Observation of Dynamical
Quantum Phase Transitions in a
Spinor Condensate

Atomtronics, Benasque, May 15

Tian Tian
CQl, IIIS, Tsinghua University, Beijing, China



CIeNEI S SR LY

Tsinghua University Center for Quantum Information

Outline

Introduction of dynamical  gquantum phase transition (DQPT)
Theoretical model of spinor -1 BEC

Experimental results and analysis

conclusion

Observation of Dynamical Quantum Phase Transitions in a Spinor Condensate

H.-X. Yang!. T. Tian', Y.-B. Yang!. L.-Y. Qiu!, H.-Y. Liang!, A.-J. Chu!, C. B. Dag?. Y. Xu!. Y. Liu®, L.-M. Duan!
' Center for Quantum Information, HIS, Tsinghua University, Beijing 100084, PR China
zDepar'mzen.’ of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA and
gDepar'e‘mem of Physics, Oklahoma State University, Stillwater, OK 74078, USA

A dynamical quantum phase transition can be characterized by a non-analytic change of the quench dynamics
when a parameter in the governing Hamiltonian is varied. Such a transition typically only shows up in long-time
dynamics for extensive systems with short-range couplings. We analyze a model Hamiltonian of spin-1 parti-
cles with effectively infinite-range couplings, and demonstrate that for this system the non-analytic transition
occurs for local observables in short-time durations even when the system has a large size. We experimentally
realize this model Hamiltonian and observe the dynamical quantum phase transition in an antiferromagnetic
spinor Bose-Einstein condensate of around 10 sodium atoms. Our observations agree well with the theoretical
prediction. We also analyze the scaling exponent near the dynamical phase transition and discuss its relation
with the excited state spectrum of the system.
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Dynamical quantum
phase transition(DQPT)

» Type | DQPT arises when the quench dynamics undergoes anon  -analytic
change with respecttoa system parameter in a quenched Hamiltonian.
* Type Il DQPT appears when one global order parameter under the quench

Hamiltonian has a non -analytic singularity inits time evolutions (such as
the Loschmidt echo)
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Theoretical model of N spm -1 atoms
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Hamitonian (infinite range coupling) 1<¢ <N | <i<N
Interaction Zeemar energy
SMA(single mode aproximation) H = co— + E (gm? — pm)al am
2N m—— 5 m=0 atom number=1000

where f,},, =D mn al ( fi)mnarn is the BEC’s total spin
operator (f, is the spin-1 angular momentum matrix). o

Fraction of spin-mg component py,, = &LF&mF/N .

Conservation of the longitudinal magnetization
m= P1 — P-1 = 0 In experiment.

(P-1,P0,P+1) = (0.5—pg /2,p0,0.5 — po/2)
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Observables

To simulate the quench dynamics, we numerically
diagonalize the model Hamiltonian in the Fock ba
UbmME BWRIZpyPEmMb b HY I VY

long-time property (pg)e = limT_,m%f;'p_o(t) 1 W

short-time property Agip =1 — po(t = T4ip) 0.8f ]

0.6

+ AI!I'I'
—=— ()~
L =70000 q,=42.3to q,=-30 0.4

g | -2.0 -2 -1.5 —_’I -0.5 0 0.5
o qr /€2

>4 FIG. 1. The predicted Ag;p, (depth of the first dip in spin
o2 | ] oscillations) and the long-time average (P0) s as functions of

/\\ //\/ gf/e2 for N = 1 x 107 and g = 0.5c2 (see text). It appears
0 : - that the short-time property Ag;p and the long-time property
0 >0 dme(me) 100 150 (p0)=c both signal DQPTs at the same qy.

A4 F1 -HWar@d@L. -M.Duan, Phys. Rev. A97, 023603 (2018).
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DQPT experiment procedure

1. Initialize the BEC to ground state  go;
At Oms, suddenly quench q from
q; to qr . U

3. Att, apply Stern-Gerlach
absorption Imaging

4. Repeat 80 times to get pg = 0f
(ala,)/N and 8p,.

q.=1.36c2 Stern-Gerlach imaging
i

20 -

q(Hz)

-20 1

-40
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Quadratic Zeeman coefficient

600 | 1 quadratic Zeeman coefficient g =
400 | 198 t qum
200 F
N | (-1712.82,0) any = SElme=1+0E|mp=—1 = 20E|mp=o (1)
E 0 1 N2 2
O 5E|mp _ Mg Mgtk
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Experiment & simulation result
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Agip Versus qr/c;. 0 po Versus qr/c;.
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FIG. 3. Observed signatures of DQPTs. (a) The measured
Aqip versus gy /ca. (b) The standard deviation dpg at t = Tdip
versus ¢y /cz. Circles with error bars denote the experimental
data and the solid lines represent the theoretical results from
numerical simulations of the model Hamiltonian (see text).
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Taip VErse qr/c;
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FIG. 4. (a) Circles (triangles) represent the observed occur-
rence time of the first dip (the corresponding theoretical re-
sults derived from numerical simulations) as a function of
q J}/ c2. (b) The power law scaling of the theoretical dip time
Taip and Tosc (the inverse of the relevant energy gap) in a log-
log diagram. The extracted critical exponents for T,sc and
TEEP are respectively —0.41 and —0.40, based on linear fits

(denoted by the solid lines) to the log-log curves.
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Microwave induced relaxation and (negligible) atom loss
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FIG. 5. Time evolutions of N (a) and pg (b) observed in con-
trast experiments with two carefully-chosen microwave pulses
at c2/h = 34Hz. The two pulses have the same intensity but
opposite frequency detunings of A = +1.573 MHz, which in-
duce different microwave dressing fields of qs/co = —0.36 for
A = —1.573 MHz and qys/co = 2.53 for A = +1.573 MHz.

We attribute this to the breakdown of the SMA for the atomic
motional state: the atoms in this case are in significantly
excited states of the spin Hamiltonian and their energy can
relax to the motional state through the spaependent
collisions and thus invalidate the prediction from the single
mode Hamiltonian (2) in the loAgme dynamics.
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Conclusion

e observed a DQPT associated with an
Interacting model Hamiltonian of spin -1
particles with effectively infinite  -range
couplings.

« the DQPTs can be identified by short -
time dynamical properties of local
observables, which enables its detection
In a large spinor condensate, saving it
from the complication of long  -time
relaxation dynamics inevitable in open
guantum many -body systems. 1

DQPT diagram for arferromagnetic spincd BEC
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Thanks for your attention



