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Dynamical properties of Fermi-Fermi mixtures of dipolar and nondipolar atoms
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Dynamical properties of homogeneous Fermi-Fermi mixtures of dipolar and nondipolar atoms are studied
at zero temperature, where dipoles are polarized by an external field. We calculate the density-density corre-
lation functions in a ring-diagram approximation and analyze the pole structure to obtain eigenfrequencies of
collective excitations. We first determine stability phase diagrams for the mixtures available in experiments:,
ie., 'Er-3Yb, '¥Er-SLi, ''Dy-'"Yb, and '®'Dy-°Li systems, and show that the mixtures with larger
mass imbalance tend to be more unstable. We then investigate the parameter dependence of an undamped zero
sound with an anisotropic real dispersion relation in the stable phase for the ''Dy - "*Yb mixture, and the
speed of sound exhibits a critical angle of possible propagation with respect to the dipole polarization direction,
above which the sound mode disappears in the particle-hole continuum. Since the sound mode is a coherent
superposition of density fluctuations of dipolar and nondipolar atoms, the existence of the sound mode, e.g., the
value of the critical angle, is significantly affected by the interparticle interaction through the density-density
correlation between dipolar and nondipolar atoms. We have also observed such an effect of the interparticle

interaction in the study of a linear response of density fluctuations to an external perturbation.
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I. INTRODUCTION

One-component polarized dipolar Fermi gases have been
realized experimentally using highly magnetic atoms of '*' Dy
[1], ""Er [2], and >’Cr [3], respectively. In the study of
such dipolar Fermi gases at low temperatures, the Fermi
surface deformation is one of the most important quantum
many-body phenomena, which was in fact observed in the
experiment [4,5]. The deformation was predicted theoretically
prior to the experiment as a genuine quantum phenomenon
originating from the exchange contribution of the anisotropic
dipole-dipole interaction between identical dipolar fermions
[6,7], and further theoretical studies have revealed so far
many interesting phenomena expected in such degenerate
dipolar gases: an anisotropic zero-sound propagation [8,9],
anisotropic superfluids [10,11], biaxial nematic phases [12],
topological superfluid phases [13], and density-wave phases
[14,15]. Experimental research for these phenomena, how-
ever, remains relatively untouched because of the weakness
of effective magnetic dipole-dipole interactions and the low
number densities of these atomic gases achieved after cooling
processes in trap.

In recent years, progress has been made in experimen-
tal studies related to one-component polarized dipolar Fermi
gases, that is, the realization of Fermi-Fermi gaseous mix-
tures of dipolar (magnetic) and nondipolar (nonmagnetic)
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atoms toward the investigation of mutual effects on their
quantum many-body properties. To this end, it is essential
to accomplish the quantum degeneracy and the interparticle
Feshbach resonance in the mixture, which have been realized
by stages using various pairs of dipolar and nondipolar Fermi
atoms, including the experimental studies of the '*'Dy - 4K
mixture by the Innsbruck group [16-18], *Cr-SLi by the
Firenze group [19,20], and '’Er-°Li by the Kyoto group
[21]. Incidentally, the quantum-degenerate Bose-Bose mix-
ture of 'Er and '7*Yb atoms has also been realized by the
Kyoto group [22], suggesting that the quantum-degenerate
mass-imbalanced Fermi-Fermi mixture of '®’Er and '*Yb
atoms is expected to be realized in the near future.

The advantageous points for experimental and theoreti-
cal studies of these mixtures lies in the selectivity of the
mass ratio, and in the controllability of the number-density
ratio and that of the interparticle interaction strength between
different species via Feshbach resonances. In the preceding
paper [23] on the study of collective excitations in homoge-
neous Fermi-Fermi mixtures of dipolar and nondipolar atoms,
we have found two different types of collective modes at
zero temperature: one is the undamped zero sound charac-
terized by an anisotropic dispersion relation and the other
is an overdamped mode with purely imaginary frequencies.
The zero sound may emerge to propagate within a restricted
range of angles: 0 < 6, < 6, where 6, denotes the angle
between the dipole-polarization direction and the momen-
tum of propagation 7q, while the overdamped mode emerges
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complementarily in 6; < 6, < 7 /2. Here, 6, is a critical an-
gle at which the effective interaction in the density-density
channel vanishes. The effective interaction remains repulsive
in 0 < 6, < 6 to support the zero sound, while it becomes
attractive in 6, < 6y < /2. Furthermore, the overdamped
mode turns into an unstable one when the strength of inter-
particle interaction exceeds some critical value. Since these
collective modes are a coherent superposition of dipolar and
nondipolar density fluctuations, these dynamical properties
depend on the parameters such as the s-wave scattering length
ay of the interparticle interaction, the mass ratio r,,, and the
number-density ratio r,, in a complex manner. In the present
paper, we focus on the dynamical properties of the undamped
zero sound entirely, and figure out in detail how its speed,
critical angle, and amplitude depend on the parameters men-
tioned above, by taking samples of a mixture of dipolar and
nondipolar atoms realized in experiments. We determine the
stability phase diagram in the parameter space in advance and
then investigate dynamical properties of the zero sound in the
stable phase. We also investigate the linear response of density
fluctuations to an external perturbation. As a study of similar
subject, the zero sound and instability in dilute nuclear matter
are discussed in Fermi liquid theory [24].

This paper is organized as follows: In Sec. II, we present
the model of Fermi-Fermi mixtures of dipolar and nondipolar
atoms, and formulate the density-density correlation func-
tions in a ring-diagram approximation. In Sec. III, we draw
the stability phase diagrams from the pole structure of the
correlation function in the cases of '*’Er-'3Yb, '97Er - L,
161Dy - 173Yb, and '*' Dy - Li mixtures. In Sec. IV, using the
correlation functions, we calculate the dispersion relation and
the speed of the undamped zero sound numerically to fig-
ure out their parameter dependence, and also investigate the
induced density fluctuations of '®'Dy - 1"3Yb mixtures in the
linear response to an impulsive perturbation. Here we stress
that the role of the interparticle interaction and the number-
density ratio are of particular interest. Section V is devoted to
a summary.

II. FORMALISM

To study the homogeneous gaseous mixtures of dipolar and
nondipolar Fermi atoms, we employ the model Hamiltonian
defined as follows:

=Y el 3 el
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where 63{ = i*k*/2m; (i =1 or 2) is the kinetic energy of
the dipolar or nondipolar atoms. Accordingly, the annihilation
and creation operators cy; and c'{'k are for the dipolar Fermi
atoms with the momentum 7k, the mass m;, and the dipole
moment d. Similarly, co; and C;k are for the nondipolar Fermi
atoms with the momentum /ik and the mass m,. The dipoles

are assumed to be polarized along the z axis by an external
field. The term including V;, is the dipolar interaction in the
Fourier space, V;,(q) = 4T”d2(3 cos? 6, — 1), where 6, is the
angle between the momentum 7q and the dipole-polarization
direction. The coupling constant g is for the interparticle
interaction between dipolar and nondipolar fermions, which is
given by g = 27 /i%a,/ 1, with a, being the s-wave scattering
length and u = mymy/(m; + m,) the reduced mass. We take
the volume of the system to be unity in this paper.

To implement the perturbative treatment on the basis of the
Hartree-Fock (HF) ground state, it is necessary to introduce
the particle and hole operators, a; and b, defined by

cik = 0(€ix — € )ai + 0(€ir — )b, 2

ch = 0(ex — €r)al, + 0(eir — €a)bik, 3)

where € denotes the HF single-particle energy for dipolar
(i = 1) or nondipolar (i = 2) atoms, and €;r (i = 1, 2) are the
corresponding Fermi energies. In terms of these particle and
hole operators, the Hamiltonian (1) is rewritten as
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where Ej is the HF ground-state energy and the symbol N
denotes the normal ordering for particle and hole operators.

To find the collective excitations in density-fluctuation
channels, we will evaluate general density-density correlation
functions for the mixture defined as follows:

iR (g, 1) = ) (Tlehy(Ocmirg®el 4o Oy i (O1),
k&

4)

where i, j = 1, 2 and the symbol T denotes the time-ordering
product. The operators cyix(t) and c;,l.k(t) are Heisenberg
operators, and the expectation value (-) is taken with respect
to the exact Heisenberg ground state. In order to analyze the
above correlation functions, we evaluate 19 perturbatively
on the basis of the HF ground state using a ring-diagram
approximation [23,25,26], where the ring diagrams of dipolar
and nondipolar fermions are mixed via the interparticle inter-
action, as depicted in Fig. 1.

In this approximation, the correlation functions are calcu-
lated for the wave vector ¢ and frequency w to be
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FIG. 1. Ring diagrams of dipolar and nondipolar Fermi atoms.
The solid and dashed lines represent dipolar and nondipolar
fermions, respectively. The solid and dashed wavy lines represent
the dipolar and interparticle interactions, respectively.

where T1il(g, w) are the single-loop polarization functions
with respect to the HF ground state,

3 [ 1 — firg) Jix

= ho + € — €jx4q +in
B how + €Eik —

(g, w) =

Sikrqg(1 = fir) ]
—in ’
Here, fix (i = 1, 2) is the Fermi-Dirac distribution function in
the HF approximation.

The dispersion relation of the collective excitations is ob-
tained from the poles of the retarded correlation functions

®)

€ik+q

J

I} (w); the eigenfrequency w, of the collective excitations is
determined from the eigenvalue equation,
1= [Vaa@) + £TI5(q. @) Top(@. ). 9)

where  Tlip(q, w,) = Rellii(q, w,) + isgn o, ImI1i (g, w,)
[25]. Tt should be noted that in the eigenvalue equation (9),
the factor [V, (q) + gzl'lglze (g, wg)] plays arole of the effective
density-density interaction and, in general, when it is positive
the undamped zero-sound mode may emerge.

The polarization function I1}} can be evaluated using
the variational ansatz for the distribution function of dipolar
Fermi gases [6],

fik = e[kfF - l(k§ +k) — ﬁzkf], (10)

B

where ki = (67%n;)'/3, and n; is the number density of dipo-
lar Fermi gas. The parameter § (8 < 1) characterizes Fermi
surface (nonspherical) deformation caused by the exchange
energy of the dipolar interaction.

In this variational approximation, the HF single-particle
energy € of the dipolar Fermi gas is given by

2

h
e = €(0) + >—»’
2m1

[%(kf +k7) + ﬁzkf}, (11)
where €(0) and A2 represent the energy shift and the curvature
of the single-particle energy (an effective mass), respectively.
The parameters S, €(0), and A included in the above equa-
tion can be evaluated in the variational approximation method
[27] and they are shown to depend on the dimensionless
dipolar interaction strength kjpagy, with agg :m1d2/3h2
the dipolar length. Then, the real and imaginary parts of
I}k (g, ®) become

qs
kyir w a \ L+ (m2s = 5)
ReHOR_C“{_lJrz_[l_(ﬂv T2k ) gl ey pra—ray
g8 1Fqp 17 \vipgp 2kir
2 @ 4 9
ki [1_( ® as > ]m L+ (g + as) } 1)
2 45
2q'3 A ViFggp 2le 1 - ()LZUCIUFqﬂ 2kIF)
and
Cuik a5 \21. q q q
—l- (s — ) [ 1< 38 and 5 — <x2v‘fmﬂ<ﬁ+1
Cuk s \27. q q
ImTly=1" lzlqﬁw [1 - (,\’vﬁiqﬂ - Zk?,) ]’ 0< ﬁ <land1— 2k7,~ < )\Zucfiqﬁ X 2/<], +1 (13)
Cho . q
_/\Zvlll:;,g’ O<T<land0\x2wq < —ﬁ
0 otherwise,
respectively, where we have defined C; = %, qs = (q2/B + q?/,B + 132%2)1/2’ and vip = hikip/my.
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In the same way, we obtain the real and imaginary parts of I13%(q, ®),

k 2 14 (= — 9
ReHé%e:sz — 14+ 1—( w __4 > In (Uqu 2k2F)
2q vrq  2kop 1— (# _ ﬁ
kor w q 2 1+ (vza;q + ﬁ)
mic Rl +——) |In a4
2| g 2r) [ (5 4 )
and
Cok ® 29 .
- ZEqZF [1 B (Uqu B ZI:]ZF) ]’ ! < ZI?ZF and quZF - < Varq < 2/?21F + 1
— e[l - (52 — o) — 4 < o < a4
Im H(z)% = 25(12 [1 V2rq 2I‘ZF) ]’ 0 < 2kor < landl 2krr < V2rq < 2k +1 (15)
2200 0L <land0< -2 <1— 5L
V2r g 2F Varq o

0 otherwise,

makaor
472R%°
where kyp = (672n,)'/3, with n, being the number density of
the nondipolar atoms.

respectively, where g = |q|, Cxp = and vop = hkyp /my

III. STABILITY OF FERMI-FERMI MIXTURES

In this section, we determine the stability phase dia-
gram for experimentally realizable dipolar and nondipolar
Fermi mixtures: '’Er-'73Yb, 7Er-°Li, 161Dy- 13Yp, and
161Dy - ®Li. From the eigenvalue equation (9), the stability
condition for a given q is obtained as

1> [Vaa(@) + € Top(@. 0] Miz(q, 0. (16)
It should be noted that the anisotropic dipole-dipole interac-
tion V4 (q) takes the minimum value at 6, = %, ie., Vaa(q) =
—%”dz, which is negative and independent of the magnitude
of momentum. When w = 0, IT}} and T12% are negative and
those absolute values decrease monotonically with increasing
q at 6, = 7. It is likely that the system becomes most un-
stable against the homogeneous density fluctuations (¢ — 0)
in the direction perpendicular to the dipole polarization one,
ie., 0, = % Therefore, the stability condition of the mixture
becomes

2 kiraga
T AZ

)]

1>

1\ r\ Pk pay)?
NG A2

where r,, = my/m; and r, = ny/n; are the mass ratio and
the number-density ratio, respectively. It should be noted that
a dipolar and nondipolar mixture becomes unstable if the
stability condition is not satisfied, irrespective of the sign of
the scattering length a,, as shown in Eq. (17). In the unsta-
ble region for positive a,, the mixed gas undergoes a phase
separation between dipolar and nondipolar gases, whereas
for negative ay, it collapses to a dense phase [28]. In what
follows, we consider the stability condition only for positive
a, (repulsive interparticle interaction).

Figure 2 shows stability diagrams in the r,-kira, plane
for dipolar and nondipolar mixtures: (a) the '$’Er-!Yb
and '9’Er-°Li mixtures for kjragy = 0.250, and (b) the

1
+;<\/ﬂ+

161Dy - 173Yb and ''Dy-SLi mixtures for kjpagq = 0.482
[29]. The '"*"Er-'>Yb and '®’Er - °Li mixtures are stable in
the region below the solid and dashed lines in Fig. 2(a),
respectively, while '*'Dy - 7*Yb and '*'Dy - '>Yb are stable
below the solid and dashed lines in Fig. 2(b). From these
figures, larger mass-imbalanced mixtures are found to be more

(a)

FIG. 2. Stability diagrams obtained from (17) in the plane
of the dimensionless interparticle scattering length kjra; and the
number-density ratio r, = ny/n; for mixtures of (a) '*’Er-'"Yb
(solid line) and '7Er-°Li (dashed line) for kirasy = 0.250, and
(b) "“'Dy-'Yb (solid line) and '®'Dy-°Li (dashed line) for
kiraysq = 0.482. Each system is stable in the region below the line.
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FIG. 3. Eigenfrequency of undamped zero-sound mode (scaled
with the momentum ,/qv;r) for the momentum transfer g =
(0,0, g) of the ''Dy - '*Yb (k;rayy = 0.482 and r,, = 1.00746) for
kira; = 1.30, r, = 1.00 (solid line). Dot-dashed and dashed lines
represent the edges of the incoherent particle-hole continuum of
161Dy and *Yb atomic gases, respectively.

unstable. It should be understood by the existence of the pref-
actor (y/m + ﬁ)z in the stability condition (17). Since the
magnetic moment of the Dy atom is about 10/7 times as large
as that of the Er atom, the dipolar interaction of Dy atoms is
stronger than Er atoms; this explains why the critical line of
the Dy atom is pushed downward in comparison with that of
the Er atom, as shown in Figs. 2(a) and 2(b).

Here we make a comment on the stability condition of
the phase separation for positive a,. According to theoretical
studies of two-component repulsive atomic Fermi gases [30],
for instance, the quantum fluctuations may cause a phase sep-
aration with lower values of kira, than the mean-field result
obtained in this study. Nevertheless, in the following sections,
we will develop a ring-diagram approximation for collective
excitations upon the mean-field ground state in a consistent
manner.

IV. DYNAMICAL PROPERTIES OF THE *'Dy - 3Yb
MIXTURE

In this section, we focus on the system of the '°'Dy-172Yb
mixture, which provides kiragzs = 0.482 and r,, = 1.00746,
and investigate its dynamical properties as varying parameters
of kjray and r, within the ranges available in experiments.
The qualitative behavior of the dynamical properties is not
expected to change significantly for other mixtures of mass-
imbalanced dipolar and nondipolar atoms [31].

A. Undamped zero sound

The eigenvalue equation (9) generally admits a com-
plex eigenfrequency solution, ie., w; = 4, —il'y, which
corresponds to the collective excitations of the dipolar and
nondipolar Fermi mixtures. As is shown in our previous paper
[23], the undamped zero-sound mode with I'y = 0 appears
only when the mixture is stable.

7 FE——
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FIG. 4. Speeds of the undamped zero sound (solid line) with
0, =0 of the "'Dy-'Yb mixture (kjray, =0.482 and r, =
1.00746) as a function of (a) kyra, for r, = 1.00, and (b) r, for
kira; = 1.30. The dotted line in (a) represents the speed of sound
in the weak-coupling regime given by Eq. (19). The dashed line in
(b) represents the edge of the incoherent particle-hole continuum of
YD atomic gas.

undamped zero sound

~ 7" p-h continuum edge (IélDy atomic gas)
173

p-h continuum edge ( -
-------- weak-coupling

'Yb atomic gas)

1.05 -

s/vip

095+ e 1

0.9 : :

FIG. 5. Anisotropic speed of undamped zero sound of the
161Dy - 13Yb mixture (kyraqy = 0.482 and r,, = 1.00746), as a func-
tion of the angle 6, for k;ra, = 1.30 and r, = 1.00 (solid line).
Dot-dashed and dashed lines represent the edges of the incoherent
particle-hole continuum of '®'Dy and '>Yb atomic gases, respec-
tively. The dotted line is the speed of sound in the weak-coupling
regime given by Eq. (20).
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Figure 3 shows the eigenfrequency €2, of the undamped
zero-sound mode as a function of the transfer ¢ = (0, 0, g),
i.e., along the dipole-polarization direction. In the figure,
the eigenfrequency seems to encounter the edge of an inco-
herent particle-hole continuum solution at a point of some
finite g, but a careful analysis of the solution shows that
the amplitude of the sound mode vanishes exactly at this
point.

In Fig. 4, we show the speed of the undamped zero sound
defined by

.
s = lim — (18)

in the case of 6; =0, i.e., for the sound propagating along
the dipole-polarization direction. In calculations of the speed
of sound in what follows, we take the long-wavelength limit

J

(q — 0) of the real parts of IT}} and I13% with the ratio /g
fixed, which result in

1+ —2—
Re Iy, — Ci > @ In s UIFZ)%(G") -2/,
A Ulpqollg(eq) 1-— m

[}
Varg
o
Varq

wln

Re 132 — Cy
OR Varq

_2],

ap(0,) = (sin* 0,/ B + B cos? 6,)'/2.

where

As shown in Fig. 4(a), the speed of sound (solid line) in-
creases monotonically with the value of k;ray. The dotted line
in Fig. 4(a) represents the speed of sound in the weak-coupling
regime, which is given in an analytical form as

27202 2 4k
s=s]1+2exp |2~ — ( _ “”;"") : (19)
(Vrm + ﬁ) ra(kipag? \ @1 (520) wh
where 529 = r)/ 3v1F /1 is the speed of sound at the particle-hole continuum edge of the nondipolar atoms, and
'l(s) = il n Lt - 2.
)LZﬁUIF 1— )LZﬂ_UIF

As shown in Fig. 4(a), it agrees with the numerical results (solid line) in the region of small values of kira;. Moreover, as
shown in Fig. 4(b), the speed of sound (solid line) increases monotonically with 7,, and it approaches the edge of the incoherent
particle-hole continuum of '"*Yb atomic gas (dashed line) as r, increases.

Figure 5 shows the anisotropy of the speed of zero sound, i.e., its dependence on the angle 6,. Dot-dashed and dashed lines
represent the edges of the incoherent particle-hole continuum of '®' Dy and '>Yb atomic gases, respectively. As the angle 0, gets
close to 1 /2, the speed of zero sound approaches the edge of the incoherent particle-hole continuum of '*' Dy atomic gas. In this
case, the speed of zero sound can be approximated by that in the weak-coupling regime,

s=s1091+2exp| —2—

2

where 519 = Xzoeﬁ (6¢)v1r is the speed of sound at the particle-
hole continuum edge of dipolar atoms, and

1+ I'mS.
TS 73
22 _ m ' VIF
D (s) = 73 In 7 | = 2.
Fn’ U1F T P

As shown in Fig. 5, the numerical results (solid line) agree
well with those from the weak-coupling approximation (20)
(dotted line) in the region where 1.0 < 6,.

In the absence of the contact interaction (a;, = 0) or in the
case of a pure dipolar Fermi gas, the undamped zero sound
exists only in the region 0 < 6, < arccos(l/ﬁ) ~ (0.9553,
where the dipolar interaction V,;;(q) becomes repulsive. In the
case of mixtures, on the other hand, the undamped zero sound
exists only when the effective density-density interaction in
Eq. (9) becomes repulsive, i.e., Vy,(q) + ngel'lglze(q, Q,) >
0. Since the eigenfrequency 2, encounters the particle-hole
continuum edge of the dipolar atoms as the critical angle
8, is approached from below, the eigenfrequency near the
critical angle in the long-wavelength limit ¢ — O becomes

2,173
2/67151;44 (3C089qz— 1)+(M+ 1 )Z(le“x) n @22(S10)

(20)

22 )2

Y rm

(

Q, = Azaﬁ (64)virg. Thus, the critical angle is determined by
the condition

lim [Vaa (55) + RT3 0. 20 (6 17 0)] = 0

Figure 6 shows the critical angle of the '®' Dy - 3Yb mix-
ture as functions of (a) kyra, for r, = 1.00 and of (b) r, for
kira; = 1.30, respectively. As shown in Fig. 6, the critical
angles start from its pure dipolar Fermi gas limit, i.e., 6; =

arccos(1/ ﬁ), and increase monotonically both with kpa;
and r,,, due to the effect of the interparticle interaction between
dipolar and nondipolar atoms, until k;ras; exceeds 1.17 for
r, = 1.00 in Fig. 6(a) and r, exceeds 0.90 for kjra; = 1.30
in Fig. 6(b).

The measurements of collective excitation spectra in
atomic gases have been performed using fixed momentum
two-photon Bragg spectroscopy [32], which is designed to
make an arbitrary frequency and momentum transfer to
density fluctuations. Using the experimental technique, the
anisotropic properties of the undamped zero sound of dipolar
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expressed by

ﬂex(t)z/d3r{f11(r,t)+ﬁ2(r,t)}Uex(r,t), (1)

where U (r,t) = U(f"eiq 7§(t). The corresponding induced
density fluctuations are given by

2
Sni(r,1) =) dnij(r, 1),

j=1

A do . ..
with 8n;;(r, 1) = Re[nge’q"/ 2—we_""’l'l}e’(q, a))],
b1

where 6n;; (i, j = 1, 2) represents the density fluctuation of
14l the ith atomic gas induced by the perturbation affecting the jth
' atomic gas. Using the results obtained in previous sections, the
& density fluctuations 6n;; induced by the undamped zero sound
12k i are calculated to be
Mg
dny = U ———=—sin(q - r — Qgt), 22
1 | | | ny 0 2F(q. ) (q ql) (22)
0 0.2 0.4 0.6 0.8 1 11 1722

ML
Uer SOROR Gin(gor — Q1) (23)

n oz = 0 = U b 2y)
> RAq

FIG. 6. Critical angles (solid line) of the '®'Dy -'Yb mixture
(kiragq = 0.482 and r,, = 1.00746) as a function of (a) kjra, for (1 _ Vddl_lll)l_[22
r, = 1.00 and (b) r, for kjra, = 1.30. The dashed straight lines Snyy = U OR/~"OR
correspond to 6, = 7 /2. 2F'(q, $2¢)

sin(q -r — 241), (24)

. . . . . . where
and nondipolar Fermi-Fermi mixtures discussed in this sec-

tion can be observed. .
o
ow

_ 2 (Mo TTGR)

F/(q, Q ) = _Vdd
1 Q ow

B. Density fluctuations induced by an impulsive perturbation \

Let us now turn to a discussion of the linear response of
161Dy - 13Yb mixtures to an impulsive perturbation that is ~ These derivatives of the polarization functions are given by

J

1+ (2 + 35)

1+ (- — 2%)

an(l)}g . Cn kl_F ( w + qs )111 22virqgp _ ( w _ qs )111 Auirqgp
dw Muirgp qp | \AMvirqs  2kir 1— (m + zif‘F) Muirgs  2kip 1-— (m - 21‘%) ’
(25
OMG _ ’Q_F[( © 4.2 )m A CTREY) —( © 4 )m L+ (g ~ i) } (26)
ow Vrq ¢ vrq 2k 1- (ﬁ + ﬁ) vrq 2k 1- (ﬁ — ﬁ)
Bringing it all together, we obtain the total density fluctuation of the ith atomic gas as
dn; = A;sin(q - r — Qqt), 27
where the amplitudes A; and A, are given by
Hll Hll H22
Al — ng OR—ijg OR OR’ (28)
2F'(q, Q)
H11H22 +(1-vV 1-[11 1-[22
A, = ngg or ' 10r g 4aTlog) 0R (29)
2F'(q, $29)
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FIG. 7. Amplitudes of density fluctuations of the ''Dy-Yb
mixture where kjrayy = 0.482 and r,, = 1.00746 induced by the im-
pulsive perturbation A, (t) with the momentum transfer ¢ = (0, 0, ¢)
for kjpa; = 1.30 and r, = 1.00. The solid and dashed lines show
A, /K3 Ug* and RA, /k;-US", respectively.

respectively. In the long-wavelength limit, the derivatives of
I} and T3% become

11 w 20
9 Iy, _ Ci I 1+ 22virgp A2vipqp
do )szqu/S ! 1 — 72— * 1 _o I
Avirqgp - (/\Zvlpq,g)
22 w 20
0 1_IOR _ Cx 1+ V2rq V2rq
do v -2 w_)?
2rq v2rg 1 - (Uzrq)

respectively. From the above equations, both of the amplitudes
are shown to be zero when g = 0.

Figure 7 shows the amplitudes of density fluctuations A; »
in the '®' Dy - 3Yb mixture induced by the impulsive pertur-
bation H,, () with the transfer q = (0,0, g) for kypa;, = 1.30
and r, = 1.00. The amplitudes gradually increase with g up
to a certain value, and beyond it they fall abruptly to be zero
again at the point where the eigenfrequency of the undamped
zero sound touches the incoherent particle-hole continuum
edge of '7*Yb atomic gas, as shown in Fig. 3.

Figure 8 shows the relative density fluctuations of
the '*'Dy-!3Yb mixture: (a) 8n;/(8n; +8ny) and (b)
on;j/(8ny + 8ny), in the limit of ¢ — 0 as a function of 6,
for kjrpa; = 1.30 and r,, = 1.00. As shown in Fig. 8(a), the
density fluctuations of the '®'Dy atoms tend to be more
dominant than those of the '"*Yb atoms with increasing 6.
The result is understood from the behavior in Fig. 5 that
the eigenfrequency of the undamped zero sound approaches
the incoherent particle-hole continuum edge of '*'Dy with
increasing 6,; that is, the sound mode consists mostly of
particle-hole pair states of %' Dy atoms just below the eigen-
frequency of the sound mode. Figure 8(b) shows the relative
fraction of 6n;; in the total induced density fluctuation. Similar
to the results in Fig. 5, the numerical results in Figs. 8(a) and
8(b) also agree well with those in the weak-coupling regime,
with the speed of sound given by Eq. (20) (dotted line) around
the momentum angle region 1.0 < 6,.

The impulsive perturbation can be realized using the tech-
nique of the short Bragg pulse in Ref. [33]. The in situ

(a)

07" 5n,
1) n,
O 6 | [roeeee weak-coupling q

FIG. 8. Relative density fluctuations of the ''Dy - 1> Yb mixture
where kirazq = 0.482 and r,, = 1.00746 in the limit of ¢ — 0 as
a function of 6, for kjpa;, = 1.30 and r, = 1.00. (a) and (b) show
dn;/(8ny + dny) (i = 1,2) and 8n;;/(8ny + émy) (i, j = 1, 2), respec-
tively. The dotted lines in (a) and (b) represent results in the
weak-coupling regime with the speed of sound given by Eq. (20).

measurement of subsequent oscillations after a Bragg pulse
can reveal the frequencies and amplitudes of collective oscil-
lations of the dipolar and nondipolar Fermi-Fermi mixtures.

V. SUMMARY

In this paper, we have studied the stability and dy-
namical properties of homogeneous dipolar and nondipolar
Fermi-Fermi mixtures at zero temperature. We have obtained
the density-density correlation functions of the mixtures in
the ring-diagram approximation and analyzed the eigen-
value equations of the collective excitations. We have
obtained the stability diagrams of the '%’Er - '73Yb, '*’Er - 6Li,
'6'Dy- 3Yyb, and 16'Dy-(’Li mixtures, and found that the
mixtures of larger mass imbalance tend to be more un-
stable. We have also investigated the eigenfrequency, the
speed of undamped zero sound, and the density fluctuations
of the ''Dy-17Yb mixture in the impulsive perturbation
method; the results are summarized in Figs. 3—8. These
results show that the interparticle interaction between the
1Dy and '*Yb atoms has a significant effect on the
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angle dependence of the sound propagation with respect to
dipolar-polarization direction, and also on the linear response
of external perturbation through the density-density correla-
tion between the '®'Dy and '"*Yb atoms. These results can
be experimentally observed using the Bragg spectroscopy
technique [32,33].

In this paper, we obtained the excitation spectrum of un-
damped zero sound and density fluctuations by the impulsive
perturbation in the '®'Dy and '?Yb mixtures, assuming re-
pulsive interparticle interaction (a; > 0). It should be noted
that the excitation spectrum depends only on the magnitude

of scattering length a;, as shown in Eq. (9), whereas the
amplitude of density fluctuations depends on the sign of a;,
as shown in Eqgs. (28) and (29). We present the results only
for positive a, in Sec. IV B. In the case of negative a;, which
we do not investigate in this study, one can expect the Cooper
pairing between dipolar and nondipolar atoms if the system is
in the stable region of density fluctuations.

ACKNOWLEDGMENT

This work was supported by JSPS KAKENHI Grant No.
21K03422.

[1] M. Lu, N. Q. Burdick, and B. L. Lev, Phys. Rev. Lett. 108,
215301 (2012).

[2] K. Aikawa, A. Frisch, M. Mark, S. Baier, R. Grimm, and F.
Ferlaino, Phys. Rev. Lett. 112, 010404 (2014).

[3] B. Naylor, A. Reigue, E. Marechal, O. Gorceix, B. Laburthe-
Tolra, and L. Vernac, Phys. Rev. A 91, 011603(R) (2015).

[4] K. Aikawa, S. Baier, A. Frisch, M. Mark, C. Ravensbergen, and
F. Ferlaino, Science 345, 1484 (2014).

[5] L. Chomaz, 1. Ferrier-Barbut, F. Ferlaino, B. Laburthe-Tolra,
B. L. Lev, and T. Pfau, Rep. Prog. Phys. 86, 026401
(2023).

[6] T. Miyakawa, T. Sogo, and H. Pu, Phys. Rev. A 77, 061603(R)
(2008).

[7] T. Sogo, L. He, T. Miyakawa, S. Yi, and H. Pu, New J. Phys.
11, 055017 (2009).

[8] C.-K. Chan, C. Wu, W.-C. Lee, and S. Das Sarma, Phys. Rev. A
81, 023602 (2010).

[9] S. Ronen and J. L. Bohn, Phys. Rev. A 81, 033601 (2010).

[10] M. A. Baranov, M. S. Mar’enko, V. S. Rychkov, and G. V.
Shlyapnikov, Phys. Rev. A 66, 013606 (2002).

[11] C. Zhao, L. Jiang, X. Liu, W. M. Liu, X. Zou, and H. Pu, Phys.
Rev. A 81, 063642 (2010).

[12] B. M. Fregoso, K. Sun, E. Fradkin, and B. L. Lev, New J. Phys.
11, 103003 (2009).

[13] N. R. Cooper and G. V. Shlyapnikov, Phys. Rev. Lett. 103,
155302 (2009).

[14] Y. Yamaguchi, T. Sogo, T. Ito, and T. Miyakawa, Phys. Rev. A
82, 013643 (2010).

[15] K. Sun, C. Wu, and S. Das Sarma, Phys. Rev. B 82, 075105
(2010).

[16] C.Ravensbergen, V. Corre, E. Soave, M. Kreyer, E. Kirilov, and
R. Grimm, Phys. Rev. A 98, 063624 (2018).

[17] C. Ravensbergen, E. Soave, V. Corre, M. Kreyer, B. Huang, E.
Kirilov, and R. Grimm, Phys. Rev. Lett. 124, 203402 (2020).

[18] Z.-X. Ye, A. Canali, E. Soave, M. Kreyer, Y. Yudkin, C.
Ravensbergen, E. Kirilov, and R. Grimm, Phys. Rev. A 106,
043314 (2022).

[19] A. Ciamei, S. Finelli, A. Trenkwalder, M. Inguscio, A. Simoni,
and M. Zaccanti, Phys. Rev. Lett. 129, 093402 (2022).

[20] A. Ciamei, S. Finelli, A. Cosco, M. Inguscio, A. Trenkwalder,
and M. Zaccanti, Phys. Rev. A 106, 053318 (2022).

[21] F. Schéfer, Y. Haruna, and Y. Takahashi, J. Phys. Soc. Jpn. 92,
054301 (2023).

[22] E. Schifer, Y. Haruna, and Y. Takahashi, Phys. Rev. A 107,
L031306 (2023).

[23] T. Miyakawa, E. Nakano, and H. Yabu, JPS Conf. Proc. 38,
011014 (2023).

[24] E. E. Kolomeitsev and D. N. Vosokresensky, Europhys. J. A 52,
362 (2016).

[25] A. L. Fetter and J. D. Walecka, Quantum Theory of Many-
particle Systems (Dover, Mineola, NY, 2003).

[26] P. Nozieres and D. Pines, The Theory of Quantum Liquids
(Perseus Books, Cambridge, MA, 1999).

[27] K. Nishimura, E. Nakano, K. Iida, H. Tajima, T. Miyakawa, and
H. Yabu, Phys. Rev. A 103, 033324 (2021).

[28] M. Houbiers, R. Ferwerda, H. T. C. Stoof, W. I. McAlexander,
C. A. Sackett, and R. G. Hulet, Phys. Rev. A 56, 4864 (1997).

[29] The values of kjrau, discussed here are relatively larger than
typical ones which are of the order of a few percent. These
values are reproduced by using the value of the central density
of a dipolar Fermi gas with 5 x 10° particles in a harmonic
oscillator potential with a frequency of 500 Hz.

[30] R. A. Duine and A. H. MacDonald, Phys. Rev. Lett. 95, 230403
(2005); G. J. Conduit, A. G. Green, and B. D. Simons, ibid.
103, 207201 (2009); S. Pilati, G. Bertaina, S. Giorgini, and M.
Troyer, ibid. 105, 030405 (2010).

[31] The ring-diagram approximation contains only one particle-
hole pair excitation; it is valid for weak couplings: kira,; < 1
and kjra; < 1. When the couplings are not weak, it is neces-
sary to take into account multipair excitations too. However,
the dynamical properties of collective excitation in the long-
wavelength and low-frequency limit can be explained by the
ring-diagram approximation, at least qualitatively, since single-
pair excitations are of importance in this case [26].

[32] J. Steinhauer, R. Ozeri, N. Katz, and N. Davidson, Phys. Rev.
Lett. 88, 120407 (2002); S. Hoinka, P. Dyke, M. G. Lingham,
J. J. Kinnunen, G. M. Bruun, and C. J. Vale, Nat. Phys. 13,
943 (2017); H. Biss, L. Sobirey, N. Luick, M. Bohlen, J. J.
Kinnunen, G. M. Bruun, T. Lompe, and H. Moritz, Phys. Rev.
Lett. 128, 100401 (2022).

[33] I. Shammass, S. Rinott, A. Berkovitz, R. Schley, and J.
Steinhauer, Phys. Rev. Lett. 109, 195301 (2012).

053308-9


https://doi.org/10.1103/PhysRevLett.108.215301
https://doi.org/10.1103/PhysRevLett.112.010404
https://doi.org/10.1103/PhysRevA.91.011603
https://doi.org/10.1126/science.1255259
https://doi.org/10.1088/1361-6633/aca814
https://doi.org/10.1103/PhysRevA.77.061603
https://doi.org/10.1088/1367-2630/11/5/055017
https://doi.org/10.1103/PhysRevA.81.023602
https://doi.org/10.1103/PhysRevA.81.033601
https://doi.org/10.1103/PhysRevA.66.013606
https://doi.org/10.1103/PhysRevA.81.063642
https://doi.org/10.1088/1367-2630/11/10/103003
https://doi.org/10.1103/PhysRevLett.103.155302
https://doi.org/10.1103/PhysRevA.82.013643
https://doi.org/10.1103/PhysRevB.82.075105
https://doi.org/10.1103/PhysRevA.98.063624
https://doi.org/10.1103/PhysRevLett.124.203402
https://doi.org/10.1103/PhysRevA.106.043314
https://doi.org/10.1103/PhysRevLett.129.093402
https://doi.org/10.1103/PhysRevA.106.053318
https://doi.org/10.7566/JPSJ.92.054301
https://doi.org/10.1103/PhysRevA.107.L031306
https://doi.org/10.7566/JPSCP.38.011014
https://doi.org/10.1140/epja/i2016-16362-0
https://doi.org/10.1103/PhysRevA.103.033324
https://doi.org/10.1103/PhysRevA.56.4864
https://doi.org/10.1103/PhysRevLett.95.230403
https://doi.org/10.1103/PhysRevLett.103.207201
https://doi.org/10.1103/PhysRevLett.105.030405
https://doi.org/10.1103/PhysRevLett.88.120407
https://doi.org/10.1038/nphys4187
https://doi.org/10.1103/PhysRevLett.128.100401
https://doi.org/10.1103/PhysRevLett.109.195301

