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Transverse field Ising chain (TFIC)
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> Key: Accessing quantum criticality

of the transverse-field Ising chain
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Inelastic Neutron Scattering Experiment on
CoNb20s
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Phase diagram of Quasi-1D Ferromagnet
CoNDb20s
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E; physics in CoNb,O.?

» A more accurate THz spectroscopy spin dynamics measurement

m, CoNb,O4 : CoNb,Oq > E,
3.51 0.25 K > masses
S - — M
3.0 - > 4 6
i e il 5—‘—-—0—-"‘5
] P_d_e 2 —_ (m,*my)
E L ______ -3¢ w Vo __m,
> > a4 &V
Q ] > 4 O A (m,+m,)
LICJ 2.0 - s - Y A m,
i v A
v
D e - - - - e -
- - - - o m
1.5 - A A o O B b ’
] . o O
0
A ) -
0- ) | b ox i AT 104+ -0~ -0~ -0- O- 0 -0 - @ -0~ =0~ — m,
0.2 0.3 0.4 0.5 3.0 35 4.0 45 5.0 5.5

Frequency (THz) Magnetic field (Tesla)

K. Amelin, ef al. Phys. Rev. B 102, 104431 (2020)



A warmup



TFIC critical regions

* Near classical phase transition H=-Yo'ci,-gYo!
i i+1 i
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* Near quantum phase transition
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* Coherent Length scale
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TFIC quantum criticality: thermodynamics

>t Critical scaling behaviors of Gruneisen ratio

Low-T disordered region ' |g=—= 1| > t

a sgn(g—1)
v

Quantumycritical region |g — 1| <t

a
[..(t,g) = — ~ const
Cy

No divergence! Particularly, right at the QCP with finite/temperature

1
Fcr(g — 11 t) — E

Jianda Wu, Lijun Zhu, and Qimiao Si, Phys. Rev. B 97, 245127 (2018)
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TFIC quantum criticality: dynamics

> Critical scaling behaviors NMR relaxation rate

For the quantum critical transverse-field Ising chain, at finite T
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In NMR parameter region (w = 0 compared with other energy scales)
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S. Sachdev, Quantum Phase Transitions, Cambridge University Press (2011)
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TFIC quantum criticality: Thermal activation
gap

| Local spin dynamics w KT A
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J. Yang, W. Yuan, T. Imai, Q. Si*, JW*, and M. Kormos*, Phys. Rev. B 106, 125149 (2022) 3
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TFIC with longitudinal field

1D Transverse-field Ising.chain
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Centralcharge C=1/2 conformal field theory

A. B. Zamolodchikoyv, Int. J. Mod. Phys. A4, 4235(1989).
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A “quantum critical point” in the 3D AFM
dome of BaCo0:V:0s

The effective Hamiltonian for BaCo2V20s8 on a chain

H =] [e(ofofs + 07 0%) + 07 fsl = g ) 0 — gy ) (2)'a
i [ [

a 2
Spin-orbit coupling splits the orbital ground state manifold T,
Ty =Dj_5/®Dj=3/2 D Dj=1/2

ir

Crystal field effect for singlejion: I',_; = A, @ T;{ DT,
3

Co?tion:3d”’ hasL =3, S = >

J. Yang, X. Wang, and JW*, J. Phys. A Math.Theor.56.013001 (2023) v




A “quantum critical point” in the 3D AFM
dome of BaCo0:V:0s

The effective Hamiltonian for BaCo2V20s8 on a chain

H = ]Z E(O- UL+1 + O-l l+1) + 0j O-l+1] gxi O-ix — Yy 2(_)io-iy
i [

Same universality
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_ z Yol y
H = ZU Oi41— gxza gyzo- AFM lIsing
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FM Ising
H. Zou, R. Yu*, and JW* J. Phys: Condens Matter 32, 045602 (2020)
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Quantum critical surface

Hy =Y Je(S7SF, + SPSY )+ 5757,] A

The one-dimensional transverse-field Ising critical surface

in'the 3D parameter space from iTEBD calculation.
Haiyuan Zou, Rong Yu*, and Jianda Wu*, J.Phys: Condens Matter 32, 045602 (2019)



A “quantum critical point” in the 3D AFM
dome of BaCo0:V:0s

The effective Hamiltonian for BaCo2V20s8 on a chain

H =] [e(ofofs + 07 0%) + 07 fsl = g ) 0 — gy ) (2)'a
i [ [

We need

* Transverse field Ising chain QCP
* A staggered magnetic field at the QCP due to
the AFM Ising coupling
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The region for Es physics!

AT(K) 1D Quantum
\ Critical Region /

' | Eg particles
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> 3D AFM order —> Effective staggered longitudinal field
» TFIC quantum criticality confirmed by the NMR measurement
» Es physics confirmed by the THz ESR and INS measurements

H. Zou#, Y. Cui#, X. Wang#, ...., Weigiang Yu*, Jie Ma*, and JW¥*, Phys. Rev. Lett. 127, 077201 (2021)
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NMR experiment
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NMR experiment clearly identifies 1D quantum criticality outside the 3D
AFM dome: the power law_ behavior of the relaxation rate follows

transverse-field Ising chain universality.

Phys. Rev. Lett. 127, 077201 (2021)
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Es spectrum - analytical results

Ag, = Aq/2 + hfa(x, T)dxdzt
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Phys. Rev. Lett. 127, 077201 (2021) 23



Es spectrum - analytical results (continue)

Ag, = Aq1/2 + hfa(x, T)dxdt
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Es spectrum observed in experiments

Neutron
experiment:

Normalized Intensity Intensity (arb. units)

Intensity (arb. units)

Phys. Rev. B 101, 220411(R) (2020)
Phys. Rev. B 103, 235117 (2021)
Phys. Rev. Lett. 127, 077201 (2021)
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Es particles observed in experiments

(a)

Analytical Calculation
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Weakly-coupled transverse field Ising ladder
- N N

(1) (2) 2 2(1) ,2(2) Mayy = M4y 2
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N 51
g2 _ z(1 2) ;2(12) | x(1 2) my = 2mg sm; ms = 2ms sin——
Ising = ] Oi+1 377 31
\_ i=1 Y m3 = 2mgsinTo me = 2ms sin—-
A. LeClair, A. Ludwig, and G. Mussardo, Nucl. Phys. B 512,
A A / \ 523 (1998);
(1)
@) e
J Bx
. o
. . 1 .
ol Ising% with Dé ) particles
— > ‘
1 ‘ DECOUpled 9 Yunjing Gao
critical TFICs = A

Y. Gao, X. Wang, N. Xi, Y. Jiang, R. Yu*, JW* arXiv: 2402.11229, submitted A



[sing; integrable field theory

> Scaling limit a, J;— 0, J;/afinite A, - =c/l§1/)2 +ﬂ§2/)2 + [ 6 Wa@dxdr

Isingy
lattice — field theory  Scaling dimension

O_iz(1,2) - ¢12)(x) 1/8

GiX(l,Z) - €12 (x) 1

> Bosonization rules

$(x) ¢ (x): bosonic field

oW (x)e@ (x) ~ : cos

e (x) + €@ (x) ~ : cos P (x): O (x): dual field of ¢ (x)
00 0
e (x) — €@ (x) ~ : cos O(x): iy

|:> A = jdxdt {% (0¢)? + Acos gb/Z} (Z., orbifold)

A. LeClair, A. Ludwig, and G. Mussardo, Nucl. Phys. B 512, 523 (1998)
D. Boyanovsky, Phys. Rev. B 39, 6744 (1989)
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[singZ integrable field theory

> Effective Isingf action Described by D" algebra

A = jdxdt —(04))2 + A cos qb/Z} (Z- orbifold)

Emerged 8 relativistic particles:

nm
3 sin— 7
breathers: Mg, = Mp, — 7,
sin 4z
n=12..,6
: . mg,

(anti-)soliton: myu, = "
- 2 sinﬁ

scaling m~A*7

Y. Gao, X. Wang, N. Xi, Y. Jiang, Rong Yu*, JW*
arXiv: 2402.11229, submitted
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Global properties

X
* Topological charge Q=f 0, @

B,) Q=0 cos ¢ (x): conserve
Aiq) Q=1 el®®): charge-1 raising
A = _ -
1) < 1 e 0(¥): charge-1 lowering
e Charge parity conjugation C B. Schroer and T. Truong. Nucl. Phys. B 144, 80 (1978)
C1A11(8)) = |451(6)) CHpC~1 =—¢
C|Bn(6)) = (—1)"|B,(6)) Ceos p(x)C™" = cos p(x)

* Dynamic Structure Factor

- do
D(w,q = 0) = 2 j Nén)n 21010244, (81) -+ A, (0,))]"8(w ~ E{a)8(P{as})
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Dynamic structure factors

Sj(l)x + Sj(z)x ~ 1 cos ¢ (x):
Sj(l)x — Sj(z)x~ : cos O(x):

Analytical result 1'TEBD result
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Y. Gao, X. Wang, N. Xi, Y. Jiang, Rong Yu*, JW* arXiv: 2402.11229, submitted
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Dynamic structure factors

ITEBD
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No B, B3, Bs excitations from $*”# channels !

Y. Gao, X. Wang, N. Xi, Y. Jiang, Rong Yu*, JW* arXiv: 2402.11229, submitted




Dynamic structure factors

Analytical result 1 TEBD result

q/mp,c q/mp,c

(a,b): SW* 4 5@
(c,d): SMx —g@x

~109% region of the
Brillouin zone is plotted

Single particle channels:
strong delta peaks

Two particle channels:
diverge at edges
if mp, # mp,

34
Y. Gao, X. Wang, N. Xi, Y. Jiang, Rong Yu*, JW* arXiv: 2402.11229, submitted



Dark particle

» The parity-odd B, B3, Bg cannot be excited directly from the
ground state through S*7Y# fluctuations (all momentum modes)

5% = cos¢ +cos® +TEBD

» Parity-odd operator? Permit |0) — |By 35) view from field theory

scaling bosonization _
U7 =nﬂzx(1)%x(2) imit K () > sin ¢ (x)

o

simultaneous coherent operation on macroscopic number of spins

coherent length of vacuum (ground state) fluctuations

Vacuum fluctuation of ui?-type is exponentially cutoff as e ~//50}

Y. Gao, X. Wang, N. Xi, Y. Jiang, Rong Yu*, JW* arXiv: 2402.11229, submitted



Dark particle

a)u

~~——————

e e am m— ==

@ Ground state

0

B4 preparation:

Spontaneous decay from B, to GS:

» Forbiden from (quasi-) local fluctuation
» Field theory permitted channel is

not accessible

— Stable and Long life-time B4

Magnetic Storage?

Transportation?

Quantum qubit?

(@ excitation
@ controlled decay

B, cannot decay to ground state through
spin fluctuations once being prepared

Y. Gao, X. Wang, N. Xi, Y. Jiang, Rong Yu*, JW* arXiv: 2402.11229, submitted



Dark particle detection



Thermal activation detection

Local spin dynamics forw /<K T <K m4
CO(w,T)=—= ZC (w,T) = ZD (w,T)

where

d@' d@’ d(91 Cl@f - |
CO(w,T) = ) f —Ei/T Ai = [T !

‘ |(P1,(91)~-P¢'(9§)\(9\P1(91)---Pf(9f)>\ 0(w+ E; — Ef)

and B. Pozsgay and G. Takacs, J. Stat. Mech. 1011, P11012 (2010)
O O O O O
Dy =Coy: Dip=Cry—21Cq 41

D3 N Cof ZlCO,f—l + (27 - 22)CF f-2

Z,= Y oo e (P, (61)...Po(0,)| Py (01)... Py (6,))
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Thermal activation detection

BlBl 2 3
COS VT T T\ 2
’ T™Mp, V w 4 \w

The NMR relaxation rate for a local nucleus

;1 ~APCY (wn) +APC (wn) SN
But . Yu%if;_g%(}ao ]ia}g% Y%ng
Oy — (CU/J)QCZ/ZL — T_l - |Az|2Cz(wn) (;olxlzzztﬂc))c
Furthermore,
1 A 1 )
1/T5 = 1/T1+1/T2 = Tl,:Tla FQ':‘Ax‘ C*(w—0)

Y. Gao#, J. Yang#, H. Lin, R. Yu, JW*, arXiv:2406.15024, submitted 39



Thermal activation detection

QMC: J =1,J; = 0.1

._’"."_. - T T T T T
* o * logC?(w — 0)
1t — fitted log C% ~1/T |3
0.1¢ i
0-0] 1 1 1 | 1 1
6 8 10 12 14 16

1/T

C% = 160.4513¢2-56/T

Analytical lattice result

N e e

4)7
4/7 N
C121/6e—1/4A3) J;''J = mp, = 0.63

Y. Gao#, J. Yang#, H. Lin, R. Yu, JW*, arXiv:2406.15024, submitted



CoNDb20s



CoNDb20s
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TT 1D Quantum
Critical Region
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Emergent
Spectrum
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/1af = 0.1507,4,4, = 0.1647
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zcY y X
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M. Fava et. al, Proc. Natl. Acad. Sci. U.S.A. 117, 25219 (2020) Xiao Wang
e
N. Xi#, X. Wang#, Y. Gao, Y. Jiang, Rong Yu*, JW* arXiv: 2403.10785, submitted 5%




CoNDb20s

TT 1D Quantum
Critical Region

3D AF order

Emergent
Spectrum

HE HP

frustration v.s. proximity to 3D QCP

N
cluster chain mean-field

J, (@.B) J=1 - J=1m=1.2

\
T

two N.N. chains other chains: mean-field
as minimal unit

Ji = 0 = Eg Hamiltonian %’_) 0 — Dél)

N. Xi#, X. Wang#, Y. Gao, Y. Jiang, Rong Yu*, JW* arXiv: 2403.10785, submitted 43



D{" physics in CoNbzOs

Two chains simulation
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N. Xi#, X. Wang#, Y. Gao, Y. Jiang, Rong Yu*, JW* arXiv: 2403.10785, submitted
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D{" physics in CoNbzOs

Four chains
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N. Xi#, X. Wang#, Y. Gao, Y. Jiang, Rong Yu*, JW* arXiv: 2403.10785, submitted
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