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Fig. 1. Temperature distribution of an ion crystal com-
posed of 100 ions under different p in stable state, where
temperature distribution 77 measured by the mean
thermal phonon number. The 1st and the 100th ions are in
contact with the thermal bath, indicated by the red line in
the figure, while other ions are indicated by the blue line.
The figure is taken from Ref. [25].
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Fig. 2. Temperature distribution of an ion crystal com-
posed of 101 ions under different p in stable state, where
temperature distribution 77 measured by the mean
thermal phonon number. The first ion and the 51st ion are
in contact with the thermal bath. Ions in contact with the
thermal bath are indicated by the red line in the figure,
while other ions are indicated by the blue line. The figure is
taken from Ref. [25].
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Fig. 3. Temperature distribution of ion crystals vs. the distance z in different configurations, where « represents the order para-

meter of structural phase transition, and the two regions with different colors represent ions interacting with the laser. The insets

show the configurations of ion crystals. The figure is taken from Ref. [26].

0.055
0.050
0.045
S 0.040 |
0.035F)
0.030 dg..q
dt
0.025
L L L L L L L L L L L L dpllai
2 4 6 8 10 12 14 16 18 20 22 24 T
] dt
B4 AT ORRIR R R BB T R B S B B9, Hoh o dpyi
FORGHIAI AR TS 0. 4 B ROR 88 T R A A g 2 dt
Fig. 4. Heat flux of ion crystals in different configurations,
where o represents the order parameter of structural phase dpm
transition. The insets show the configurations of ion crys- \ dt

tals. The figure is taken from Ref. [26].

H= Sy
Z 2m + 2 L
i=1 1#1

N
D U(gi—al)+Vig)|, (33)

Hor q= (‘Zx,i7Qy,i7 qm‘) %Eéﬁﬁélﬁ]*%%ﬁ?, b=
(p;v,i,py,i,pz,i) IEILZE/EEEI‘ETJ EI:I E‘Jﬁl% /—L,_EX o= (-71',

033701-7

y, z) IR A bRl _E 14 3 ANJ7 1), PSREOL M5 B
T AP ) B A AR R S R A P A
JEA IR LA R AR . 2 B 1 AR P iy
5 UAEIEE NOAE T S IVE LA, 5 N
B NAE T HIE R AL, AL E A
IS MO, BT RIE S AT LU

: )NL»

_ 9pui i=1.-
m? )
wk.
= AL +4/2DL, d:’l’ =1,
N
= i+ Y FiL =N+l Ne— 1,
I#i
dw k.
= AR + 2Dﬁi dtw’ i=Ng,--
N ' 77L‘
AL:gu,i"‘Zf;l_ :;lpu,iv
I£i
N R
AR = Gu,i + Z f;l - ﬁpu,iy

1#i


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 73, No. 3 (2024) 033701

Hr ) g0 = =0V (q:)/0q,,: Fm & T35 w7
A 0y, fil = —fl = —0U(lgi — qul) /0qp.: %
TN I FRMAESS « N F LA HTE p i b
MY, ot FoRIUE L, R MEB AL, DY &
T&EFE’JT}L%/?J B BB TS €, T A2
Wi B (eF (1) =0, WA D 5 et R
GRS

(e i Megh () = 2D 0, 50:00(t — 1), (37)

TR PR 75 E B 899, DL LR g
LIS

LR
LR 1 LR, LR 10
77;“' = 2]€BTL*R _OO<5;L,1' (t)g,u,i (t+7—)>d7— = kBTL’R.

(38)

jB—)i = Oa

pm<

Horb G(N) S R LR 25 B R R B0

dG(N)
X

Sa—a) - 8g—a) =V / 5lg — GV,
0
G(1) =gq;, G(0)=gq.
FIH (39) 3. (41) 200 (42) K, AT LIS H ik
T

de(q,t)

N
o T Vilat) = ;JIB—H‘UI)(S(

WX 5 (g, t) BUY, WA RGEHI L

N oo LN Ny
=2 a2

i=1 i=1 l#i

q-—qi) (43)

pi +p) ' (qi + a).
(44)
TERAZS T, RO 5 R 0 3R SE

N
_ZqZ]BA)’L e QZZnuk qk:puk
m Z > apurers (b))
kEoop

Horp UK 5 PR A B T 14>, B AR

(J) =

(45)

Pui [ T

K i .

’I:l ,:;Lplll—’_gyz() 9 ’LZ].,'--
m

TR RGNS, B E LREM

RE L
Zez (¢ — @), (39)
€ = P +V(qi) ZU (lai — al) (40)
2m l;éz

PG (34) =LA (39) X, AT LAME HH R 58 1 #0005
3 (q, t) R 0] B F B AR 2 T g s 03] o 28]

N
j(q7t)=zf65q qi)+ ZZ (pi +p1) "
i=1 i=1 1751
dG(N)
AA—LL6 g — G(A 41
<[ s v, (a1)
7NL7
i=Np 41, Ng—1, (42)

REM TN kIR TR, % I8 Novikov
FER B R (34) R (37) 2, BRI MR
EVCIE C VS|

mQZZ{

SCHR [28] FH B3R 7 i T ORRIA AL R B
mn R, 7E =R AL ) THs SR i T
— 4, BT AR B EE EE ] O — ROy ERA. R
WE T IR T HEMTIRES « 710, F wa.y,-
FORBEFTE 3N H MM E iz IR, I E L w, =
Nywy , Wo =nzwy , AT LI (ny,n.) Tm e+
ARG R, P 5 R THESCHR (28] MITHRESECT, n,
o, BB [ o 8 1 b AR5 AL A A PR 1.

B S ARTEAS [ A AT B3R 3 A5 WA 6(a)
IR, Horh A AU Z SR AL IR S A A
YRS BT SE SAR DL, WRTEAA 7R %) I FE 43 AT AR
bl =2 AR AR B 0T 2 AR S TR A5 R v Y
LB . DAL 6(b) FT LA ), SR ERS 8 1Y) B i
PR BE B AR R AR AR Z A B b Y
TR BE B A A2 AL

W (aipp, ) — mD,ak)| - (46)

033701-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 3 (2024) 033701

1D
. z P
g =
a * 2D(zz)
=
) S

Ty

5 TEAR ny Fln. BEUET, &7 5 AR S5 AL 1A E 28, T L (linear), Z (zigzag) 1 H (helical) 3X =4~ B R & T 5 4
B EZA AL Z TR RURBER AL WY HL 48, (ny,n.) (HE92E A0 227 2 BZA0 R HIIR AR M B 2 (A I S5 K9 AH S . Y ZL 28, (ny, nz)
MBS A HAM TG 2 FA T Z IR S5 AR S . WY ZHZ 28, (ny, ne) (E RSP 23 77 40 D\ 2 51 B0 3 B2 e g B 7 381 =2 72 4
BB ZEA AR S . TR P B R XA R B . fE R (A IX IR 2 4, HL 202 B Y IR AL T -y P B R Z P8, 7E HL 2k 2
TR T 2 -2 P L2 FEL, HL £ F IR G A

Fig. 5. Phase diagram of ion crystal structural phase transitions under different values of ny and n. . L (linear), Z (zigzag), and H
(helical) represent the linear, zigzag, and helical configurations of ion crystal. ZL line, HL line and ZHZ line represent the zigzag-lin-
ear transition, helical-linear transition and zigzag-helical-zigzag transition. The gray region in the figure represents the linear config-
uration. Outside of the gray region, the region above the HL line represents the zigzag configuration lying in the z-y plane, while
the region below the HL line represents the zigzag configuration lying in the z-z plane. The region on the HL line represents the

helical configuration. The figure is taken from Ref. [28].
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Fig. 6. Temperature distribution of ion crystals with 30 ions with different configurations in stable state, where L represents linear
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(a) Temperature distribution of three different configurations of ion crystals in stable state, where two different colors represent ions
interacting with the laser; (b) distribution of temperature gradients in the parts of ion crystals with three different configurations
that are not in contact with the laser in stable state, where Ar represents the distance from the center of the system. The figure is
taken from Ref. [28].
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas

Research progress of heat transport in trapped-ion crystals”

Li JiYV  Chen Liang?t Feng Mang V??

1) (Guangzhou Institute of Industrial Technology, Guangzhou 511458, China)
2) (Innovation Academy for Precision Measurement Science and Technology, CAS, Wuhan 430071, China)

( Received 28 October 2023; revised manuscript received 23 November 2023 )

Abstract

Heat transport is one of the most important research topics in physics. Especially in recent years, with the
in depth study on single-molecule devices, heat transport in low-dimensional (i.e. one- and two-dimensional)
microsystems has received more and more attention. In the research of Fermi-Pasta-Ulam crystals and harmonic
crystals, it is widely accepted that heat conduction in low-dimensional system does not follow Fourier’s law.
Due to the lack of the equipment that can directly measure heat current, it has been proven to be a challenging
task to carry out relevant experiments. Ion crystal in ion trap is located in vacuum and does not exchange
energy with the external environment. The crystal structure and temperature can be accurately controlled by
electric field and optical field, providing an ideal experimental platform for studying thermal conduction in low-
dimensional crystals in classical state or quantum state. Herein we summarize the recent theoretical research on
thermal conduction in ion crystals, including the methods of calculating temperature distribution and steady-
state heat current in one-dimensional, two-dimensional, and three-dimensional models, as well as the
characteristics of heat current and temperature distribution under different ion crystal configurations. Because
the nonlinear effect caused by the imbalance among three dimensions hinders the heat transport, the heat
current in ion crystal is largest in the linear configuration while smallest in the zig-zag configuration. In
addition, we also introduce the influence of disorder on the thermal conductivity of ion crystal, including the
influence on the heat current across various ion crystal configurations such as the linear, the zig-zag and the
helical configuration. Notably, the susceptibility of ion crystal to disorder increases with crystal size increasing.
Specifically, the zig-zag ion crystal configuration exhibits the largest susceptibility to disorder, whereas the
linear configuration is least affected. Finally, we provide a concise overview of experimental studies of the heat
conduction in low-dimensional systems. Examination of the heat conduction in ion crystal offers a valuable
insight into various cooling techniques employed in ion trap systems, including sympathetic cooling,
electromagnetically induced transparency cooling, and polarization gradient cooling. Just like macroscopic
thermal diodes made by thermal metamaterials, it is possible that the microscopic thermal diodes can also be

made in low-dimensional systems.
Keywords: ion trap, ion crystals, heat transport, structural phase transition
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