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Theoretically predicted quantum critical behavior in a model magnetic material has been experimentally confirmed at a quantitative level.
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Every physicist knows how a ferromagnet like iron behaves as the temperature is increased [Fig. 1(a)]. At low
temperatures, the constituent spins are spontaneously
aligned as a result of the local magnetic fields from neighboring spins. Thermal fluctuations act against such local fields, inducing random reorientation of the spins. As
the temperature increases, thermal fluctuations grow and
the net magnetization in the ordered state continuously
decreases. The magnetization drops to zero at a critical
temperature Tc (1043 kelvin in the case of iron). In a narrow temperature range around Tc , thermal fluctuations
of the spins extend over all length scales of the material—scale invariance is a key feature of critical points.
This is an example of a continuous classical phase transition driven by thermal fluctuations.
Fluctuations driving quantum phase transitions are of
a different nature, however. For example, a continuous quantum phase transition [1–3] is driven by quantum fluctuations resulting from Heisenberg’s uncertainty
principle. The transition takes place when the material
is at zero temperature but as a function of a nonthermal control parameter, such as applied pressure, an external magnetic field, or the density of electrons manipulated by the chemical composition. Theory has predicted
that, surprisingly, an additional presence of thermal fluctuations at finite temperatures does not eliminate the
critical fluctuations present around the quantum critical point [4]. Instead, the region of quantum criticality
becomes progressively broader with increasing temperature and extends to temperatures significantly above
zero [Fig. 1(b)]. This has now been experimentally
demonstrated by Alison Kinross and her colleagues at
McMaster University, Canada, in cooperation with theorist Subir Sachdev from Harvard University. In a paper in
Physical Review X [5], they report the phase diagram of
CoNb2 O6 , a model magnetic material for quantum criticality [6]. Their results correspond perfectly to the genDOI: 10.1103/Physics.7.74
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eral phase diagram outlined in Fig. 1(b). Furthermore,
they provide the first quantitative confirmation of any
theory—although there are not many—aiming to predict
the temperature evolution of the quantum critical behavior. Although the work by Kinross et al. is concerned
with a particular compound, the results are important
in a broader sense. Namely, the quantum critical behavior observed in such diverse systems as metals, magnets,
superconductors, gases of cold atoms, and black holes,
shares many fundamental characteristics—universality is
another key feature of critical points.
Research on quantum criticality in the past two
decades has focused on heavy-fermion metals [2, 3].
These are characterized by large effective masses of the
conduction electrons as a consequence of narrow electronic bands. The correspondingly small energy scale
can be easily overcome, which makes heavy-fermion metals susceptible to external perturbations: some of them
can be brought to the quantum critical point separating
a metallic from an antiferromagnetic state by changing
chemical composition, magnetic field, or external pressure. The intricate competition between the two phases
results in unusual and interesting properties that are still
poorly understood. Since many degrees of freedom are
involved, i.e., charge, orbital, and spin, the theories describing these systems are quite complex and, to date, unsatisfactory. This is even more the case for materials such
as the two classes of high-temperature superconductors:
cuprates and iron-based superconductors. Adding to the
complexity, the quantum critical point is surrounded by
the superconducting phase and other unusual phases at
higher temperatures, rendering the theoretical treatment
even harder.
To better understand the experiments focused on
quantum criticality, a smaller number of relevant degrees
of freedom should be involved, which brings us to magnetic insulators. These materials contain spins of magc 2014 American Physical Society
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FIG. 1: (a) An example of the classical phase transition in
a ferromagnet. Thermal fluctuations causing the random reorientation of the constituent spins grow with temperature.
They compete with the tendency of the local magnetic fields
to align the spins. As a result, the net magnetization in the
ordered state continuously decreases with temperature (orange line) and drops to zero at a critical temperature Tc , surrounded by a narrow critical region (dashed rectangle). (b)
A generic example of the quantum phase transition. Quantum fluctuations controlled by the nonthermal parameter g
lead to a similar phase transition at a critical value gc , the
so called quantum critical point, already at zero temperature, T = 0. Their interplay with thermal fluctuations opens
up a progressively broader, V-shaped quantum critical region
extending much above the zero temperature (dashed lines).
(APS/Martin Klanjšek)

netic ions, coupled via the exchange interaction, as the
only degree of freedom. They are particularly appealing
when two conditions are met. First, exchange couplings
should be sufficiently small with respect to the energy
scales set by temperature or magnetic fields that can be
reached. This condition allows the experimental investigation of the entire phase diagrams of Fig. 1(b), with
magnetic field as the control parameter. Second, when
the exchange-coupling network contains one-dimensional
motifs like chains (lines of spins) or ladders (pairs of parallel chains), the theoretical approaches developed specifically for the simplest case of one dimension allow deeper
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understanding and even, in some cases, lead to analytical
results [1, 7].
A nice example is CoNb2 O6 [6] where spins are ferromagnetically coupled into Ising chains. This means that
each spin can point only up or down, along an “easy” axis
determined by the crystal structure. Because of its simplicity, the underlying spin model is one of a few where
rigorous predictions exist for nonzero temperatures and
magnetic fields, including the quantum critical region [1].
In the ground state, all spins point in the same direction,
either up or down, creating a ferromagnet. A relatively
small exchange coupling (corresponding to a temperature
of around 18 kelvin) allows this state to be manipulated
by a magnetic field. When the field is applied in the direction perpendicular to the easy axis and gradually increased to 5.2 tesla, the system enters the paramagnetic
ground state with spins oriented along the field, i.e., perpendicular to their initial configuration. The fundamental difference between the two states is that the ferromagnetic one breaks the mirror symmetry of the Ising chain,
while the paramagnetic one does not. Hence the two
states are clearly separated by a phase transition and, as
the ground states are associated with zero temperature,
this transition is a quantum critical point. Theory says
that the nature of quantum fluctuations in both states
is different: the motion of domain walls separating two
oppositely oriented, ferromagnetic domains in the first
case, and single-spin flips in the second.
The researchers at McMaster University have now
studied the nature of the quantum fluctuations across
the entire phase diagram of CoNb2 O6 . They used nuclear spin-lattice relaxation, one of the basic tools of
nuclear magnetic resonance, as an observable related to
low-energy spin fluctuations [8, 9]. In a typical experiment of this sort, an external radio-frequency pulse is
used to disrupt the selected set of nuclear spins, whose
relaxation due to the coupling with magnetic spin fluctuations (constituting the lattice) is then monitored. Existing rigorous theoretical predictions combined with a few
phenomenological simplifications allowed the researchers
to obtain analytic expressions for the behavior of their
observable in all three regions: the two magnetic phases
and the region of quantum criticality separating them.
The spin fluctuations are expected to exhibit the energy
gap whose evolution with the magnetic field is basically
represented by dashed lines in Fig. 1(b). The energy
gap, which represents the only intrinsic energy scale of
the problem, drops to zero at the critical field. The only
remaining energy scale is then set by temperature, this
being the crucial property of quantum criticality [1–3].
The researchers experimentally confirmed the predicted
linear evolution of the gap with the magnetic field, which
allowed them to pinpoint the location of the quantum
critical point. At the critical field, the observable is expected to display a power-law temperature dependence,
another hallmark of quantum criticality, with a characteristic power of -3/4 in this case—precisely what they
observed. Even more, a rigorous experimental analysis
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allowed them to estimate the prefactor to this behavior,
which they found to correspond nicely to the theoretically predicted one. And finally, they observed this behavior to persist to as high a temperature as almost half
of the exchange coupling, which sets the global energy
scale of the problem. This answers an essential question
about how far away from the absolute zero temperature
quantum criticality reaches or how measurable it really
is. The experiment constitutes the first quantitative confirmation of the quantum critical behavior predicted by
any of the few existing theories.
This work complements a series of previous nuclearmagnetic-resonance studies of quantum criticality in
other magnetic insulators containing spin chains or ladders. For instance, the pioneering experimental work of
Chaboussant et al.[10] mapped the phase diagram of Fig.
1(b) in a ladder compound. Yet in that case, the complexity of the system and the lack of relevant theoretical predictions prevented the authors from learning much
about quantum criticality. More recent work [11] demonstrated scale invariance and universality of the quantum
critical behavior by comparing data for two model materials. These two results and some others established
nuclear magnetic resonance as a method of choice, and
magnetic insulators as the materials of choice, for studying quantum criticality. Obvious future directions involve
materials containing spins arranged in two-dimensional
motifs. In this respect, it is worth noting a recent approach that relates quantum critical theories with theories of gravity in black holes, which has already led to the
first experimental predictions on the dynamics of quantum criticality [12].
Quantum critical behavior found in diverse systems
ranging from simple magnets to sophisticated black holes
may well reflect one of the most complex states of matter. But approaches like that of Kinross et al. are a step
forward in our effort to arrive at the general theory of
this universal behavior, the project already realized for
classical criticality after decades of work [13].
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