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Fig. 1. A phase diagram of TFIC, where ¢ labels trans-
verse field, and gc =1 is the QCP. The cyan solid line re-
presents for ferromagnetic phase at zero temperature on the
left of the critical point, while on the right the yellow solid
line stands for a paramagnetic phase at zero temperature.
The two tilted dotted lines illustrate the crossovers of di-
fferent disorder phases in low temperature region, while the
dotted line above shows a crossover from quantum critical

region to classical region.
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Fig. 2. Quantum critical surface calculated by iTEBD al-
gorithm for Eq. (7). (Reprinted with permission from Ref. [35].
Copyright 2019 IOP Publishing Ltd.).

RHENE TARE— 5 T A SR 101
ARAA-PH AR 2 07 190 89 4 S RE A AL Y
6L, A — A m U2 A2 3h QCP AL M
ANBEAHRL AP G 2. THE AR LI 3157,

230504-3


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 2 3R Acta Phys. Sin. Vol. 70, No. 23 (2021) 230504
0.35
F—e (a) 1.6 } (b)
0.30 B A
.
% % With h, 1.5 o
0.25 ) 3 Without h,
1.4 p
L020F i % - F
= - B = 13
015z ’gp 1 “ &
g ﬁ 1.2 -
010 L% 16} € Sgm = 0.1677Inl40.6527
I 11 ® Sprz = 0.1675Inl+0.6527
0.05 gl —4
In(ge—g) 1.0 g
10! 102
l
0.06
®_ (d)
0.05
o
0.04 2
> Slope: —1/€
L =01} _ ~ 0.03 2
O T -3
0.2} S 0.02 “%
B 0.01 p 1/6=1.889(g1—g)*9%0+40.00206 .
—03¢ ~So T00 200 800 400) 1/57 1. \89((/) P»)“ ”l'+(J 00218 E
0 100 200 300 400 0.120 0.125 0130 0135 0.140 0.145
i=J g

3 (a) SCEEBEAL M. (g) RYTHRE SR IR FNLL L0 AR T A R A 4 Jal 0 00T B Bdie . S 4 ith 42T L2y il M, =
0.524(ge1 — 9)* "2 Fl M = 0.530(ge2 — 9)% S KAUG, Hrlt ger = 01454, geo = 0.1456 , 15 TR 2215 32 3 Bl P9 249 AT 42 34l -4 4
o 1/8 MEE IR Pk L R X S A A i A M AR EEAT . (b) X RCAR bR AR 20 JE A Spe (1) B LI R, PIRR T SLHD
FFE G2 1/2 0 F . (c) 2 g = 0.1448 B, 3 JiE M i SC I R BCRIBE 25 ¢ — j ] Y R ECC R . WIEE/R T InC (i — 5) 7
KRS — jRIELL. (d) SR B A EIBOR g B9 s BOC R, TR F L ARAT & D B G e h CIR K36 8 L = 1 S5IE (W &
SCHk [35] SVFHE B, MU 2019 TOP Publishing Ltd Bi )

Fig. 3. (a) iTEBD results for staggered magnetization M (g). The blue line and red line represent iTEBD data with and without
the four periodic term, respectively. The two curves can be fitted with M, = 0.524(ge1 — ¢)°12% and M, = 0.530(ge2 — g)% 128,
where ge1 = 0.1454, ge2 = 0.1456, and critical exponent § = 1/8 is obtained within error bar for both cases. Inset shows scaling
behavior of M, in log—log plot. (b) Entanglement entropy Sgg(l) versus length ! in a semi-log plot, both fall into central

charge ¢=1/2 of TFIC universality. (c) Spin-spin correlation function versus distance i—j at g = 0.1448. Inset shows

InC(i — j) being proportional to 7 — j in long range region. (d) The inverse of correlation length in terms of g, both agree with

correlation length exponent p = 1. (Reprinted with permission from Ref. [35]. Copyright 2019 IOP Publishing Ltd.).
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Fig. 4. (a) Structure of CoOg octahedron; (b) a unit structure of CoOg four-period screw chain and the local coordinate &3¢;
(c) relation between the local coordinate &1¢ and the lab coordinate XYZ.
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Fig. 5. (a) Phase diagram of BCVO material with a transverse field along [110], obtained from adiabatic magnetocaloric-effect mea-
surements starting from different temperatures. Red area labels a finite-temperature three dimensional (3D) order until 20 T. The
one dimensional (1D) QCP appears around B{ = 40 T, while the yellow area above labels quantum critical region. (b), (c) Experi-
mental data of Griineisen ratio in terms of magnetic field and temperature. In panel (b) data of different temperature above the
QCP shows divergent behavior of I'p ~ (B — Bj_)*l. Correspondingly, with the field being around the critical field, Griineisen ra-
tio converges in low temperature. (Reprinted with permission from Ref. [33]. Copyright 2018 American Physical Society).
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Fig. 6. Phase diagram of SCVO with transverse field along
[100]. The AFM, QCR and QD in the figure corresponds to
anti-ferromagnetic phase, quantum critical region and
quantum disordered region, respectively. The two QCPs are
He1 ~7.03T and Heo =~ 7.7 T. The blue line can be fit-
ted with TiwH ~ |Heo — H|, implying the Ising universal-
ity of the 1D QCP. Inset is an enlarged figure of the fitting
curves near two QCPs. (Reprinted with permission from
Ref. [34]. Copyright 2019 American Physical Society).
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Fig. 7. A phase diagram of Eg model. The blue solid line in
the figure implies region of Fg model emerging, where g
and h, correspond to transverse parameter g and h, in
Eq. (17) respectively. Relations of other Fgs particles'
masses to mj; and mgo are listed in the top right-hand

corner, where mj is mass of the lightest particle.
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Fig. 8. (a) Spectrum contribution from single particle channel, the eight delta peaks one-by-one correspond to the masses of the

eight particles in the quantum Eg model with m; = 1; (b)—(d) contributions from two, three and four particle channels. The de-

tailed contributions of different peaks and curves are highlighted in the sub-figures. (Reprinted with permission from Ref. [30].

Copyright 2021 American Physical Society).
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Fig. 9. (a) Crystal structure of BCVO. (b) Phase diagram of BCVO with a transverse field along [010] direction. QCP is at HP,
hidden in the 3D order. Its quantum criticality can be measured outside the 3D ordering phase. Brown circles represent for Néel
temperature Ty measured by NMR experiments. HSP = (10.4 £0.1) T, HIP = (4.7 4 0.3) T. Es model emerges in the blue rib-

bon area. (c) Masses of eight Eg particles along energy axis in unit of m;. (Reprinted with permission from Ref. [37]. Copyright

2021 American Physical Society).
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Fig. 10. NMR experiment result outside the 3D anti-ferromagnetic ordering phase. (a) Spin-lattice relaxation rate 1/77 with differ-

ent transverse fields as a function of temperature. The down arrows label 1/T} peaks that determining Ty . (b) Energy gap by fit-
ting 1/77, with temperature being from 6 K to 12 K. The details can be found in Ref. [37]. QCP is at (4.7 +£0.3) T. Inset: a
log — log plot of enlarged data in low-temperature region. The quantum critical behavior around the gray line area can be fitted by
1/T1 ~ T~973. (Reprinted with permission from Ref. [37]. Copyright 2021 American Physical Society).
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Fig. 11. (a) INS data obtained from @ = (002) at QCP with H = 4.7 T, temperature 0.4 K. The blue diamonds with error bars
are experimental data, the black curve is fitted with Gaussian functions. The red vertical lines correspond to eight particles of Eg
model. Other peaks are contributed from multi-particle channels and zone-folding effect (labelled at Fy and F). (b) Analytical
result of D**(w) with a 0.08m7 Lorentzian boradening. mi = 1.2 meV. Red curve and black curve are single particle spectrum
and total spectrum including multi-particle excitations respectively. (c¢) Effective model spectrum of iTEBD calculation at ¢ =0,
where blue curve and black curve are results of without and with zone-folding effect. (d)—(g) single particle-four particle excited
channels' contributions, where ijkl represents for m;mj mgm; channel. (Reprinted with permission from Ref. [37]. Copyright

2021 American Physical Society).
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SPECIAL TOPIC—Non-equilibrium quantum many-body systems

From the transverse field Ising chain to the quantum Fjg
integrable model’
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Abstract

This review reports a series of theoretical and experimental progress on researches of the transverse field
Ising chain (TFIC) and the quantum Fg integrable model. For the TFIC, on one hand, a unique exotic quantum
critical behavior of Griineisen ratio (a ratio from magnetic or thermal expansion coefficient to specific heat) is
theoretically established; on the other hand microscopic models can accommodate the TFIC universality class
are substantially expanded. These progresses successfully promote a series of experiments collaborations to first-
time realize the TFIC universality class in quasi one-dimensional anti-ferromagnetic material BaCo,V,05 and
SrCoyV,04. For the quantum Fg integrable model, the low temperature local dynamics and the dynamical
structure factor with zero transfer momentum of this system are analytically determined, where a cascade of
edge singularities with power-law divergences are obtained in the continuum region of the dynamical structure
factor. After combining with detailed quantum critical scaling behaviors analysis and large scale iTEBD
calculation, it successfully facilitates a series of experiments, including THz spectrum measurements, inelastic
neutron scattering and NMR experiments, to realize the quantum Fg integrable model in BaCo,V,0q4 for the
first time. The experimental realization of the quantum Ej integrable model substantially extends the frontiers
of studying quantum integrable models in real materials. The series of progress and developments on the TFIC
and the quantum FEjg integrable model lay down a concrete ground to go beyond quantum integrability, and can
inspire studies in condensed matter systems, cold atom systems, statistical field theory and conformal field

theory.

Keywords: integrable systems, quantum magnetism, universality class, spin dynamics
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