well fitted by a Gaussian func-

tion, n(r) = npexp (—r?/0?), where ny = N/ (\/EG)3 is the

density at the trap center. The mean square radius is eval-
uated as (r?), = 3(r}), = 367/2 for i = x,y,z, and thus
we have ng = N (27 (r?),, /3)73/2 =N (2n(r}) )73/2. Since
(6/60)*% = [Ty (no) /T ()] = no /. it gives

0

3/2
L TP N o Voo 0, R

— 17
s 3N 0 0R¢ ﬁ <r2>8/27 ( )
4 ET
S 1
0 37l/3 Er Tr (18
IfR. = <r2>é/2, we have
0 = f6a3/293/2 (19)
S \/E 0 .

We can also fit the Gaussian distribution using a Thomas—
Fermi function and obtain the effective Thomas-Fermi radius

Ry &~ 1.25./(r?),. Setting R = Rtr, we get

_ V6a3,1.25° 5,
= = 90 .

Qs JE (20)

3. Experimental results

In our experiment, 9Li atoms with two balanced spin
states |F = 1/2,mp = £1/2) are trapped in an isotropic har-
monic trap. We prepare a spherical degenerate Fermi gas of
Li with the atom number of N = 3.6 x 10* and tempera-
ture of T /T = 0.29, following our previous work. 2?3331 To
mitigate the anharmonic effect of the trap, we gradually in-
crease the optical intensity to a high value over approximately
70 ms, then maintain stability for 10 ms to allow the system
to reach equilibrium. The geometric mean trapping frequency
is wy = (a)x(x)ya)z)l/3 =21 x 1131 Hz. The corresponding as-
phericity is 0 = (®max — Omin) /00 = 4.9%, where @pax and
Opin are the maximum and minimum frequencies along three
axes, respectively.

To excite the quadrupole mode oscillation, which is a su-
perposition of two oscillation modes with / =2, m = —2 and
=2, m=+2, we apply a sinusoidal asymmetric modula-
tion to the trap in the x—y plane for 4 periods, with @?(r) =
®?2[1+ Bsin(Qqt)] and a)}?(t) = a)f [1 — Bsin(Qqt)], where
B = 0.045 is the excitation amplitude and the modulation fre-
quency is Qq = v2ay. The atomic cloud oscillates out of
phase along the x and y-axes, while the size along the z-axis
remains nearly constant. After varying the holding time # in
the trap, the atomic cloud is imaged in the x—y plane with a
time of flight (TOF) of ttor = 1 ms. The mean square radius
of the atomic cloud in an arbitrary direction, <r12> (t +troF), is
obtained by fitting a Gaussian distribution to the atomic den-
sity profile. The quadrupole mode oscillation can be described
by

<r§> (l JrlTQF) — <r§> (t JFITOF)

o= <<r’%>(t+tTOF)+<r)2*>(t+fTOF)>7 (21)
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where <<r)2(> (t +troR) + <r§> (t+ tTop)> is the average value
of each data set. As shown in Fig. 1, the quadrupole mode
is excited at different temperatures in the unitary regime, and
the oscillation is fitted with a damped sinusoidal function
Aq = 0Aqsin(wgr + ¢)exp (—Igt). In order to observe the
trend of the quadrupole mode oscillation as a function of tem-
perature T /Ty, we vary the trap depth at the end of the evap-
orative cooling process. Ultimately, the temperature 7 /T is
changed from 0.29 to 0.44. Figure 1 displays the temperatures
from top to bottom, which are 7 /Tr = 0.29, 0.34 and 0.38,
respectively. The fitting frequencies of the quadrupole mode
oscillation are wq = 27 x [1648(22),1671(28),1621(34)] Hz,
all of which are approximately v/2ay, consistent with the pre-
diction from hydrodynamic theory. As the initial tempera-
ture of the atomic cloud increases, the damping rate of the
quadrupole mode oscillation gradually rises, with values of
Iy =503(28) s~!, 561(33) s~! and 630(37) s~ ! respectively.

0.4l + ° TI:O.29TF_
or +"++++**¢++¢+++++¢+ *,Q.
—0.4 + : } '
0.4 ,‘*+ + ® T=0.34T; |
g ot e ‘#'* “¢\+_+,+'*'+~+¢ RITIXIT]
o4 b I : ' . T:fo 38T,
047 ¢ ~ = 03875 |
—04%5 0.5 1.0 15 2.0
t (ms)

Fig. 1. Quadrupole mode of a unitary Fermi gas at different tempera-
tures. Quadrupole mode oscillation as a function of the holding time ¢ for
different cloud temperatures. From top to bottom, the corresponding tem-
peratures are T /Tr = 0.29, 0.34 and 0.38. The dashed lines represent the
results of fitting the experimental data with a damped sinusoidal function.
By calculating in Eq. (11), the trap-averaged shear vis-
cosity coefficient & can be derived from Ig, as illustrated
in Fig. 2. The value of 6 is calculated by using Eq. (18),
where the total energy is E = mag (r*),.1*% the Fermi en-
ergy is Ep = hay (3N)1/3 and the value of T /Tr can be de-
termined by E/Eg.[*”) Relevant shear viscosity coefficients
measured in other groups are also displayed together.>-11-37-381
Although there are discrepancies between different works, all
the measurements show the same variation trend that 0 in-
creases with temperature. From Subsection 2.2, if the cut-
off radius is equal to the radius of the Gaussian distribution,
R. = \/(r%),, the calculation seems to provide a lower bound
of the shear viscosity (black solid line in Fig. 2). We can also
fit the Gaussian distribution using a Thomas—Fermi function
and take the correctional Thomas—Fermi radius as the cutoff
radius, R. = Rt~ 1.25 \/W , and remarkably, it agrees well
with our measurements (red solid line in Fig. 2). The values

of & obtained in Ref. [11] by expanding the atomic cloud lie

below our and others” measurements>-*738] by exciting atoms
in the trap.
4
® This work o o
<& Joseph et al. 2015
A Cao et al. 2011
3 % Turlapov et al. 2007 o
O Riedl et al. 2008
—— Theory: R, = (7‘2>‘1,/2 o
. —— Theory: R.=Rrp é
& 2t ; 1}4}
o
(o]
1F o} % L}
ow A §§
oL E
1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

bo

Fig. 2. Shear viscosity versus the temperature. The trap-averaged
shear viscosity coefficient @, increases with the reduced temperature
60 = T /Tr(ng), where Tr(ng) is the Fermi temperature with the central
atomic density ng in the trap. As a comparison of our results (red cir-
cles), the measured @ from other groups are also listed, including Riedl
et al.B7! (magenta pentagons), Turlapov et al.!3¥] (blue stars), Cao et
al.! (purple triangles) and Joseph et al.!'! (darkcyan diamonds). The
black solid curve is the high-temperature calculation with the radius of
the Gaussian distribution as the cutoff radius, R, = / <r2>0, and the red
solid curve with the correctional Thomas—Fermi radius as the cutoff ra-
dius, R. = Rt =~ 1.25,/(r?),. Both calculations are plotted above the
superfluid transition with 6y > 0.2.

Then, we measure the variation in shear viscosity as a
function of interaction strength by performing an adiabatic
sweep of the Feshbach magnetic field, starting from 832 G,
across the BCS-BEC crossover regime. The entropy is con-
served throughout this adiabatic sweep. Here the trapping fre-
quency is @y = 27 x 720 Hz, the temperature is T /Ty = 0.26
and the total atom number is N = 9.6 x 10* at 832 G. The
adiabaticity was ensured through preliminary tests, in which
we varied the magnetic field from 832 G to the BEC or
BCS regimes and back at different ramp speeds. We moni-
tor changes in cloud size to assess heating and excitation. For
ramp speeds of 0.6 G/ms and lower, no oscillations or size
increases were detected. Consequently, we maintain a con-
stant ramp time of 450 ms to reach the target magnetic field.
To measure the shear viscosity in the BCS—-BEC crossover
regime, we use quench dynamics to excite the quadrupole
mode, following the method in Ref. [41]. First, we individ-
ually vary the trapping frequencies w, (from 27 x 720 Hz to
27 x 648 Hz) and @, (from 27t x 720 Hz to 27 x 792 Hz) over
a 70 ms exponential ramp, and then we quench both frequen-
cies back to 27 x 720 Hz.

As the system moves away from resonance, the conformal
symmetry is broken, and the bulk viscosity becomes nonzero.
Fortunately, due to the spherical geometry, bulk viscosity ef-
fects are suppressed and negligible in our experiment (see Sub-
section 2.1).

Typical data sets of quadrupole mode oscillations at dif-
ferent interaction strengths are presented in Fig. 3. The os-
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cillation frequency @wq and damping rate I are obtained by
fitting the experimental data across the BCS—-BEC crossover.
The trapping frequency @y is measured using the sloshing
mode. The fitted oscillation frequencies consistently show
wg = 21 x [1020(20),1018(8),1039(6),1054(20)] Hz with
the interaction strength 1/(kpa) = —0.41 (B = 920 G), 0
(B=2832G), 0.29 (B =790 G) and 0.93 (B = 730 G) re-
spectively. All of these oscillation frequencies are approxi-
mately v/2ay, indicating that the system predominantly re-
mains in the hydrodynamic regime. The corresponding de-
cay rate Iy = 1287(99) s~!, 348(33) s71, 270(25) s~!, and
1213(86) s~!. Notably, the quadrupole mode oscillation ex-
hibits the smallest damping rate in the region near the reso-
nance point on the BEC side.

of the minimum will move toward resonance with increasing
temperature. 1]

For —0.45 < 1/(kpa) < 1, the data for the entire region
indicate that the change in shear viscosity is asymmetrical on
both sides of the location of the minimum, which contrasts
with the parabolic relationship observed in previous work. 1]
Compared to the BEC side, the shear viscosity is larger on the
BCS side. This behavior of shear viscosity has been analyzed
through theoretical calculations that incorporate pairing fluctu-
ations within the framework of a T-matrix approximation.(4?]
We utilize a third-order polynomial to fit the data, which re-
veals that the minimum point occurs at 1/(kpa) = 0.27. It is
evident from the figure that the results of the parabolic fitting

deviate significantly from the experimental data, highlighting

a clear feature of asymmetry.

0.4} ® 1/(kpa) = —0.41
e®
Olg 08° #9  00°%°%000qe00%00 6 .
0e®
—0.4r 1
Il Il Il L Il 1
04 oo . .1/(kFa>:i :
L o ) [N . N A
. Ol.s ‘, ’s.~.‘ “.‘,Q .. 4 :
< —0.4 N ¢ 1 1 L + 1
0.4F *® ® 1/(kgpa) =0.29 |
o ¢ ,¢+Q\‘ *0+. 1§ oL 1
Op ° L] L] ® o e <4 1
® ‘ .._‘. ‘Q.. |
—0.4 L \.—.‘ I I I 1
0.45 ® 1/(kpa) =0.93 1
(1) OF--—---QRg--—-—-—-——-——-—-—-—
Ol +¢ *00¢¢¢’*+’++»0¢0¢’o’¢ !
_04 I“. 1 1 1 !
1 1 1
0 ! ¢ (ms) 2 3 —-0.5 0 0.5 1.0
1/kpa
Fig. 3. Quadrupole mode of a Fermi gas for various interaction i . . . . .
strengths. Quadrupole mode oscillation as a function of the holding Fig. 4. Shear viscosity versus the interaction strength. The difference

time ¢ at different interactions. The oscillation behaviors are repre-
sented for BCS (1/(kpa) = —0.41), unitary (1/(kpa) =0) and BEC
(1/(kga) = 0.29,0.93) regions, respectively. The dashed lines denote the
results of fitting our data with a damped sinusoidal function.

Figure 4 shows the difference Ads = 0 — G50 between
the @, determined at finite 1/(kpa), and the resonant value
00. The interaction region is defined within the range of
—0.45 < 1/(kpa) < 1 to ensure the applicability of hydro-
dynamic theory, which is determined by observed quadrupole
mode oscillation frequency. We now discuss the behavior of
A0y in different regions in more detail.

For 1/(kga) < 0, the shear viscosity decreases as the sys-
tem nears the unitary region, consistent with increasing colli-
sion rates in the two-body limit, where viscosity is inversely
related to collision rates.

For 1/(kpa) > 0, the change in shear viscosity is not
monotonic; it initially decreases and then increases. The shift
of the minimum shear viscosity toward the BEC side can be
attributed to the corresponding increase in the dimer fraction.
This phenomenon causes the cross section to enlarge within
a small range near the resonance, resulting in a decrease in
shear viscosity. It is important to point out that the location

in trap-averaged shear viscosity coefficient on and off resonance, Ad,
versus interaction strength 1/(kpa), during the isentropic scanning of the
magnetic field. The red curve represents the best fit of ¢y + ¢1/(kpa) +
2/ (kpa)? + c3/ (kpa)® to the data with ¢ = 0.12, ¢; = —5.2, ¢ = 11.04
and ¢3 = —3.86. From the fit, the minimum of the shear viscosity occurs
at 1/(kga) = 0.27. For comparison, the green curve illustrates the results
of fitting the data with a second-order polynomial.

4. Conclusions

In summary, we have measured the shear viscosity of
the ®Li Fermi gas in the BCS—BEC crossover. We can de-
termine the shear viscosity by exciting the quadrupole mode
of the spherical Fermi gas and measuring the damping rate of
the oscillation. This scheme allows the system to operate at
the hydrodynamic limit across a wide range of temperatures
while reducing the impact of bulk viscosity. The shear vis-
cosity of the system as a function of temperature has been in-
vestigated, and the results closely align with calculations in
the high-temperature limit using a new definition of the cut-
off radius. Through an adiabatic sweep, we investigated the
shear viscosity as a function of interaction strength 1/(kpa)
and found that there is a minimum shear viscosity on the BEC
side.!">! Furthermore, the asymmetric behavior of the shear
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viscosity observed on both sides of the minimum location in
the BCS—BEC crossover region differs from previous experi-
mental findings, yet remains qualitatively consistent with re-
cent theoretical results.
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