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We investigate Fermi liquid states of the ultracold magnetic dipolar Fermi gases in the simplest two-component
case including both thermodynamic instabilities and collective excitations. The magnetic dipolar interaction is
invariant under the simultaneous spin-orbit rotation but not under either the spin or the orbit one. Therefore, the
corresponding Fermi liquid theory is intrinsically spin-orbit coupled. This is a fundamental feature of magnetic
dipolar Fermi gases different from electric dipolar ones. The Landau interaction matrix is calculated and is
diagonalized in terms of the spin-orbit coupled partial-wave channels of the total angular momentum J. The
leading thermodynamic instabilities lie in the channels of ferromagnetism hybridized with the ferronematic
order with J = 11 and the spin-current mode with J = 1~, where + and — represent even and odd parities,
respectively. An exotic propagating collective mode is identified as spin-orbit coupled Fermi surface oscillations

in which spin distribution on the Fermi surface exhibits a topologically nontrivial hedgehog configuration.
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I. INTRODUCTION

Recent experimental progress of ultracold electric dipolar
heteronuclear molecules has become a major focus of ultracold
atom physics.'™ Electric dipole moments are essentially clas-
sic polarization vectors induced by the external electric field.
When they are aligned along the z axis, the electric dipolar
interaction becomes anisotropic exhibiting the d,>_j3.2-type
anisotropy. In Fermi systems, this anisotropy has important
effects on many-body physics including both single-particle
and collective properties.*"'* Fermi surfaces of polarized elec-
tric dipolar fermions exhibit quadrupolar distortion elongated
along the z axis.*>"!3 Various Fermi surface instabilities have
been investigated including the Pomeranchuk-type nematic
distortions®’ and stripelike orderings.'®!* The collective exci-
tations of the zero-sound mode exhibit anisotropic dispersions:
The sound velocity is largest if the propagation wave vector g
is along the z axis, and the sound is damped if g lies in the xy
plane.”® Under the dipolar anisotropy, the phenomenological
Landau interaction parameters become tridiagonal matrices,
which are calculated at the Hartree-Fock level,® and the
anisotropic Fermi liquid theory for such systems has been
systematically studied.’

The magnetic dipolar gases are another type of dipolar
system. Compared to the extensive research on electric dipolar
Fermi systems, the study on magnetic dipolar ones is a
new direction of research. On the experimental side, laser
cooling and trapping Fermi atoms with large magnetic dipole
moments (e.g., '°'Dy and 'Dy with = 105)">"!7 have
been achieved, which provides a new opportunity to study
exotic many-body physics with magnetic dipolar interactions.
There has also been a great amount of progress for realizing
Bose-Einstein condensations of magnetic dipolar atoms.'”~?!

Although the energy scale of the magnetic dipolar inter-
action is much weaker than that of the electric one, it is
conceptually more interesting if magnetic dipoles are not
aligned by external fields. Magnetic dipole moments are
proportional to the hyperfine spin up to a Lande factor,
thus, they are quantum-mechanical operators rather than the
nonquantized classic vectors as electric dipole moments are.
Furthermore, there is no need to use external fields to induce
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magnetic dipole moments. In fact, the unpolarized magnetic
dipolar systems are isotropic. The dipolar interaction does
not conserve spin nor orbit angular momentum but is invariant
under simultaneous spin-orbit (SO) rotation. This is essentially
a spin-orbit coupled interaction. Different from the usual
spin-orbit coupling of electrons in solids, this coupling appears
at the interaction level but not at the kinetic-energy level.

The study of many-body physics of magnetic dipolar Fermi
gases is just at the beginning. For the Fermi liquid properties,
although magnetic dipolar Fermi gases were studied early in
Refs. 6 and 22, the magnetic dipoles are frozen, thus, their
behavior is not much different from the electric ones. It is
the spin-orbit coupled nature that distinguishes nonpolarized
magnetic dipolar Fermi gases from polarized electric ones.
The study along this line was was pioneered by Fregoso and
Fradkin.?*?* They studied the coupling between ferromagnetic
and ferronematic orders, thus, spin polarization distorts the
spherical Fermi surfaces and leads to a spin-orbit coupling in
the single-particle spectrum.

Since Cooper pairing superfluidity is another important
aspect of the many-body phase, we also briefly summarize
the current progress in electric and magnetic dipolar systems.
For the single-component electric dipolar gases, the simplest
possible pairing lies in the p-wave channel because s-wave
pairing is not allowed by the Pauli exclusion principle. The
dipolar anisotropy selects the p.-channel pairing.>>-> Inter-
estingly, for the two-component case, the dipolar interaction
still favors the triplet pairing in the p, channel, even though the
s wave is also allowed. It provides a robust mechanism for the
triplet pairing to the first order in the interaction strength.33-3°
The mixing between the singlet and the triplet pairings is with
a relative phase +%, which leads to a novel time-reversal
symmetry-breaking pairing state.>* The investigation of the
unconventional Cooper pairing symmetry in magnetic dipolar
systems was studied by the authors.>’” We have found that
it provides a robust mechanism for a novel p-wave (L = 1)
spin triplet (S = 1) Cooper pairing to the first order in
interaction strength. It comes directly from the attractive part
of the magnetic dipolar interaction. In comparison, the triplet
Cooper pairings in *He and solid-state systems come from
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spin fluctuations, which is a second-order effect in interaction
strength.>®3° Furthermore, that pairing symmetry was not
studied in *He systems before in which orbital and spin angular
momenta of the Cooper pair are entangled into the total angular
momentum J = 1. In contrast, in the He-B phase,** L and S
are combined as J = 0, and in the 3He-A phase, L and S are
decoupled, and J is not well defined.**2

Fermi liquid theory is one of the most important paradigms
in condensed-matter physics on interacting fermions.’%*3
Despite the pioneering papers,>?>* a systematic study of
the Fermi liquid properties of magnetic dipolar fermions is
still lacking in the literature. In particular, Landau interaction
matrices have not been calculated, and a systematic analysis
of the renormalizations from magnetic dipolar interactions to
thermodynamic quantities has not been performed. Moreover,
collective excitations in magnetic dipolar ultracold fermions
have not been studied before. All these are essential parts of
Fermi liquid theory. The experimental systems of '®' Dy and
163Dy are with a very large hyperfine spin of F = %, thus, the
Fermi liquid theory, taking into account of all the complicated
spin structure, should be very challenging. We take the first step
by considering the simplest case of spin-% magnetic dipolar
fermions, which preserve the essential features of spin-orbit
physics and address the above questions.

In this paper, we systematically investigate the Fermi liquid
theory of the magnetic dipolar systems including both the
thermodynamic properties and the collective excitations, fo-
cusing on the spin-orbit coupled effect. The Landau interaction
functions are calculated and are diagonalized in the spin-orbit
coupled basis. Renormalizations for thermodynamic quantities
and the Pomeranchuk-type Fermi surface instabilities are
studied. Furthermore, the collective modes are also spin-orbit
coupled with a topologically nontrivial configuration of the
spin distribution in momentum space. Their dispersion relation
and configurations are analyzed.

Upon the completion of this paper, we became aware of
the nice work by Sogo et al.** Reference 44 constructed the
Landau interaction matrix for dipolar fermions with a general
value of spin. The Pomeranchuk instabilities were analyzed
for the special case of spin %, and collective excitations were
discussed. Our paper has some overlaps on the above topics
with Ref. 44 but with a significant difference, including the
physical interpretation of the Pomeranchuk instability in the
J = 17 channel and our discovery of an exotic propagating
spin-orbit sound mode.

The remaining part of this paper is organized as follows.
The magnetic dipolar interaction is introduced in Sec. II. The
Landau interaction matrix is constructed at the Hartree-Fock
level and is diagonalized in Sec. III. In Sec. IV, we present the
study of the Fermi liquid renormalization to thermodynamic
properties from the magnetic dipolar interaction. The leading
Pomeranchuk instabilities are analyzed. In Sec. V, the spin-
orbit coupled Boltzmann equation is constructed. We further
perform the calculation of propagating spin-orbit coupled
collective modes. We summarize the paper in Sec. VI.

II. MAGNETIC DIPOLAR HAMILTONIAN

We introduce the magnetic dipolar interaction and the
subtlety of its Fourier transform in this section.
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The magnetic dipolar interaction between two spin-%
particles located at 7 , reads

2
I < ad s
Vaﬁ;ﬂ’a’(r) = r_3[Sota’ : Sﬂﬁ’ - S(Saa’ ' r)(sﬂﬁ’ ' r)], (1)

where S = %5,0{,0{’,,8,,8’ take values of f and |, , ¥ = 7| — 7»,
and 7 = 7/r is the unit vector along 7.

The Fourier transform of Eq. (1) is

. daop® - = . > -
V(xﬂ;ﬁ’a’(q) = T[:}(Saa’ . 6])(5,3,3’ . 6]) - Saa’ . Sﬁﬁ’]a (2)

which depends on the direction along the momentum transfer
but not its magnitude. Itis singular as § — 0. More rigorously,
Vag, ﬁ/ar((}) should be further multiplied by a numeric factor’
as

3

2(q) =3 (jl(CIE) _ jl(CIL)>

qe gL
where € is a short-range scale cutoff and L is the long-distance
cutoff at the scale of sample size. The spherical Bessel function
J1(x) shows the asymptotic behavior ji(x) — 7 atx — 0, and
Jjilx) — }C sin(x — %) asx — oo. Inthe long wavelength limit
satisfying ge — 0 and gL — o0, g(q) — 1, and we recover
Eq. (2). If g is exactly zero, Vp.pr = 0 because the dipolar
interaction is neither purely repulsive nor attractive, and its
spatial average is zero.

The second quantization form for the magnetic dipolar
interaction is expressed as

1 5Lt R
Hin = 5 Z Vi + DU K ) Vappo @)
k.k'.q
X Y (k' + ) (K, (4)

where V is the volume of the system. The density of states
of two-component Fermi gases at the Fermi energy is Ny =
:2—122, and we define a dimensionless parameter A = No,uz. A
describes the interaction strength, which equals the ratio
between the average interaction energy and the Fermi energy

up to a factor on the order of 1.

III. SPIN-ORBIT COUPLED LANDAU INTERACTION

In this section, we present the Landau interaction functions
of the magnetic dipolar Fermi liquid and perform the spin-orbit
coupled partial-wave decomposition.

A. The Landau interaction function

Interaction effects in the Fermi liquid theory are captured by
the Landau interaction function. It describes the particle-hole
channel forward-scattering amplitudes among quasiparticles
on the Fermi surface. At the Hartree-Fock level, the Landau
function is expressed as

o ppr kK = fIL 00 @) + [l 5o (R, (5)

where k and k' are at the Fermi surface with the mag-
nitude of k; and g is the small momentum transfer in
the forward-scattering process in the particle-hole channel.
f, Z ﬂﬁ/((}) = Vup,pa’(¢) is the direct Hartree interaction, and

o
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fai/’ﬁﬁ,(l_c'; k)= — O,ﬁ,a«ﬁ/(lz — k') is the exchange Fock inter-
action. As g — 0, f H is singular, thus, we need to keep its

dependence on the direction of §. More explicitly,

2

~ T ~
St @ = 5 Moo (). ©)
2
A~ T R
fal;’,ﬂﬂ’(k;k) = _TMaa’,ﬁﬂ’(m)’ )

where the tensor is defined as Mo gp/(§) = 3(Guer - §)(Gpp -
§) — Ouq - 0pp and /1 is the unit vector along the direction of

the momentum transfer /i1 = V’zﬁ% . We have used the following

identity:

3(8aﬁ’ : m)(gﬁa’ : I’ﬁ) - aaﬁ/ : aﬁa/

= 3(8aa’ : m)(&ﬁﬂ’ . ”h) - &W' : 6ﬂﬁ' (8)

to obtain Eq. (7).

B. The spin-orbit coupled basis

Due to the spin-orbit nature of the magnetic dipolar
interaction, we introduce the spin-orbit coupled partial-wave
basis for the quasiparticle distribution over the Fermi surface
following the steps below.

The §nyq (k) is defined as

e (K) = Negar (k) — 8o (), ©9)

where nwr(lz) = (w;(i)wa/(l;)) is the Hermitian single-
particle density matrix with momentum k and satisfies
Mg = N, and no(lz) is the zero-temperature equilibrium
Fermi distribution function no(lz) =1-0(k—ky). Snaa/(£)
is expanded in terms of the particle-hole angular momentum
basis as

(Snaa’(]_é) = Z 5”537 (%)XSsz,aa/
Ss.

= Zanzs:(lz)x;s:,aa” (10)
Ss;

where xs;. o are the bases for the particle-hole singlet
(density) channel with § = 0 and triplet (spin) channel with
S = 1, respectively. They are defined as

X00,c0/ = 80{0/7 X10,00’ = Oz, aa’»

1 (11)
X1+l,o0a = E(Ux,aa’ + iay,aa’)v

which satisfy the orthonormal condition tr( XST'S, X qug) =
2855’8&&} )

Since quasiparticles are only well defined around the Fermi
surface, we integrate out the radial direction and arrive at the
angular distribution,

R kK2dk -
Shaa () = f GO (B (12)

Please note that angular integration is not performed in
Eq. (12). We expand énye (k) in the spin-orbit decoupled
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bases as

e (k) = 81 Lmss Yim () X5, e
LmSs,

= Z snzis:YZm(lg)X;s;.aa” (13)

LmSs;

where YL,,,(IE) is the sphgrical fAlarmonAics satisfying the nor-
malization condition [ dk Y}, (k)Y1,,(k) = 1.
We can also define the spin-orbit coupled basis as

Viszrstkao'y = (LmSs:|JJ)Y () Xss. aa

Vi pstkoe’y =3 (LmSs.|JI)YE, ROxl, o
ms;

where (LmSs;|JJ;) is the Clebsch-Gordon coefficient and
Y7iz:1s satisfies the orthonormal condition of

/ Ak}, ROV s ()] = 28,185, 18118s5. (15)

(14)

Using the spin-orbit coupled basis, 8n14 (k) is expanded as

Snge (k) = Z 8ny.rsVrr.osk,oa’)
JIALS

= Z S”jJZ;Lsy;JZ;Ls(]G»O‘O‘/)’ (16)
JILS

where 8ny s =Y, (LmSs | J.)8nLyss. .

ms; <

C. Partial-wave decomposition of the Landau function

We are ready to perform the partial-wave decomposition for
Landau interaction functions. The tensor structures in Egs. (6)
and (7) only depend on Gu and opgg, thus, the magnetic
dipolar interaction only contributes to the spin-channel Landau
parameters, i.e., S = 1. In the spin-orbit decoupled basis,
the Landau functions of the Hartree and Fock channels are
expanded, respectively, as

No yr .+ 4
g Jermy ®R) = 37

Lms, ;L’m/sé

YLm(ié)Xlsz (aa’)

X TLI;Iv;ﬁ;;L’m’lsé YZ’m’(iC\/)Xi[-s; (ﬂﬂ/) (] 7)

For later convenience, we have multiplied the density of states
No and the factor of 1/47 such that 7#F are dimensionless
matrices. Without loss of generality, in the Hartree channel,
we choose § = Z.

The matrix elements in Eq. (17) are presented below. In the
Hartree channel,

H TA
TLmlsz;L’m’lsj = 3 (2832,0 - 8&;,:I:1)8L,08L’,08m,08m’,08szs;v

(13)
and in the Fock channel,
F
TLmlsf;L’m/lsg

_ T S Sr42.1 _ biaw
T 2 \L@+D) 3L +DL+2) 3(L-1DL

x / A 3y — 47 V10 (@Y1 ()] Vi (@)Y (2.
(19)
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The magnetic dipolar interaction is isotropic, thus, the spin-
orbit coupled basis is the most convenient. In these bases, the
Landau matrix is diagonal with respect to the total angular
momentum J and its z component J, as

NO I i ’
o Jaspp koK) = 37 Vi ko)
T JJ.LL'

X Frpii00.1Y) kBB, (20)
The matrix kernel F;; 1,75, 11 reads as

TA
Frrovoni = T5J,15L,05L',0(25J:,0 - 313,1[1)

+ Y (Lmls | JI)(L'm'1s]|J J.)

msz;m’s]
F
X Tpmisnmns, - 21)

We found that, up to a positive numeric factor, the second
term in Eq. (21) is the same as the partial-wave matrices in
the particle-particle pairing channel, which was derived for the
analysis of the Cooper pairing instability in magnetic dipolar
systems.’’

However, the above matrix kernel Fjjri.55.11 is not
diagonal for channels with the same values of J J, but different
orbital angular momentum indices L and L’. Moreover, the
conservation of parity requires that even and odd values of L do
not mix. Consequently, F;; r1,5/,11 is either diagonalized or
reduced into a small size of just 2 x 2. For later convenience of
studying collective modes and thermodynamic instabilities, we
present below the prominent Landau parameters in some low
partial-wave channels. Below, we use (J*J,LS) to represent
these channels in which + represents even and odd parities,
respectively.

The parity odd channel of J = 0~ only has one possibility
of (07011) in which

Fo-o110-011 = %K- (22)
There is another even-parity density channel with J = 0T,
i.e., (07000), which receives contribution from short-range
s-wave interaction but no contribution from the magnetic
dipolar interaction at the Hartree-Fock level. The parity odd
channel of J = 1~ only comes from (1~ J,11) in which

Fi-j11-011 = I (23)
4

Another channel of J = 17, i.e., (1~ J,10), channel from the
p-wave channel density interactions, which again receives
no contribution from magnetic dipolar interaction at the
Hartree-Fock level. These two J = 1~ modes are spin- and
charge-current modes, respectively, and thus, do not mix due
to their opposite symmetry properties under time-reversal
transformation.

We next consider the even-parity channels. The J =
1™ channels include two possibilities of (JJ,LS)=
(17J,01),(17J.21). The former is the ferromagnetism chan-
nel, and the latter is denoted as the ferronematic channel
in Refs. 6 and 24. Due to the spin-orbit nature of the
magnetic dipolar interaction, these two channels are no longer
independent but are coupled to each other. Because the
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Hartree term breaks the rotational symmetry, the hybridization
matrices for J, = 0, =1 are different. For the case of J, = 0,

it is
Fiootzioo1 | _ A (8 V2 , (24)
Fioo1;1021 12\v2 1

whose two eigenvalues and their associated eigenvectors are

Frop = F1001;1001
F1o21;1001

wl™®=0.697x, ¥ 0 =(0.98,0.19),

+ (25)
wi™® =0.067x, Y10 =(—0.19,0.98)".

The hybridization is small. For the case of J, = %1, the Landau
matrices are the same as

Fiioia1 -4 V272
2 ) T 06
F1121;1121> (ﬁ 1 ) (26)

12°
Again, the hybridization is small as shown in the eigenvalues
and their associated eigenvectors,

Fioy = Fiior;1101
Fiino

wl™ = —0377x, ¥l =097, —0.25)7,

27

wi' =0.127x, ¥ =(0.25,0.97)". @7
Landau parameters, or matrices, in other high partial-wave
channels are neglected because their magnitudes are signifi-
cantly smaller than those above.

We need to be cautious on using Egs. (24) and (26) in
which the Hartree contribution of Eq. (6) is taken. However,
Eq. (6) is valid in the limit ¢ < ks but should be much larger
than the inverse of sample size 1/L. It is valid to use Eqs. (24)
and (26) when studying the collective spin excitations in Sec. V
below. However, when studying thermodynamic properties,
say, magnetic susceptibility, under the external magnetic-field
uniform at the scale of L, the induced magnetization is also
uniform. In this case, the Hartree contribution is suppressed to
zero, thus, the Landau matrices in the J = 17 channel are the
same for all the values of J, as

Fij01:
Fis ihm(X) = < 1J.01;1J.01

FlJZOI;lJ;21>
Fiaior Fuooa /,,,

_m (8 )

12\v2 1 @8

In this case, the hybridization between these two channels
is quite significant. The two eigenvalues and their associated
eigenvectors are

1+ T

2 1\’
wl :——)\,’ 11+: \/jy_\/t s
12 3 3
T
1+ T 1+ \/T\/E
“howd =305 ) -
L) 6 (%) ( 3V 3

IV. THERMODYNAMIC QUANTITIES

(29)

In this section, we study the renormalizations for thermo-
dynamic properties by the magnetic dipolar interaction and
investigate the Pomeranchuk-type Fermi surface instabilities.
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A. Thermodynamics susceptibilities

The change in the ground-state energy with respect to the
variation in the Fermi distribution density matrix include the
kinetic and interaction parts as

8E  08Exin OSFEin
v oV v

The kinetic-energy variation is expressed in terms of the
angular distribution of ény (k) as

(30)

8Exin 47w / . A R
= — dk (Snaa/(k)ana,a(k)
8
= Fn Z 8nim5s:5anSsz, 31
0 Lmss,

where the units of éng;, (IE) and ény,ss, are the same as the
inverse of the volume. The variation in the interaction energy
is

BEim 1 roan — i i
=5 Z [ f Ak AR’ fuer pp (kK )00 (k)T (R)
ao' BB’
=2 Y s fimsemsednise  (32)
Lms,L'm’s};S

Adding them together and changing to the spin-orbit coupled
basis, we arrive at

8E_87T

Vo N Z ony s sMysLsasrsdng s, (33)

JJLL",S
where the matrix elements are
Mjyrsgrrs =0y + Frprsgirs- (34)

In the presence of the external field &, ; 5, the ground-state
energy becomes

SE 1 .
7=167T v Z 8ny . sMysLsiirrséng s
X0 yiTus
- Z hyrrsdng.rs ¢, (35)
JILS

where yo = Ny is the Fermi liquid density of states. At the
Hartree-Fock level, Ny receives no renormalization from the
magnetic dipolar interaction. The expectation value of 8n ;. 1.5
is calculated as

dnyrrs = Xo Z(M);}ZLs;JJZLfshJJ:L’& (36)
7

For the J = 1% channel, M~! ~ | — Fi+.thm(X) up to first
order of A in the case of A < 1. As a result, the external
magnetic field # along the z axis not only induces the
z-component spin polarization, but also induces a spin-nematic
order in the channel of (JTJ,LS) = (11021), which is an

effective spin-orbit coupling term as

V2 .
SH = ik Xk: vi{ [ = 3k2)o

— 3k, (koo + ky0,)] (k). (37)
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Apparently, this term breaks time-reversal symmetry and, thus,
cannot be induced by the relativistic spin-orbit coupling in
solid states. This magnetic-field-induced spin-orbit coupling
in magnetic dipolar systems was studied by Fregoso et al.® and
Fregoso and Fradkin.?*

B. Pomeranchuk instabilities

Even in the absence of external fields, Fermi surfaces
can be distorted spontaneously known as Pomeranchuk
instabilities.* Intuitively, we can imagine the Fermi surface
as the elastic membrane in momentum space. The instabilities
occur if the surface tension in any of its partial-wave channels
becomes negative. In the magnetic dipolar Fermi liquid, the
thermodynamic stability condition is equivalent to the fact that
all the eigenvalues of the matrix My s.s 7,15 are positive.

We next check the negative eigenvalues of the Landau
matrix in each partial-wave channel. Due to the absence of ex-
ternal fields, the Pomeranchuk instabilities are allowed to occur
as a density wave state with a long wavelength ¢ — 0. For the
case of J = 17, it is clear that, in the channel of J, = =1, the
eigenvalue w%ﬂ in Eq. (27) is negative and the largest among
all the channels. Thus, the leading channel instability is in
the (JJ;) = (1" & 1) channel, which occurs at w! "' < —1, or,
equivalently, A > A{,,; = 0.86. The corresponding eigenvector
shows that it is mostly a ferromagnetism order parameter with
small hybridization with the ferronematic channel. A repulsive
short-range s-wave scattering, which we neglected above will
enhance ferromagnetism and, thus, will drive A{,, to a smaller
value. The wave vector g of the spin polarization should be on
the order of 1/L to minimize the energy cost of twisting spin,
thus, essentially exhibiting a domain structure. The spatial
configuration of the spin distribution should be complicated
by actual boundary conditions. In particular, the three-vector
nature of spins implies the rich configurations of spin textures.
An interesting result is that the external magnetic field actually
weakens the ferromagnetism instability. If the spin polarization
is aligned by the external field, the Landau interaction matrix
changes to Eq. (28). The magnitude of the negative eigenvalue
is significantly smaller than that of Eq. (26). As a result, an
infinitesimal external field cannot align the spin polarization
to be uniform, but a finite amplitude is needed.

For simplicity, we only consider ferromagnetism with a
single plane-wave vector g along the z axis, then the spin
polarization spirals in the xy plane. Since ¢ ~ 1/L, we can
still treat a uniform spin polarization over a distance large
comparable to the microscopic length scale. Without loss
of generality, we set the spin polarization along the x axis.
As shown in Ref. 24, ferromagnetism induces ferronematic
ordering. The induced ferronematic ordering is also along
the x axis, whose spin-orbit coupling can be obtained baseg
on Eq. (37) by a permutation among components of k
as H! (k) o< (k* — 3k?)o, — 3k.(kyo, + k.0,). According to
Eq. (27), ferromagnetism and ferronematic orders are not
strongly hybridized, the energy scale of the ferronematic SO
coupling is about 1 order smaller than that of ferromagnetism.
An interesting point of this ferromagnetism is that it distorts
the spherical shape of the Fermi surface as pointed by Fregoso
and Fradkin.?* This anisotropy will also affect the propagation
of Goldstone modes. Furthermore, spin waves couple to the
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oscillation of the shape of Fermi surfaces bringing Landau
damping to spin waves. This may result in non-Fermi liquid
behavior for fermion excitations and will be studied in a
later paper. This effect in the nematic symmetry-breaking
Fermi liquid state has been extensively studied before in the
literature.*6->!

The next subleading instability is in the J = 1~ channel
with L = 1 and S = 1 as shown in Eq. (23), which is a spin-
current channel. The generated order parameters are spin-orbit
coupled. For the channel of J, = 0, the generated SO coupling
at the single-particle level exhibits the three-dimensional (3D)
Rashba type as

Hyo1- = |n; IZW (k) (kyoy — ky0)apPrp(k), (38)

where |n,| is the magnitude of the order parameter. The same
result was also obtained recently in Ref. 44. In the absence
of spin-orbit coupling, the L = S = 1 channel Pomeranchuk
instability was studied in Refs. 52 and 53, which exhibits the
unconventional magnetism with both isotropic and anisotropic
versions. They are particle-hole channel analogies of the
p-wave triplet Cooper pairings of 3He isotropic B and
anisotropic A phases, respectively. In the isotropic unconven-
tional magnetic state, the total angular momentum of the order
parameter is J = 0, which exhibits the k- o -type spin-orbit
coupling. This spin-orbit coupling is generated from interac-
tions through a phase transition and, thus, was denoted as the
spontaneous generation of spin-orbit coupling. In Eq. (38),
the spin-orbit coupling that appears at the mean-field single-
particle level cannot be denoted as spontaneous because the
magnetic dipolar interaction possesses the spin-orbit nature.
Interestingly, in the particle-particle channel, the dominant
Cooper pairing channel has the same partial-wave property
of L=S=J=17

The instability in the J = 17 (spin-current) channel is
weaker than that in the 17 (ferromagnetism) channel because
the magnitude of Landau parameters is larger in the former
case. The 1~ channel instability should occur after the appear-
ance of ferromagnetism. Since spin-current instability breaks
parity, whereas, ferromagnetism does not, this transition is a
genuine phase transition. For simplicity, we consider applying
an external magnetic field along the z axis in the ferromagnetic
state to remove the spin texture structure. Even though the J =
1" and 1~ channels share the same property under rotation
transformation, they do not couple at the quadratic level
because of their different parity properties. The leading-order
coupling occurs at the quartic order as

SF = B1(i - 1)(S - §) + Balii x S|, (39)

where 7i and S represent the order parameters in the J = 1~
and 17 channels, respectively. B; needs to be positive to keep
the system stable. The sign of S, determines the relative
orientation between 7 and S. It cannot be determined purely
from the symmetry analysis but depends on mlcroscoplc
energetics. If B, > 0, it favors 7 || S and 7i L S is favored
at 8, < 0.
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V. THE SPIN-ORBIT COUPLED COLLECTIVE MODES

In this section, we investigate another important feature of
the Fermi liquid, the collective modes, which again exhibit the
spin-orbit coupled nature.

A. Spin-orbit coupled Boltzmann equation

We employ the Boltzmann equation to investigate the
collective modes in the Fermi liquid state,*?

J0 - [ - -
(k) - %[e(r,k,r),nv,k,r)]

1 de(F k1) an(F k1)
IR

8r,-
1 de(F k,t) an(F k,t)
2 , =0, 40

where naar(f',lz,t) and eaa/(f,lz,t) are the density and energy
matrices for the coordinate (7, l?) in the phase spaceand [,] and
{,} mean the commutator and anticommutator, respectively.
Under small variations in nq, (7, k ,1) and €4 (7, k 1),

nwr(r,k,t) = no(k)dge + (Snwr(r,k,t),

31,7
Ewd'(’_;sk?t) = 6(k)(sowt’ +f

“A_\3Jaa' BB é,i(\/ ) ! é/ s
(2n)3f pp (kK )ongp (k')

(41)

the above Boltzmann equation can be linearized. Plugging the
plane-wave solution of

S (F K1) = S (K)e @70, (42)
q
we arrive at
A 1 cos 6,
g (k) — = dQp
o (K) 2s—cos@k2/ K
BB
No Y 7~
X _nfaa’,ﬂﬂ’(kvk Yongp (k') = 0, (43)

where s is the dimensionless parameter w/(vyq). The prop-
agation direction of the wave vector ¢ is defined along the z
direction.

In the spin-orbit decoupled basis defined as dnp,s,. in
Sec. III B, the linearized Boltzmann equation becomes

dnpmss, + LrLrm () Frm ssLrmrssydnpmessy = 0, (44)

where 7 ;/(s) is equivalent to the particle-hole channel Fermi

bubble in the diagrammatic method as
. cos G
- koYLm(k)YL/m(k)—e. (45)
k

in several channels

QLL/;m (S) =

For later convenience, we present 27/,
of LL' and m as follows:

1+s

Qooo(s) =1 — %111 ’1 + l—s()(s <1,
Q10:0(5) = Qo1:0 = v35Q000(5), (46)

Qi1:0(s) = 1 4 357 Qp00(s),

1
Qip1(s) = Qp;-1(8) = —5[1 = 3(1 = s%)Q000()]-
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Equation (44) can be further simplified by using the spin-
orbit coupled basis 8n ;.1 s defined in Sec. Il B,

dnyy s+ E Kyprsrovs@)Fpgrs.ygrsdng s =0,
JALL

“47)
where the matrix kernel K 15,15 reads

Kyprs.pirs(s)
= Z(Lmsszljjz)(L/mSSZ|J/Jz>QLL’;m(S)' (48)

ms;

B. The spin-orbit coupled sound modes

Propagating collective modes exist if Landau parameters
are positive. In these collective modes, interactions among
quasiparticles rather than the hydrodynamic collisions provide
the restoring force. Because only the spin channel receives
renormalization from the magnetic dipolar interaction, we only
consider spin-channel collective modes. The largest Landau
parameter is in the (17001) channel in which the spin oscillates
along the direction of g. The mode in this channel is the
longitudinal spin zero sound. On the other hand, due to the
spin-orbit coupled nature, the Landau parameters are negative
in the transverse spin channels of (17 10 = 1), and thus,
no propagating collective modes exist in these channels. The
hybridization between (17001) and (17021) is small as shown
in Eq. (25), and the Landau parameter in the (17021) channel is
small, thus, this channel also is neglected below for simplicity.

Because the propagation wave vector ¢ breaks the parity
and 3D rotation symmetries, the (17001) channel couples
to other channels with the same J,. As shown in Eq. (47),
the coupling strengths depend on the magnitudes of Landau
parameters. We truncate Eq. (47) by keeping the orbital
partial-wave channels of L =0 and L = 1 because Landau
parameters with orbital-partial waves L > 2 are negligible.
There are three channelswith L = § = 1as(0~011), (17011),
and (27011). We further check the symmetry properties of
these four modes under the reflection with respect to any plane
containing ¢. The mode of (17011) is even, and the other three
are odd, thus, it does not mix with them. The Landau parameter
in the (27011) channel is calculated as 55, which is 1 order
smaller than those in (17001) and (1~001), thus, this channel
is also neglected. We only keep these two coupled channels
(17001) and (1~001) in the study of collective spin excitations.

The solution of the two coupled modes reduces to a 2 x 2
matrix linear equation as

1 + Q00,0(s) Froo1;1000 $€200,0(8) Foo11;0011
§00,0(8) Froo1;1000 1+ L200,0(8) Foo11;0011

dn1001
=0, 49
X (5710011 “9)
where the following relations are used:
K1001;1001(8) = $200,0(5),
K1001:0011(s) = Koo11;1001(5)
— (0010/10)(1010]00) Q01:0(s)

= 5Q00,0(5),
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Koor1,0011(s) = Y [(1m1 — m|00)[* Q11 (s)
m

— - .0(s + — (s
3 11;0 3 1151

= Q00,0(5)- (50)

The condition of the existence of nonzero solutions of Eq. (49)
becomes

2,02 o1
(1 = s)Q20,0(5) +2Q00() = + — =0,  (51)
Feo F

Fy = (Fiooi:001 + Foorro011)/2 and  Fy =
V/F1o01:1001 Foo1:0011-

Let us discuss several important analytical properties of
its solutions. In order for collective modes to propagate
in Fermi liquids, its sound velocity must satisfy s > 1,
otherwise it enters the particle-hole continuum and is damped,
a mechanism called Landau damping. We can solve Eq. (51)

as
Fy 4 /F} 4+ (s2— DF?
. (52)

(s2— 1)F2

where

ng;o(s )=

Only the expression of the €2y.,(s) is consistent with s > 1 and
is kept. The other branch has no solution of the propagating
collective modes.

Let us analytically check two limits with large and small
values of A, respectively. In the case of 0 < A <« 1 such that
s = 1407, Eq. (51) reduces to

1 1
Qoo0(si<1) = 1 — 5 In2+ > In(s — 1) = — (53)

2F+ )
Its sound velocity solution is
Sl N 1+ 26—2(l+1/2F+) =14+ 26_2_12/77”‘, (54)

The eigenvector can be easily obtained as \/Lz(l, DT, which is
an equal mixing between these two modes. On the other hand,
in the case of A > 1, we also expect s > 1, and thus, Eq. (51)
reduces to

1 1

Q00;0(8S3»1) = TR T T3 (55)

4.0

3.5

3.0

2.5

2.0

1.5

FIG. 1. (Color online) The sound velocity s in the unit of vy vs
the dipolar coupling strength A. At 0 <A < 1, s(A) 1+ 0". On
the order of A > 1, s(X) becomes linear with the slope indicated in
Eq. (56).
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FIG. 2. (Color online) The spin configuration [Eq. (57)] of
the zero-sound mode over the Fermi surface shows hedgehog-
type topology at A = 10. The common sign of u; and u; is chosen to
be positive, which gives rise to the Pontryagin index +1. Although the
hedgehog configuration is distorted in the z component, its topology
does not change for any values of A describing the interaction strength.

whose solution becomes

Fy T
Sai>1 N —

3 3 \/5)\‘
In our case, Fioo; is larger than Fy;; but is on the same order.
The eigenvector can be solved as ﬁ(«/Foon,«/me)T in
which the weight of the (0011) channel is larger.

The dispersion of the sound velocity s with respect to
the dipolar interaction strength A is solved numerically as
presented in Fig. 1. Collective sound excitations exist for
all the interaction strengths with s > 1. In both limits of
0 € A < land A > 1, the numerical solutions agree with the
above asymptotic analysis of Egs. (54) and (56). In fact, the
linear behavior of s()) already appears at A ~ 1, and the slope
is around 0.6. For all the interaction strengths, the (17001) and
(07011) modes are strongly hybridized.

This mode is an oscillation of spin-orbit coupled Fermi
surface distortions. The configuration of the (0~011) mode ex-
hibits an oscillating spin-orbit coupling of the k-G type. This

(56)
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is the counterpart of the isotropic unconventional magnetism,
which spontaneously generates the & - 5-type coupling.525
The difference is that, here, it is a collective excitation rather
than an instability. It strongly hybridizes with the longitudinal
spin mode. The spin configuration over the Fermi surface can
be represented as

uy sin 6 cos ¢y
us sin 6 sin ¢y
Uy Cos Py + ug

(7K, 0) = AT (57)

where (u1,u,)T is the eigenvector for the collective mode.
We have checked that, for all the values of A, |uz| > |u;| is
satisfied with no change in their relative sign, thus, the spin
configuration as shown in Fig. 2 is topologically nontrivial with
the Pontryagin index +1, which periodically flips the sign with
time and the spatial coordinate along the propagating direction.
It can be considered as a topological zero sound.

VI. CONCLUSIONS

To summarize, we have presented a systematic study on
the Fermi liquid theory with the magnetic dipolar interaction,
emphasizing its intrinsic spin-orbit coupled nature. Although
this spin-orbit coupling does not exhibit at the single-particle
level, it manifests in various interaction properties. The Landau
interaction function is calculated at the Hartree-Fock level and
is diagonalized by the total angular momentum and parity
quantum numbers. The Pomeranchuk instabilities occur at
the strong magnetic dipolar interaction strength generating
effective spin-orbit coupling in the single-particle spectrum.

We have also investigated novel collective excitations in the
magnetic dipolar Fermi liquid theory. The Boltzmann transport
equations are decoupled in the spin-orbit coupled channels. We
have found an exotic collective excitation, which exhibits spin-
orbit coupled Fermi surface oscillations with a topologically
nontrivial spin configuration, which can be considered as a
topological zero-sound-like mode.
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