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Using the Bethe ansatz solution, we analytically study expansionary, magnetic, and interacting Griineisen
parameters (GPs) for one-dimensional (1D) Lieb-Liniger and Yang-Gaudin models. These different GPs
elegantly quantify the dependence of characteristic energy scales of these quantum gases on the volume, the
magnetic field, and the interaction strength, revealing the caloric effects resulting from the variations of these
potentials. The obtained GPs further confirm an identity which is incurred by the symmetry of the thermal
potential. We also present the universal scaling behavior of these GPs in the vicinities of the quantum critical
points driven by different potentials. The divergence of the GPs not only provides an experimental identification
of non-Fermi-liquid nature at quantum criticality but also elegantly determines low-temperature phases of the
quantum gases. Moreover, the pairing and depairing features in the 1D attractive Fermi gases can be captured by
the magnetic and interacting GPs, facilitating experimental observation of quantum phase transitions. Our results
open the way to further study the interaction- and magnetic-field-driven quantum refrigeration and quantum heat

engine in quantum gases of ultracold atoms.

DOLI: 10.1103/PhysRevB.100.245435

I. INTRODUCTION

The Griineisen parameter (GP), originally introduced to
characterize the frequency change due to the variation of
volume in a crystal lattice [1,2], plays an important role in the
study of pressure and volume effects in solid-state materials.
Usually, it was determined from the ratio of thermal expan-
sion to specific heat, quantifying the pressure dependence of
characteristic energy scales of solid materials. Nowadays, it is
extensively studied in geophysics [3,4], plasma physics [5-7],
chemistry physics [8,9], and various fields of physics. The
GP has recently been investigated in heavy-fermion systems
[10-12].

The divergence of the GP in these systems shows generic
signatures of quantum criticality [13,14], revealing the adia-
batic magnetocaloric effect of the heavy-fermion metals.

Dimensionless constants such as the Wilson ratio [15],
Wiedemann-Franz law [16], and the Kadowaki-Wood ratio
[17,18] are very useful in the study of quantum liquids and
electronic transport properties. The nature of these ratios es-
sentially reflects the ratio between two types of fluctuations. It
is well known that the susceptibility (compressibility) Wilson
ratio proposed in [15,19,20] presents the ratio between the
polarization (or particle number) fluctuation and the energy
fluctuation. Although there have been extensive studies on the
GP in various fields of physics, little work is carried out on
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the GP for the quantum gases. This is mainly because both
thermal expansion and specific heat in quantum gases [21]
are notoriously difficult to be measured in experimental study.
A recent study [22] shows that the magnetocaloric effect (or
interaction-driven caloric effect) can help measure the GPs in
the controllable systems of ultracold atoms.

The GP parameter [1,2] reveals the spectrum change (an-
harmonicity of the frequency) to the variation of the volume
of a crystal lattice. However, in literature, the formulation
of the GP seems to be miscellaneous for different physical
phenomena. By the definition of the GP, we first present an
explicit form of the GP in grand canonical ensemble [22]
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where the Maxwell relations and general thermal relation
were used. This expression together with relation (5) presents
a quantitative description of the caloric effect which is induced
by the variation of the system size.

The magnetocaloric effect is described by the so-called
magnetic GP

e = T @S0 @
where S is the entropy. The magnetocaloric effect marks the
change of temperature in response to an adiabatic change
of H [see (6)]. This feature has been used for the adiabatic
demagnetization cooling [23,24]. We would like to mention
that in contrast to some previous studies [25,26], here we
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put the magnetic field H in the numerator to make the GP
dimensionless. Similarly, using the Maxwell relations and
general thermal relations, we can obtain the expression of the
magnetic GP in grand canonical ensemble [22]
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In ultracold atoms the interaction between two colliding
atoms can be tuned by Feshbach resonances or confinement-
induced resonances. The contact interaction can be regarded
as a potential which changes the free energy in a grand canon-
ical ensemble. The interacting caloric effect in quantum gases
has been rarely studied [22,27]. Similarly, the interacting
GP, describing the change of temperature in response to an
adiabatic change of the interaction, can be given by
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where ¢ denotes the interaction strength between atoms.
To summarize, the relations between the caloric effect and
the GPs are given by
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that provide plausible experimental measurements of the GPs
caused by the changes of the volume, magnetic field, and
interaction, respectively. The given relation (7) marks the
change of temperature in response to an adiabatic change of
the interaction strength. Similar to the magnetic GP, the in-
teracting GP is experimentally measurable and can be used to
quantify the adiabatic refrigeration driven by interaction. We
will study these three types of GPs for the one-dimensional
(1D) Bose and Fermi gases in the following sections.

In this paper, we systematically study the GPs for 1D
quantum gases using Bethe ansatz solutions. We analytically
obtain the system size, magnetic field, and interaction-driven
GPs for the Lieb-Liniger model [28] and the Yang-Gaudin
model [29,30].

The obtained GPs show volume, magnetic field, and in-
teraction dependences of characteristic energy scales of the
quantum gases and present the caloric effects resulting from
the variations of these potentials. Our results confirm the
identity among the three types of GPs [22] in 1D quantum
systems:

dr' + 21ﬂmag + Tine =25 )

here d = 1 is the dimensionality. We also derive the universal
singular behaviors of the GPs at the quantum critical points
in the attractive Yang-Gaudin model [29,30], driven either by
the magnetic field or the interaction.

The divergent behaviors of the GPs near quantum critical
points show the enhancement of the caloric effects at phase

boundaries and help obtain the phase diagram and to realize
quantum cooling.

The outline of this paper is as follows. In Sec. II, we study
the GPs for the 1D Lieb-Liniger Bose gas. Analytical expres-
sion of the interacting GP is presented. In Sec. III, we present
exact analytical expressions of the GPs for the Yang-Gaudin
model in the fully polarized phase, fully paired phase, and
the Fulde-Ferrell-Larkin-Ovchinnikov—(FFLO-) like pairing
phase. We also studied the phase transitions of the model in
terms of different GPs. We conclude with a brief summary in
Sec. IV.

II. GRUNEISEN PARAMETER FOR
THE LIEB-LINIGER MODEL

The Lieb-Liniger model [28], which describes the 1D inter-
acting bosons, is a prototypical Bethe ansatz solvable model
[31]. It is one of the most extensively studied many-body
systems in ultracold atoms. The Hamiltonian of the model is
(h=2m=1)

N 52 N
HZ_ZW—FZCZS(XZ_XJ)’ (9)
i=1 !

i<j

where N is the total number of spinless bosons constrained
by periodic boundary conditions on a line of length L. For re-
pulsive (attractive) contact interaction, the interaction strength
¢ >0 (c <0). The coupling constant ¢ = —2i>/majp is
determined by the 1D scattering length, given by ap =
(—ai/Zas)[l — C(as/ay)] [32-34]. Here the numerical con-
stant C &~ 1.4603.

The Bethe ansatz wave function for the Lieb-Liniger model

(9) is given by
ik, — ik,
vy | [T (1+55)
p 1<i<j<N ¢
N
< exp | Y ik, x; |, (10)
j=1
where p stands for N! permutations of integers 1,2,..., N.

The pseudomomenta k; satisfies the following BA equation:

N
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The solution to Eq. (11) provides complete spectra of the
Lieb-Liniger model with £ = Y k2.

In 1969, Yang and Yang [35] introduced the particle hole
ensemble to describe the thermodynamics of the model in
equilibrium, which is later called the thermodynamics Bethe
ansatz (TBA) approach [36]. In terms of the dressed energy
e(k) =T In[p"(k)/p(k)] defined with respect to the quasi-
momentum k at finite temperature 7, the TBA equation is
given by

Tc [T° dq

D=k —np— — "7 I —&(q)/T ,
e(k) m= Y Pih—qr n(l+e )
(12)
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where p is the chemical potential. The dressed energy e(k)
plays the role of excitation energy measured from the energy
level e(kr) = 0, where kr is the Fermi-like momentum. The
pressure p is given in terms of the temperature and chemical
potential

T +o0

p In(1 + e~ *®/T)dk, (13)

T ) o
serving as the equation of states of the system.

For the strong repulsive interaction, the model (9) is called
the Tonks-Girardeau (TG) gas [37]. In the TG limit, the
Bose-Fermi mapping can be used to study the ground-state
properties of the Bose gas, where the wave function of bosons
can be written as the product of the sign function and the wave
function of the noninteracting fermions. From the expressions
of the GPs (1) and (4), by solving the TBA equation (12) we
can numerically obtain the volume and interacting GPs (see
Fig. 1). In Fig. 1(a) we see a subtle change of the GP as the
interaction strength varies from zero to infinity. In these two
limits, the scaling invariance leads to I' = 2 in 1D.

It is particularly interesting to investigate the interacting
GP (4). In the strong interaction regime, y =c/n > 1,

2
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FIG. 1. (a) The Griineisen parameter (1) versus interaction
strength log ¢ for the 1D Bose gas at different temperatures. Here
the total density is fixed at n = 1. In the weak coupling limit,
the system behaves as a free Bose gas for which the GP I' = 2.
Whereas in the strong coupling limit, it reduces to a fermionized
Tonks-Girardeau gas with I" = 2, which shows a scaling invariant
nature of the GP. (b) The interacting Griineisen parameter (4) versus
interaction strength log ¢ for the strong coupling regime. Here we set
T =0.01 and = 1,0.75,0.5. For a strong repulsion, we observe
good agreement between the numerical (asterisks) and analytical
(solid lines) results, Eq. (21).

T/c* « 1, the TBA equation (12) can be expanded in the
powers of 1/c [up to the order of 0(1/c3)] [38]:

2c

1
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(k) K= Gl TS s/2( )
(14)
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denotes the polylogarithmic function. For simplicity, here
we only consider the calculation up to the order of
1 /c2. Substituting Eq. (14) into Eq. (13), we obtain the
pressure

1
= ———T3 Lizp(—eT 15
p Wi 13/2( ) (15a)
with
2
A=pu+ ;p- (15b)

In the following calculation, we only consider the low-
temperature and strongly interacting regimes 7'/c> < 1, ¢>1
in order to obtain an explicit form of the Griineisen parameter.
In a canonical ensemble and in this low-temperature limit
T/c* <« 1 with ¢ > 1, we can easily calculate the pressure
up to the order O(T*, 1/c?). Using the series expansion of the
polylogarithmic function [39]

T(s+1) /72
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(16)
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in Eq. (15a), we have the following pressure:

2 2\ nar? 2 \7'? , 1
== z - z o(1* =
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(17)

that essentially depends on the chemical potential and interac-
tion. After a lengthy iteration with Eq. (17), we obtain a close
form of the pressure up to the order O(T*, Ci, ):

2 4 28
~ /2 2 52
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Here we remark that for our purpose of calculating the GPs
in the Luttinger liquid regions, we also need the leading
order temperature contribution to the pressure. We separately
considered the interaction and temperature orders in the above
calculation.

In the low-temperature limit 7/c? < 1 with ¢ > 1, the
first- and second-order derivatives of pressure with respect to
chemical potential can be obtained from Eq. (18):

0 1 8
op E 122+ o, 1/¢%),

ou e 32t T 9

?p 1 8
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Taking the partial derivative of Eq. (18) with respect to
temperature and chemical potential, we have

ap T 2 5
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By substituting the above derivatives into the definition of
GPs Egs. (1) and (4), we obtain the explicit expression of the

GPs:
4./ 8u 1
r=2- — — o\ = 20
mc 32 (03) (20)
and
4 8 1
Fint=ﬂ+—“+0 1)
C 372c? c3

Figure 1(b) shows that the analytical result (21) agrees well
with the numerical calculation for the interacting GP. This
clearly indicates a strong repulsion drives the system into an
ideal gas with a scaling homogeneous spectrum in the limit
¢ — o0. The two figures in Fig. 1 clearly indicate different
features of the expansionary and interacting GPs. Our result
further confirms the universal identity (8), namely,

[+ Dy = 2. (22)

This relation can be used to investigate interaction effect in
quantum gases (see the analysis on a quantum heat engine in
1D Bose gas [27]).

III. GRUNEISEN PARAMETER
FOR THE YANG-GAUDIN MODEL

In this section we will study the magnetic and interacting
GPs for the 1D Yang-Gaudin model with an attractive in-
teraction [29,30]. The existence of a FFLO pairing state in
the interacting Fermi gas has been predicted by exact solu-
tions [40—42]. Recent breakthrough experiments on trapped
ultracold fermionic atoms confined to 1D have provided a
deep understanding of such a novel FFLO phase of the Yang-
Gaudin model [43] (see a review [44]). Here we will study
the magnetic and interacting GPs throughout the full phase
diagram of the model.

We will show a universal divergent feature of the GPs near
quantum phase transitions. This feature can be used to probe
quantum scaling, caloric effects, and quantum refrigeration
in quantum many-body systems.

The Yang-Gaudin model [29,30] described the 1D spin—%
Fermi gas with a §-function interaction. The Hamiltonian
reads

. AR al 1

H= —i; PP +2c§5(x,~ —x) = SHIN, = Np) (23)
in which the terms are the kinetic energy, interaction energy,
and Zeeman energy, respectively. Here N is the total number
of fermions in a length L and ¢ < O indicates the contact

attractive interaction. The Bethe ansatz (BA) equations were
given by [29,30]
M .
L _ l—[ ki — Aq +ic/2
kj — Ay —ic/2’

a=1

M .
Ay —A
=T 3—=—— A’*J”,C. (24)
p=l o« — g —IC

The energy of the system is given by E = szv ka.. The model
has spin population imbalance caused by a difference in the
number of spin-up and spin-down atoms. The key feature
of this ground-state phase diagram was experimentally con-
firmed by using finite temperature density profiles of trapped
fermionic °Li atoms [43], where three quantum phases—
fully paired state, partially polarized FFLO-like state, and
fully polarized state—exist in a chemical potential-effective
magnetic-field plane [40,41] (also see the phase diagram of
the homogeneous Fermi gas [19,42,44,45]).

In order to build up the thermodynamic Bethe ansatz
approach to the 1D attractive Fermi gas, we define the
dressed energies etky=T ln[,og(k)/pz(k)] and €“(k) =
T ln[pf’(k)/ p1(k)], corresponding to paired fermions and un-
paired fermions in the grand canonical ensemble, respectively.
According to the Yang-Yang method [35], by minimizing the
free energy the TBA equations are given by [36,44]

1
(k) = 2(k2 — - Zc2> + Tay % In (14 =<' ®/T)
+Ta; *In (14 <®/T),

1 )
(k) = k* — pu — SH +Tay+In(1 + e~ BT

=Ty arxIn[l+n7' (k).
=1

IH .,
Inn(A) = A +a; *1In (1 e € (x)/r)

+ ) TiwxIn[140,' )], (25)
m=1

1 nlc|
[44]. In the above equations, “x” denotes convolution, namely,
ax f(x) = [alx —y)f()dy. And n(}) := ' 1)/&M) is
the ratio between the hole density &/'(A) and the particle
density &(A) of the length-/ strings, associated with the ex-
citations of magnons. The pressure is given by

T [® »
p=_/ dk In (147 <®/T)
T J-co

where a,(x) = and the function T7;,, is given in

T [® .
+E/ dk In (14 =<' ®/T), (26)
-

The TBA Eq. (25) provide us with an analytical way to study
the Griineisen parameters.

By taking integration by part in the pressure (26), we then
obtain the dimensionless pressure p = p'') + p® in terms
of the leading terms of the dimensionless effective pressures
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FIG. 2. (a) Phase diagram is mapped out from the contour plot of volume-driven GP, Eq. (1), at # = 0.001. This expansionary GP has
sudden enhancement near the phase boundaries, showing the quantum phase transitions between two different phases among fully paired,
fully polarized, and FFLO-like phases. The white dashed lines denote the analytical zero-temperature critical fields (see [45]). (b)—(d) show
the volume, interaction, and magnetic-field-driven GPs at i = —0.49 and ¢+ = 0.001, 0.0012, and 0.0014, respectively [see Egs. (1), (4), and
(3)]. These GPs characterize universal scaling behavior near a quantum phase transition.

o .
) = p—‘)g with r = 1, 2, i.e.,

1
zle

1 . A
27'(1) = 13/2L13/2(—€A /I),

N

1 e
PP = ———Lizpp(— 27
p W i3 ), 27

where A = A1V — 25@ with A"V = 7i; and A® = A} —
P —4p) with AVE)D = [i,. The superscripts (1) and (2)
denote unpaired and paired fermions, respectively. Here we
denoted the effective chemical potentials 11 = it + %h and
iy =21 + 1 for unpaired fermions and paired fermions,
respectively. The dimensionless quantities used in the above
equations are given by

~ A - H
A(r)z—, ,[,L:—M 3 ]’l:—’
Hel? Llel? Llel?
2 2 2
T ~) p(r)
t = , p = .
Hel? e

In Fig. 2(a), we contour plot the GP, Eq. (1), which shows
a full phase diagram at low temperature. We observe the
divergent behavior near the phase boundaries. At the phase
boundaries, these GPs display universal divergent behaviors.
Figures 2(b)-2(d) present different GPs for a fixed effective
chemical potential i = —0.49 and temperature ¢ = 0.001,
0.0012, and 0.0014, respectively, showing sharp peaks near
the phase transition between the FFLO-like phase and fully
polarized phase as well as between the fully paired phase
and the FFLO-like state. At these phase transitions, the GPs
show strong caloric effect due to the accumulation of entropy,
facilitating the realization of quantum cooling and quantum
heat engines.

A. The GPs for the fully polarized phase

For a noninteracting system, scaling invariance gives
rise to a constant value of the GP, i.e., ' =2/d; here
d is the dimensionality. For the Yagg—Gaudin mogel, in
the fully polarized phase, we have A" > 0 and A® <0.
Therefore only the pressure of the fully polarized fermions
p1 contributes to the total pressure at low temperatures,
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namely,
D = _;[3/2”3/2(_6;{(1)/1)’
2\/2m
AW = 4. (28)

Similar to the calculation for the Lieb-Liniger model, for
calculating the GPs in the Luttinger liquid regions, we only
consider the leading order temperature contribution to the
first-order derivative of pressure with respect to the tempera-
ture. We may analytically obtain a series of all the derivatives
of the pressure with respect to the temperature and chemical
potential in the limits 1 < A\ « 1,7 <« 1,and Ji; < I:

5= gﬂl 12f~ 122 L o,
% = ﬁﬁ}/z +0@).
% _ 2j§n 710,
z—’? = t(éfiz;”z) +0(t%),
%7 = 633“” + 0,
a{i;gz - t( 12f~_3/2) +0),
aafjfz - <24f _3/2) +0e,
;;—ai 4«/_ — ;' oa?. (29)

It is straightforward to obtain the Griineisen parameter I’ ~ 2.
While, with the help of the definition, Eq. (3), the magnetic
GP is given by ' = 0.

B. The GPs for the fully paired phase

In the fully paired phase, the system consists of pure pairs
in the ground state. At low temperatures, i.e., f < 1, we have
AM <0 and A® > 0. Therefore, the effective pressure of
paired fermions 5® mainly contributes to the total pressure.
It follows that

1 1)
~2) 3/27 Jt
= —— 3 Liyp(—et ,
p W 3/2( )
A® — A(z) (2)

Similarly, in the limits t € AP < 1, 1 < 1, and iy < 1,
we separately consider different interaction and tempera-
ture orders and obtain the pressure and the leading order
of the derivatives with respect to chemical potential and
temperature:

~_ 2 .p 2 T sp
P=aph T3l t g i
2 o1 1 5 ip 4 ~3
+1 (12 S —§+—72nu2/>+0(t, 3).,

o 2_ip 8 - 35 _3p 2 ~2
—_ = - = oft
o gt TapletgmEiat (", 122).
25 2., 16 35 35
P s 2 02, in),
o> e 372 373 + 0%, i)
327 Tt ~—1/2 2 5
27 _ _ 242 0
o1 6[“2 3w T O |
825 T ~—1/2 2 5
v _ = _c 4= 19}
o1 6[ 2 g 0 |,
9°p T ~_3/2 5 —_ip
—— =t|—— — o) |,
Aot [ ol Taggta 0
3’y
D5,
ahot
3%p
P _ 30
opLoh (30)

Substituting these derivatives into Eq. (1), we obtain the
expansionary GP

r=2+

24/ 21
H2 2 31)
b4

3m2’
The last two terms in this expression indicate the interaction
effect of the spin singlet interaction. In fact, for the fully
paired phase, the strongly attractive Fermi gas without po-
larization can be regarded as the super Tonks-Girardeau gas
composed of bosonic Fermi pairs with a weakly attractive
pair-pair interaction. By a transformation ¢ — —c, uy = 2u,
we prove that Egs. (20) and (31) are equivalent, i.e.,

Wi 8k 32)
e 372¢?

Thus we see that the GP for the attractive fermionic pairs
is equivalent to that of the hard-core bosons [see (20)]. In
addition, the magnetic GP, Eq. (3), can be calculated as
Imag = 0.

r=2-

C. The GPs for the FFLO-like pairing phase

In the FFLO-like pairing phase, the system exhibits two
states: Paired and unpaired fermions. The spectra of the
system are subtly influenced by the system size, interaction
strength, and magnetic field. In this phase, A1 >0 and A®>0.
Therefore we need to solve the two branches of the TBA
equations (25). Without losing generality, in order to capture
the main features of the GPs at low temperatures, here we
only consider the leading order of the effective pressures.
By iteration of the TBA equations, the pressures of excess
fermions and bound pairs are respectively given by

1 o)
>~ 3/27 AW/t
P =———==t""Lizgp(—e" "),

227 /

1 . e
PP = ——szS/les/z(—eA ",
A0 = 71, — 252,

—4p!, (33)

Similarly, in the limits 1 < A}"? < 1,7 < 1, and {12 < 1,
we separately consider different interaction and temperature

AD — 3, — 5@
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~5/2)

orders. After a lengthy iteration, we calculate the pressure of excess fermions and bound pairs up to the order O(T*, Ry's

respectively,
D = Qﬁm 2\/_~1/2ﬁz/2+ ~—1)2
CaE 2 22"
o _ 2~ 2 o i

4\/_~3/2~1/2 T
p 32 302H2 T 32 Ha 12“2

Then we obtain the leading terms of the derivatives of the
pressure:

op 1 ~1/2 2~1/2
—_ = + +0(t m12),
i 27
ap Pl T e—1)2 ~1/2
FYl ( / 6:“2 / +0(t :“1/2)
P 2, 2 2 ~1)2
= + +O0(t
ERE 2\/_71M] /Lz ( MIZ)
82~ s 1/2+_~ 1/2+0( ~1/2)
e 6\/_ 6
3P ~-32 T 73/2 ~1/2
9*p -3/2, ~1/2
— = Oft,
ohot 24\/_“’1 I+ ( MIZ)
82}5 1 ~ 1/2 2 ~1/2
—_— = + O(t (36)
8M3h 4\/57_[ ( 12)

Thus by definition Eq. (1), the Griineisen parameter for the
FFLO-like phase is given by
1 2 1
L= _) A — L
(kIR I
= +—2A-+—2Vﬁ

where the X is defined by A = /1 /Lo, which is related to the
ratio between the densities of unpaired fermions and bound
pairs, i.e., [L1 /i ~ ni/ny. This expression is valid only for
the strong-coupling limit that the rescaled temperature ¢ is
much less than unity. Here the effective chemical potentials of
unpaired fermions and paired fermions are given by i1, = it +
%h and 1, = 271 + 1, respectively. In Fig. 3(a), we observe
good agreement between the numerical result obtained from
the TBA equations (25) and the analytical results, Eq. (37),
at different effective chemical potentials. For small and large
values of the A, the GP increases near the phase boundaries.

Similarly, at low temperatures, ¢ < 1, we obtain the mag-
netic Griineisen parameter from Eq. (3):

2
h 1-2

Pog = — 2
T gy + 2410

(38)

Here h = 2fi,A> — ji; + 1. The magnetic GP is also a dimen-
sionless parameter and related to the magnetocaloric effect
(see Fig. 3). In this figure, we also observe good agreement
between numerical and analytical results of the GPs at low
temperature 7 = 1.0 x 107> in the strong coupling |c| = 10
and for different total chemical potentials. From Eq. (38), we

f/12~1/2~ 12

3/2~3/2> + 0( 4 ~5/2) (34)

18&“1
1 I ip~ip \/_~3/2~73/2 4. ~5/2
- Ot 35

observe that the magnetic GP is equal to zero when A? = 2.
This point corresponds to the fact that effective chemical
potentials of excess fermions and bound pairs are equal, called
a critical polarization.

Moreover, with the help of the relation Eq. (8), we can
further obtain the interaction GP through the relation I'j, =
2 —I' = 2IlNyag. Substituting Egs. (37) and (38) into Eq. (8),

we have
(-0 -3)

1—‘int = 1 .
7 +4«/§)u +5

(39)

In Fig. 3(c), we observe that the result Eq. (39) is in good
agreement with the numerical result obtained from the TBA
equations (25) according to the definition Eq. (4). This agree-
ment further confirms the identity Eq. (8) among the three

2.6

— — =000
(a) —— - 1 =0002
— - i =0.004
Analytic

2.4

(b) o Exact TBA p = 0.001

2 ©  Exact TBA sy = 0.002

R ©  Exact TBA pis = 0.004
— —  Analytic g, = 0.001
1.5 R —_— Analytic g, = 0.002
° — - — - Analytic p» = 0.004

A

FIG. 3. (a) The Griineisen parameter, Eq. (1), vs the effective
chemical potential ratio A for the FFLO-like phase. Dashed lines
show the numerical result from Eq. (1) and the TBA equations (25).
The black solid line presents the result of Eq. (37) having good
agreement with the numerical result. (b) The magnetic Griineisen
parameter, Eq. (3), vs the effective chemical potential ratio A for the
FFLO-like phase. (c) The interaction Griineisen parameter, Eq. (4),
vs the effective chemical potential ratio A for the FFLO-like phase.
A good agreement between the numerical (symbols) and analytical
(dashed lines) results in the low-density and low-temperature limits.
All shown data have been set for low-temperature 7 = 1.0 x 107>,
|c] = 10 in the strong-coupling region and the chemical potential
w2 = 0.001, 0.002, and 0.004, respectively.
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10 T
paired

T T T

polarized

FFLO-like

0.9 1 1.1 1.2 1.3 1.4

FIG. 4. The Griineisen parameter vs magnetic field for fixed
rescaled chemical potential © = —0.245. By definition (1), the nu-
merical result of the GP is obtained from the TBA equation (25). For
the strong-coupling region, we observe that the GP is very close to
the line I' = 2 in the fully polarized phase and in the fully paired
phase due to scaling invariant nature. It shows the universal singular
behavior near the quantum phase transitions.

types of GPs. The interaction GP shows an interacting caloric
effect which looks opposite to the magnetocaloric effect. We
also notice the zero point of the interacting GP at A =2
[see Fig. 3(c)]. This point is very special because the GP
is a constant I' = 2, i.e., the energy spectrum has a scaling
invariant. This opens a way to realize adiabatic interacting
quantum cooling in quantum gases of ultracold atoms (also
see cooling and thermometry of atomic Fermi gases [46]).

D. The Griineisen parameters at quantum criticality

Quantum phase transitions occur in the 1D attractive Fermi
gas at zero temperature by varying the external fields such as
chemical potential and magnetic field. In Fig. 2, we find that
the Griineisen parameters display singular behavior near the
quantum critical points. Such kind of singular behavior has
been used to signify quantum phase transition [13,21]. Hence,
the GPs can be regarded as a good probe of quantum criticality
and associated universal scaling. An important observation of
the GPs is that both the magnetic field and interacting GPs
characterize the caloric effects for quantum cooling and heat
engines. Here we further study the GPs for the 1D attractive
Yang-Gaudin model, in which the potentials drive the system
into four different phases, i.e., vacuum, fully paired, FFLO-
like pairing (partially polarized), and fully polarized phases
[see Fig. 2(a)].

Figures 4 and 5 show the magnetic field and interacting
GPs at different temperatures, respectively. In Fig. 4, we fixed
the chemical potential at © = —0.245. The long black dashed
line stands for the constant value I' = 2 in the two figures. We
observe that GPs are very close to the value of I' = 2 in the
fully polarized phase and in the fully paired phase, where for
t < 1 the system has scaling invariant nature. However, near
the phase boundaries, they are suddenly enhanced and show a
universal divergent nature. This divergent behavior elegantly

20 T T . . .

//7 |
-40 p A — T=0001 | |
\\ — - T=0.0012
\'. — - — - T=0.0014
O Al —_ — Iy=2
-60 .88 .09 0.92 . . .
0.8 0.9 1 1.1 1.2 1.3

l¢]

FIG. 5. The Griineisen parameter vs interaction strength ¢ for
fixed chemical potential © = —0.2 and magnetic field H = 0.5. By
definition (1), the numerical result of the GP is obtained from the
TBA equation (25). For the strong-coupling region, we observe that
like Fig. 4, the GP is very close to the line I' = 2 in the fully polarized
phase and in the fully paired phase due to scaling invariant nature.
It shows the universal singular behavior near the quantum phase
transitions.

characterizes the critical phenomenon of the model, i.e., ther-
modynamic quantities display universal quantum scalings in
the vicinities of critical points as temperature approaches to
zero. In the following we will discuss the scaling functions
of the GPs near the two nontrivial phase transitions: From
the fully paired phase to the FFLO-like phase and from the
FFLO-like state to the fully polarized phase. The calculation
is presented in the Appendix.

Phase transition P-FFLO. Firstly, we discuss the GPs
near the phase boundary between the fully paired phase
and the FFLO-like state. We assume that the phase transition
from the fully paired phase to the FFLO-like phase is driven
by the effective chemical potential ji. The phase boundary
P-FFLO for strong coupling is determined by i, = —% +
%(1 — h)*?, where 0 < 1 —h <« 1. Up to the second order
of (1 — h), we get the scaling functions of the thermodynam-
ics quantities:

a2 1 A
G _2 tvzno( )
I /4 221
ap 1 A
=2 _ L g, (_)
a  22n
_ P 2 1 A
= le =4 —t_1/2R2<—]>,
Em Vb 227 t
8217 1 1 Al
oft=—=——=t"""R ,
=0 = ’
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0498 -0.496 -0.494 0492 -0.434 -0.4303 -0.4267 -0.423
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FIG. 6. Universal scaling behavior of the GP vs the rescaled
chemical potential fi at different temperatures r = 0.001, 0.002,
0.003, and 0.004. The GP is calculated by the TBA equation (25).
The intersections in the left and right panels give the phase bound-
aries of the F-FFLO and P-FFLO transitions, respectively.

32ﬁ 1 1 Zl
_ —1/2
—= = 1PR( =),
ohot 427 4( t )
32p 1 1 A
_ —1/2
=——t ""Raol — ), 40
afoh  ayam 2( t) @0
where Ay = (i —iq) and b= (1—h)(1+2JT—h).

While the analytic functions R; (i = 0, 1, 2, 3, 4) are given by

Ro(x) = Lijp(—e"),

Ri(x) = —3Lisjp(—e€") + xLij p(—€),

Ra(x) = —Li_jp(—e"),

R3(x) = 3Li3;p(—e") — xLijp(—€") + x’Li_yp(—€"),
R4(x) = —1Lijjp(—€") + xLi_y p(—€"). 41)

By the definition of the GP Eq. (1), we obtain an explicit form

_ 4@ —1/2 /’1 - /’ch
R G o
where b = (1 — h)(1+ 2/T—h) and
— R4
0O R R “

For the low-temperature region, i.e., t < 1, the GP Eq. (1) has
a universal scaling t~!/2 for the phase transition P-FFLO.

In Fig. 6(b), we demonstrate this universal scaling behavior
for the phase transition P-FFLO.

Similarly, by the definition of the magnetic GP Eq. (3), we
obtain the scaling function of the magnetic GP:

2\/5 _12 </L—[,LC1)
R S — ). 44
4/7'1'«/52‘ g t @9

This shows a similar universal scaling behavior of the mag-
netic GP, I'p,e =172,

Tiag = h

Regarding the scaling property of the pressure p =

Ssep T _H .
(#7 273> #73)> We can obtain

2p 1[0 5 5 92
P [—p—zup w2l oy p}

dcaT aT dudT  aT? AHIT |

3%p _ l[ap 32_p B 3%p o 3%p ]

dcou n 8,u2 AT OHI |
(45)

It follows that

?p V2 1 1 i (A
— = —p—=- T R4 = ),
9coT c V2 2@ T

?p 2 2 4 V2,
dcopu w T2 n\/B c «/271 T
2 1
—£H T7'2R, ( ) (46)
¢ 2J2m

From the definition of the interaction GP Eq. (4), we have an
explicit form of scaling function:

_ 4\/5\/— —1/2 Mcl

TR g( r )

42 0= Tt
—h——12 (—> 47
ﬁﬁt g t “n

It can be seen from the above scaling functions that three types
of GPs satisfy the identity

['=2— 2Ty — Tint. (48)

Phase transition FFLO-F. We now consider the GPs
near the phase transition from the FFLO-like pairing phase
to the fully polarized phase. This phase transition occurs by
the variation of the chemical potential 7t too. The critical
phase boundary is determined by i = —% + %(k —1)%2,
here h > 1. We expand it to the second order of (h — 1);
we obtained the scaling functions of the thermodynamics
quantities:

ap 1 A
B _ a1 g, (42),
oL 2  Jm t

9 1 A
e (B,

o 2w
a’p 1 2 A,
- -1/2
= 7'’R ,
o 2ma - N 2( )
82ﬁ 1 1 AVZ
- -1/2
= ——TPRy(=2), 49
ar? 27 3( t ) “9)

P

ohot 2132

PP _ L1 VA, A
ofidh  4m Ja w3 Nt )
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where by definition Ay = 2(Ji — Tie2) and Ji., denotes the
critical chemical potential.

In the above equation a = (h — 1)(1 + 3 «/ 1), which
is almost a constant. The scaling functlon of the GP at this
phase boundary is given by

\/— _]/2 2(,[7' - ﬁcZ))
= 2f g(—t . (50)

The GP near the phase transition shows the same scaling
behavior I" oc t~!/2 as that for the phase transition P-FFLO.
Figure 6(a) shows the scaling behavior near the phase transi-
tion FFLO-F. Moreover, the scaling function of the magnetic
GP near the phase transition FFLO-F is given by

1

1—‘mag = _h

z(ﬁ_ﬁ62)>. (51)

+
—-1/2
4f g( t

In order to calculate the interacting GP Eq. (4), we obtain the
quantities

9 2 2
p V2 2 s m Y e, (22,
dcoT c JT T3 T
#?p Ja 2 1 2 1

“H—
dcdu 2w 2trda @ 2m/a

—éﬂ 4 T_I/Z'Rz Az

¢ JT T

V2 2./a _ A
4~7Hﬁ£T”HQ<%) (52)

Then we obtain the scaling function of the interacting GP

l ~ ~
lnt = h + 1/2g 2(:u - I’LCZ)
2f t

\/_ _1/2Q(Z(M_MCZ)>, (53)

We further prove that these scaling functions of the GPs at
quantum criticality also satisfy the identity

=2 — 2l — int. (54)

IV. CONCLUSION

We have derived various expressions of the Griineisen pa-
rameters for studying magneto- and interaction-driven-caloric
effects of the Lieb-Liniger and Yang-Gaudin models. Using
the Bethe ansatz solution, we have obtained the expansionary,
magnetic, and interacting Griineisen parameters for various
quantum phases in these 1D integrable Bose and Fermi gases.
The obtained Griineisen parameters confirm the identity found

n [22], revealing an important symmetry of the thermal
potentials. These GPs elegantly quantify the dependences of
characteristic energy scales of quantum gases on the volume,
the magnetic field, and the interaction strength, and present
the caloric effects induced by the variations of these potentials
of quantum gases with short-range interactions. In particular,
such different GPs for the 1D attractive Fermi gas significantly
quantify the magneto- and interaction-driven-caloric effects
of quantum gases in the fully paired, FFLO-like and fully
polarized phases. We have also obtained universal scaling
behavior of the GPs in the vicinities of the quantum critical
points in the interacting Fermi gas.

It turns out that the divergence of the GPs in the vicinities
of quantum phase transition points not only provides an exper-
imental identification of non-Fermi liquid nature at quantum
criticality but also remarkably determines the full phase dia-
gram of the gases in low-temperature regimes. Our methods
open the way to further study the interaction- and magnetic-
field-driven quantum refrigeration and quantum heat engine in
quantum gases of ultracold atoms.
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APPENDIX
In this Appendix, we present some results of thermodynamical properties used in our analysis of the GPs at quantum
criticality.
(1) Density:
~_9p Lo o Y2 0.0 | I m2p@ 3 L(p@ @)
n= ﬁ = _Zmﬂ/z TFuz - —FF), E( 1/2 2732 (FI/Z) Ly J2n 3/2F1/2(F1/2) - 1/4772(F1/2) :
(2) Magnetization:
S_op_ 1 o paope 1 popope 1 O p@R@)
= oh = 4\/5 172 2\/57‘[ 1/2%1/2 4773/2 12512512 — 4\/5 32 1727 1/2% 172
(3) Susceptibility:
~_ 9P ) L poy _ W) () 2 2) 3 L0 )R 1 1) Q) p@)
X=-5=- 8\/_ F2y)p — 4[ F2F ), — = 3/21‘71/2171/217 127 3y 3/21‘7_1/21‘71/2}7/12 8 /o %/ZF_1/2 12F1 )2
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(4) Compressibility:
~_ 0P L ro 2 Lo 3\/_ 1) ) 3 - o 3.0 o
K=ot =— = = = S FRFS), = ——FG),FG) — ~FO,F,
2 2\/— 12~ N 12~ 12012 — Nl 12— - oaptp
3 3 21 15 3
1) (1) @) ) O p@ 0 _ M) Q) p@ A FOR®
- g/gFl/zFl/zF 127 5 3/2F71/2F1/2F1/2 a1 12— Zﬁ 32 “ipEa b — 3/2F 1/2F F
(5) Entropy:
~ e
520 _ 3 po_ 3 o FO L AP o3 Lope_ 3 Lup
Y T Fy), — 4t 3t Wors i 2/t 12~ 2ot PNV T g o 12
Y ne
3 p@pe mp@ , A Lo <2>+A FOR

T 8 12732 + N 12712 22t 172 1/2 At 12012
(6) Specific heat:
N 925 A2 ne) 3 A2 A 3
c =L — _@r F_<11)/2 + Fl(/lz) _ F3</12> G _<21>/ i F1</22> — F3(/22>
ar? 2./27t2 2./ 2712 84/2712 2. /mt? 2. /mt? 8. /mt?

1 2 e A(1)\2
V241 )A()Fu)F(z) (A®)? A7) pope 34%) FOF® ) FO_p@
s, Y e Ve Y e T TR M A I

~

T2 2
_A( A® FO 4 \/_A FOR® A® FORQ@ _ 9 FDOEQ@
N Fjs 12512 NN iy ek LAV
N2 e, e
34 ) FO F(2>F<2)+ 34V e 9 e
a2 -n Fi TP AR Ryl ok oy, sl VEak 2

12
L 3A% e (2)_L @ @
a2 12032 T Jerp 1202

(7) Derivative of magnetization with respect to the temperature:

M 3P 1 g 1 g AD
_— = = — F + F ——
ot ohdt  82mt P 42w VPt
1 1 1 1 ~
) @52 (1) (2) 1) (2) 2 ) @50
+4ﬁ FZ 1/2F1/2A()_ 2 2nt Fipby, + 2 2nt Fip —1/2A( '+ 2ﬁﬂtF—1/zF1/2A( ).
(8) Derivative of density with respect to the temperature.
y P p
om  3’p 1~ 1 1 1
R —_  Apm (1) - @ (2)
d — djar 2\/§1A P 427t Fipt Tt AT 2/t Fip
1 1 «/_ 2 I~ D=2
+ A(I)F_(l) F(l) _ F(I)F(l) A(I)F(I)F( ) + A(Z)F( )F_( )
2t 1282 7 g e 12t 212 s 120-172
3 1
(1) 1 (2) AW () (2) A () (2 (1) 1 (2)
_ﬁn F3/2F_1/2+ﬁntA ) 1/2+2«/§mA F2 by — N —=—Fipk),
S @ @ L rope 3 Lo e 3 L0 ro
+2 tA( )F 1/2F1/2 __F1/2 12— 4«/_ ; —1/253/2 47 tF 1/2F3/2
(9) Derivative of density with respect to the magnetic field.
~ 2~
on_p 1 o 1 pope o g
oh ~ onoh Avn VT o 12 12~ 2 e
1 3 3
1) (1) (2) 1) () p2) D) (2 (2) ) @22
3 =abipt i, — 7ot pthp e — 20 b s — s o B a b e
/ 4773/ Zﬁ 3/2 2273/

where F") = "Li,(=A"/), r = 1, 2.
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