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Cosmology in the lab 

    
•  Cosmology : symmetry breaking during expansion  

and cooling of the early universe  

•  Condensed matter: 

•  Vortices in Helium 

•  Liquid crystals 

•  Superconductors 

•  Superfluids 

   Landau theory: Similar free-energy landscape near a critical point  

   Kible Zurek mechanism: formation of defects 

T. W. B. Kibble, JPA  9, 1387 (1976); Phys. Rep. 67, 183 (1980)  
W. H. Zurek, Nature (London) 317, 505 (1985); Acta Phys. Pol. B. 1301 (1993)   
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Second order phase transitions     
Universal behaviour of the order parameter:  divergence of   

 Correlation/healing length 

 

 Dynamical relaxation time 

  



The Kibble-Zurek mechanism   
 
 
 
 
 
 
 
 
 
 
 

 

Linear quench 



The Kibble-Zurek mechanism   
 
 
 
 
 
 
 
 
 
 
 

 

adiabatic adiabatic 

Non-adiabatic    freezing 

Freeze-out time 

Linear quench 



The Kibble-Zurek mechanism 

adiabatic adiabatic 

Non-adiabatic    freezing 

The average domain  size is given by the equilibrium correlation length  

at the freeze-out time   

Linear quench 



Part 2 Recent experiments  
 
 



Kink formation in 
trapped Ion chains 

 
 
 
 
 
 
Classical inhomogeneous phase transitions: 
T. W. B. Kibble, G.E. Volovik,  JETP Lett. 65, 102 (1997).  
W. H. Zurek, Phys. Rev. Lett.102,105702 (2009)  
A. del Campo et al. Phys. Rev. Lett.105, 075701 (2010) 
A. del Campo et al. New J. Phys. 13, 083022 (2011)  
A. del Campo, T. W. B. Kibble. W. H. Zurek, J. Phys.: Condens. Matter 25, 404210 (2013)  
 



Structural phases in trapped ions 
 N ions on a ring trap with harmonic transverse confinement 
  
 
  
       Critical transverse frequency 

         Linear chain                 Degenerated zig-zag chains 

 
  
 
  
 
   
 
  
 
  
 
  
 

Excitations 
(kinks) 

Domain of size 

Fishman PRB ‘08 



Kinks zoo 
  
  
 
  
 
  

  
  
 
  
 
  
 
 

Kinks Zoo     courtesy of Tobias Schaetz  (MPQ) 



 Testing KZM in the lab 
     Axial and transverse harmonic potential (instead of a ring trap) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.995 

MD numerics: Langevin dynamics including laser cooling (damping) 
N=50, 2000 realizations, quench of the transverse trapping frequency 

8/3 Doubled IKZM 

1/3 KZM 
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     Axial and transverse harmonic potential (instead of a ring trap) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Inhomogeneous KZM 



 Inhomogeneous KZM 
 
    Axial and transverse harmonic potential (instead of a ring trap) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Spatially dependent critical frequency   
(within LDA) 



 Inhomogeneous KZM 
   

Causality restricts the effective size of the chain  
  
Front velocity  
  
 Sound velocity 
  
  
 Adiabatic dynamics 
 
  
 Kink formation                                  Chain effective system fraction  
  
 New power law 
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AdC et al. PRL105, 075701 (2010)  
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MD numerics: Langevin dynamics including laser cooling (damping) 
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1/3 KZM 

4/3 Inhomogeneous KZM 



First Experiment - 

1/3 KZM 

4/3 Inhomogeneous KZM 

8/3 Doubled IKZM? 

With only {0,1} defects 
third scaling:  
Rivers et al. Doubling of IKZM?  

Collaboration with T. E. 
Mehlstaubler’s group at PTB 



 
 

~8/3  
Doubled IKZM? 

Nature Communications 4, 2291 (2013) 

First Experiment - 
Collaboration with T. E. 
Mehlstaubler’s group at PTB 

32 ions, only {0,1} defects per realization 
 
Stabilization: mapping to extended kinks 
 
Counting where losses are minimized 
 



Second Experiment  

8/3 Doubled IKZM 

Schmidt-Kahler’s group at Mainz 
Nature Communications 4, 2290 (2013)  
 
16 ions, only {0,1} defects per realization 

It suggest a Doubled 
IKZM as well 



Third Experiment  
Haljan’s group at Simon-Fraser University 
Phys. Rev. A 87, 051401(R) (2013)  
 
42 ions, only {0,2} defects per realization 
Numerical agreement between KZM and simulations 
Disagreement with experiment 

3.3(2) 

2.1(2) 



Comparison 



Soliton formation in 
Bose-Einstein 
condensation 



Soliton formation 
BEC in cigar-shaped traps, U(1) symmetry breaking, inhomogeneous transition 
 
 
 
 
Proposal: W. H.  Zurek Phys. Rev. Lett.102, 105702 (2009) 
Detailed analysis: AdC, A. Retzker, M. B. Plenio, NJP 13, 083022 (2011)  
Experiment @ Trento: Nature Physics 9, 656 (2013) 
 



Soliton formation 

Nature Physics 9, 656 (2013) 

BEC in cigar-shaped traps 
Experiment @ Trento: Nature Physics 9, 656 (2013) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Unknown exact value of the dynamic critical exponent “z”  
Power-law scaling consistent with the IKZM  
 

4/3 Inhomogeneous KZM 



Vortex antivortex 
formation in ferrofluids 



Multiferroics 

 
 
S. C. Chae, N. Lee, Y. Horibe, M. Tanimura, S. Mori, B. Gao, S. Carr, and S-W. Cheong, Phys. Rev. Lett. 108, 167603 (2012). 
 
S. M. Griffin, M. Lilienblum, K. Delaney, Y. Kumagai, M. Fiebig, N. A. Spaldin, Phys. Rev. X 2, 041022 (2012) 

Multiple ferroic orders in hexagonal manganites  
 
REMnO3  
 
Thermal ferroelectric transition ~1700 K   
 
  
vortex-antivortex domain patterns  
 
 simulation: 
2D six-state clock model 
 

H = J cos(!i !! j )
i, j
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FIG. 1: (a) High-symmetry P63/mmc structure of RMnO3

before the onset of trimerization. (b) Action of the K3 trimer-
ization mode on the R ions and MnO5 trigonal bipyramids.
The insets below the main structure are to emphasize that
outward trimerization results in a downward shift of the cor-
responding R ion, whereas inward trimerization results in an
upward shift. (c) The subsequent additional displacements of
the R ions (blue arrows) in the Γ−

2
mode provide the ferro-

electricity. Note that once the orientation of the trimerization
mode is set, the spontaneous polarization can emerge in only
one direction. (d) Typical domain structure measured using
piezoforce microscopy. The black and white regions corre-
spond to opposite orientations of the ferroelectric polarization
along the z axis. Note that the domain structure is isotropic,
in spite of the layered crystal structure.

tron microscopy to meet at vortex cores24. Importantly
(and unusually), while this mode lowers the symmetry to
that of a polar space group it carries no net polarization,
as any net local polarity vanishes macroscopically due
to the non-zero mode wave vector. A secondary mode
of Γ−

2 symmetry (referring to the parent space group),
which does not further lower the symmetry, provides the
ferroelectric polarization (Fig. 1(c)). While the orien-
tation of this secondary ferroelectric polarization is set
by the in- or out- tilt of the K3 mode and does not re-
sult in additional domains, it is essential for our exper-
iments as it allows the straightforward imaging of the
domain structure using piezoresponse force microscopy
(PFM). Indeed PFM measurements reveal that domains
of alternating polarization are locked to the trimeriza-
tion domains around vortex cores24,28 yielding appealing
six-fold patterns (Fig. 1(d)). Electric-field poling exper-
iments have shown that the vortex cores are protected
in the sense that they cannot be annihilated or driven
out of the system by an electric field24,28. Surprisingly,
the domain structure and density of these topological de-
fects when viewed from the side of the sample is similar
to that viewed from the top in spite of the layered crys-
tal structure and uniaxial ferroelectricity28 (Fig. 1(d)).
This absence of anisotropy in the domain structure allows
for straightforward determination of the defect densities
from two-dimensional top-view scans of their areal den-
sity, rather than requiring a complex three-dimensional
analysis.
First-principles calculations21 and Landau Theory

analysis29 have shown that for small magnitudes of the
trimerizing K3 mode, the polar mode appears only as a

FIG. 2: Mexican-hat potential energy surface of the hexagonal
manganites. At high energy (the peak of the hat) the energy is
independent of the angle of trimerization, and the system has
U(1) symmetry. At lower energy (in the brim of the hat), six
of the trimerization angles become favorable (white circles),
and the symmetry reduces to the sixfold discrete symmetry
described by Z6.

third-order term, and so the magnitude of the ferroelec-
tric polarization just below TC is vanishingly small. This
is important for two reasons: First, the formation of the
domain structure at TC is not influenced by the system’s
attempts to minimize the depolarizing field from the fer-
roelectric polarization. Strong evidence for this is given
by the large numbers of electrostatically unfavorable
head-to-head and tail-to-tail domain walls that form in
RMnO3, but rarely occur in conventional ferroelectrics25.
Second, first-principles calculations show that the energy
lowering provided by the condensation of the K3 mode is
independent of the angle of the tilt until the polar mode
subsequently develops5029. This means that the poten-
tial below the phase transition temperature is given by
the continuous “Mexican hat” form (Fig. 2). The dis-
crete nature of the lattice does not manifest until lower
temperatures when the domain structure is already de-
termined. As a result we can use the mathematics of
continuous symmetries which are usually assumed in the
Kibble-Zurek mechanism. In this language, the full ro-
tational symmetry is broken when the polyhedra tilt in
the 2π range of angles, resulting in a U(1) vacuum.

For larger magnitudes of the K3 mode, obtained upon
temperature decrease, a cross-over to linear coupling with
the polar Γ−

2 mode occurs and the polarization becomes
measurably large. This lifts the degeneracy with angle
of the K3 mode and fixes the polyhedra into discrete
tilt angles of 0, 2π/3 or 4π/3, described by Z3 symme-
try. The additional degeneracy provided by the direction
(“in” or “out”) of the polyhedral tilting gives an addi-
tional Z2 symmetry reduction, resulting in Z2×Z3 = Z6.
It is an open experimental question whether the onset
of the Γ−

2 mode, which is observed ∼ 300 K below TC

is an “emergence” or an additional isosymmetric phase
transition21,27.



Multiferroics 
power law exponent 
KZM prediction: 0.3 

Measured: 0.23 

Issues:  
Unknown order of the transition 
Long thermal quenches (~hours) hard to control (inhomogeneous cooling) 
  

16 
!

 

F igure 4 

 
 
S. C. Chae, N. Lee, Y. Horibe, M. Tanimura, S. Mori, B. Gao, S. Carr, and S-W. Cheong, Phys. Rev. Lett. 108, 167603 (2012). 
 



Ongoing work - Multiferroics 

3D XY universality, exponent for vortex density:  
! depends on the dynamics. Microscopic dynamics of RMnO3 is expected 
to be local. We use the local Glauber dynamics in the simulations, !!". 

2! / (1+ z! ) ! 0.6



Nonequilibrium dynamics across 
the Mott insulator-superfluid 

transition 



Vortex formation in Mott Insulator-SF transition 
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Bose-Hubbard model 
 
 
 
 
 
 
 
 
Quenching  
the optical  
lattice depth 
 
 
 
 
 
 
 
D. Chen, M. White, C. Borries, B. DeMarco, Phys. Rev. Lett. 106, 235304 



Experiment: Mott Insulator-SF transition 

Bose-Hubbard model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Inhomogeneous, multiple crossing points in space, finite-size,  
Indirect measurement of defects/excitations, unknown critical exponents 
 
D. Chen, M. White, C. Borries, B. DeMarco, Phys. Rev. Lett. 106, 235304 



Summary 

 
We have witnessed a flurry of experiments in 2012-2013 
 
New ingredients: finite-size, inhomogeneous systems, etc. 
 
Crystal clear conclusive experiments are still to be done 
 
- Technical experimental problems 
 
- Tests of equilibrium properties before studying nonequilibrium 
  
High power law exponents to be explained 
 
Onset of adiabatic dynamics 
  



G. De Chiara (Belfast) 
G. Morigi (Saarland) 
 
 
 
 

 
 
 
  

Collaborators 
 
@ LANL 
W. H. Zurek (T-4) 
 
S. Kirmizialtin (T-6) 
 
T. W. B. Kibble (Imperial College) 
 
 
Ion traps 
Experiments: T. E. Mehlstaubler‘s group 
M. B. Plenio (Ulm)  
A.Retzker (Jerusalem) 
G. De Chiara (Belfast) 
G. Morigi (Saarland) 

 



Interested in visiting LANL? 
CNLS colloquium 
Quantum Seminar  




