VIEWPOINT

Quantum Phase Transitions Go
Dynamical
The observation of dynamical quantum phase transitions in an interacting many-body
system breaks new ground in the study of matter out of thermal equilibrium.
by Victor Gurarie∗,†
nderstanding matter—a collection of many interacting constituents, such as atoms and electrons—is a major endeavor in physics. While
most studies in this field have focused on matter that is in thermal equilibrium with its environment,
many phenomena occurring in nature involve matter out
of equilibrium. The reason for this disparity may lie in
the often-repeated observation that, to paraphrase Leo Tolstoy’s quote about happy and unhappy families, all forms of
equilibrium matter are alike whereas every form of nonequilibrium matter seemingly behaves in its own way. It’s easy
to take a model describing interacting atoms, run it on the
computer, and study its nonequilibrium behavior. But it’s
much harder to describe classes of nonequilibrium phenomena. Rainer Blatt from the Austrian Academy of Sciences
and the University of Innsbruck, Austria, and colleagues [1]
have now succeeded in observing one such class of phenomena—dynamical quantum phase transitions—in a quantum
many-body spin system. These transitions are similar to
those that take place when ice melts or water evaporates,
but they are not driven by external factors such as temperature. Instead, they are triggered by internal changes in a
nonequilibrium quantum system as it evolves in time.
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Matter studied in labs equilibrates quickly with the environment with which it typically interacts. The environment
is usually held at some temperature, so matter in the lab
equilibrates at this temperature. By contrast, artificially engineered quantum matter made up of many atoms or ions at
temperatures close to absolute zero, such as an atomic BoseEinstein condensate, is generally thermally isolated from the
environment and can be easily taken out of equilibrium.
This feature of engineered quantum matter has made it both
the focus and motivator of recent research on nonequilibrium matter.
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Figure 1: Blatt and colleagues [1] have observed dynamical
quantum phase transitions in a linear string of N calcium-40 ions,
with N up to 10. They measured the so-called rate function of the
system as a function of time for N = 6, N = 8, and N = 10. The
singularities at two certain critical times that the measured function
exhibited indicate that dynamical quantum phase transitions
occurred at these times. (Adapted from P. Jurcevic et al., Phys.
Rev. Lett. (2017))

In particular, recent theoretical work [2] put forward
a new class of phenomena that nonequilibrium quantum
many-body systems may exhibit. The authors of this 2013
study noted an analogy between the evolution operator—a
mathematical operator that describes the evolution of the
wave function of a quantum system—and the partition function, which describes the statistical properties of a system
in thermal equilibrium with the environment. In this analogy, the role of time in the evolution of a thermally isolated
quantum system is equivalent to that of the inverse of the
temperature in a system in thermal equilibrium. This equivalence has been known and widely used since the early days
of quantum mechanics [3]. But the 2013 study pointed out
a previously unexplored consequence of the analogy: just as
thermal-equilibrium systems can undergo phase transitions
as their temperature is varied, isolated quantum systems
that are driven out of equilibrium can experience phase
transitions as time marches forward. These dynamical quantum phase transitions—as the authors dubbed this class
of nonequilibrium phenomena—would manifest themselves
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in discontinuous behavior of the system at certain critical
times.
These researchers [2] explored this notion in the muchstudied one-dimensional transverse-field Ising model, a
chain of interacting quantum spins in a transverse magnetic
field [4]. This model is known to undergo a standard quantum phase transition between its ordered and disordered
spin phases as parameters in the model that describe the
spin-spin interactions are changed [5]. This transition occurs in thermal-equilibrium conditions. But the researchers
found that if the model is “quenched,” that is, if the values of
its parameters are suddenly changed from those corresponding to the ordered phase to those of the disordered phase
while the model remains thermally isolated, it will undergo
dynamical phase transitions at certain critical times after the
quench.
This is exactly what Blatt and colleagues observed in their
experimental study of a quantum many-body spin system.
The result comes on the heels of a series of studies that
realized the transverse-field Ising model using a chain of
ultracold ions [6, 7]. Obtained in this way, the model features long-range interactions between the ions, in contrast
to the short-range interactions that characterize the original transverse-field Ising model. But as it turns out, this
long-range property is irrelevant for the system’s dynamical
phase transitions.
The team created this modified version of the transversefield Ising model using a linear string of (up to 10) calcium40 ions. They first prepared the string in the ordered spin
state, in which all ion spins point in the same direction. They
then suddenly switched on interactions among the spins
such that the chain, if it were in equilibrium, would be in a
disordered state in which the spins are randomly oriented.
This sudden change drove the system out of equilibrium.
Next, the system was allowed to evolve freely in time. Finally, the team measured the probability that either all the
spins pointed in the same original direction some time after
the switch, or they all pointed in the opposite direction. This
either/or probability is equivalent to the probability that
the sudden change in the interaction parameters involved
no thermodynamic work. Theorists have predicted [8] that
the evolution of this probability in time would be singular
(that is, not a smooth function of time) at certain critical
times as a consequence of dynamical phase transitions expected in this system. The probability measured by Blatt and
co-workers—or more accurately the so-called rate function,
which is closely related to the probability—displays exactly
these singularities in time (Fig. 1), confirming the theoretical
prediction.
Meanwhile, two papers posted on the arXiv have also
described experimental searches for dynamical phase transitions [9, 10]. One of the papers reported a somewhat
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different signature of dynamical phase transitions in a system of ultracold atoms in an optical lattice [9]. And the other
reported additional signatures of dynamical phase transitions in a transverse-field Ising chain made of 53 ions [10].
Clearly, researchers are actively on the hunt for dynamical
quantum phase transitions. It remains to be seen whether
they are as ubiquitous and as rich in their properties as their
equilibrium counterparts. Yet, a predicted class of nonequilibrium phenomena has been brought to the experimental
realm. This may well be the beginning of an exciting chapter
in the study of nonequilibrium matter.
This research is published in Physical Review Letters.
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