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In this paper, we discuss the concept of a metamagnetic quantum critical end-point,
consequence of the depression to zero temperature of a critical end-point terminating a line
of first order first transitions. This new type of quantum critical point (QCP) is interesting
both from a fundamental point of view: a study of a symmetry conserving QCP, and because
it opens the possibility of the use of symmetry breaking tuning parameters, notably the
magnetic field. In addition, we discuss the experimental evidence for the existence of such a
QCP in the bilayer ruthenate;Br,O;.

1 Introduction

The concept of a quantum critical point has grown to be an extensively
investigated issue both theoretically [1-4] and experimentally [5-8]. The
attractions of the problem are many—fold. From the fundamental point of view it
allows the extension to the quantum regime of the challenges and paradigms
generated by the study of critical phenomena. There is also the hope that it could
offer a unified phenomenological framework for the understanding of a wide
range of correlated electron behaviour. This would have technological
implications, because the properties of many materials of practical interest would
then be governed by their proximity to a QCP.

Recently, we have worked on a novel form of quantum criticality, identifying
what we believe to be a quantum critical end-point associated with
metamagnetism in RwO;. In this paper we will give a qualitative discussion of
the general features of quantum criticality in itinerant ferromagnets, in order to
emphasise the similarities and differences between ftraditional’ quantum critical
points, which are associated with spontaneous symmetry breaking, and the
guantum critical end—point, which is not.

Usually, a quantum critical point is created by the depression of a second
order phase transition to zero temperature by means of a non-thermal external
parametep, as illustrated in Fig. 1. Fqgp = 0, the transition aT. is thermal, with
the symmetry of the high temperature disordered phase spontaneously broken.
Around the transition point, there is the well-known critical region associated
with such a classical phase transition. Tifis lowered by the application of the
non-thermal parametgr, the width of the classical critical region shrinks, until it
disappears altogether @ = 0. In this case criticality is purely of the quantum
type, in which (since momentum and coordinates operators do not commute) the
temporal and spatial components cannot be decoupled. There is a third region of
criticality, that marked "quantum critical" in Fig. 1, in which fluctuations
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Figure 1. Schematic phase diagram of a second order phase transition giving rise to a quantum critical
point atp..

controlled by the quantum critical point are thermally excited, which explains the
decrease in its width as the temperature falls. The other significant point of note is
the extent of the quantum critical region up the temperature axis; fluctuations
associated with quantum critical points are thought to play an important role in
determining the properties of correlated electron systems even at room
temperature and above. The treatment of a QCP differs from the classical one not
by the introduction of new ingredientad hoc, but rather from the fact that
simplifications normally made when considering the latter are no longer valid.

A physically appealing way to understand the interplay between the temporal
and spatial domains is provided by the relatifBAt>7#. If the characteristic
thermal timetwema = A/keT is much less thart the characteristic time of the
spatial fluctuations, the system appears static. This then justifies a classical
treatment in the vicinity ofl;, becausa diverges during critical slowing down.
Further away fromT;, however, this is not the case, and a proper quantum
mechanical treatment is required. Asdrops to zerofnema itself diverges, and
the system never enters the classical regime.

In treating the quantum regime, it is customary to do something like the
reverse of the above: treat the temporal variation of the fluctuations as extra
effective spatial dimensions (in imaginary time), and so map the quantum system
to a classical one of higher dimension. In general, imaginary time plays the role
of z (coupled) spatial dimensions, wheris the dynamic exponent, whose value is
related to the universality class of the transition. The role of the temporal
dimensions can then be understood in a finite size analysis, because the system
size in any temporal directiord is determined by the inverse temperature T If
= 0, the system is infinite in all directions, and a treatmenti+z dimensions is
appropriate. At any finite temperature the importance of the temporal
fluctuations is cut off by the finiteL; as their correlation length attempts to
diverge. Closer to the transition than this, only the genuine spatial correlation
lengths are diverging, signalling the crossover from the quamttzndimensional
treatment to a regime in which a classicaldimensional treatment is adequate.
Sincel, is inversely proportional to temperature, this ‘saturation’ of the temporal
fluctuations happens further from the phase transition line as the temperature
increases.

As stressed in the above discussion, the key step in producing the full
guantum critical region’ from fig. 1 is to produce a phase change with associated
diverging susceptibilities af = 0. A standard first order phase transition would
not be appropriate in this context, because it does not give a source of diverging
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susceptibilities. At first sight, this seems to lead to the conclusion that quantum
criticality must be associated with only second order phase transitions, and hence
with symmetry-broken phases.

Figure 2. Schematic (P,H,T) phase diagram of an itinerant ferromagnet.

In this context, a series of recent observations giving hints for quantum
critical behaviour associated with metamagnetism [9-13] were something of a
surprise. Metamagnetism is empirically defined as a sudden non-linear rise in
magnetisation at some finite applied field. It cannot be a second order phase
transition, because the low and high field states are of the same symmetry. It must
either be a first order phase transition, with the consequent discontinuous jump in
the magnetisation, or simply a crossover. The former case is in close analogy to
the liquid to gas transition in water, the difference in the value of the
magnetisation between the two states playing the role analogous to the difference
in density of vapour and liquid water. At first sight, neither of these can be a
source of the required diverging susceptibilities. However, due to the symmetry
conservation between the two phases, it is possible for this first order line to end at
a critical end-point (CEP), again in close analogy to the situation in water. The
CEP shares the property of a second order phase transition that is the key to
producing quantum criticality, since it is characterised by diverging
susceptibilities and the physics is dominated by fluctuations. The main qualitative
difference is the absence of any spontaneous breaking of symmetry. The
possibility of a new type of quantum critical point is now apparent: that which
would arise from the depression of the critical end—point temperature to zero by
means of some tuning parameter. As we now discuss, this can occur in itinerant
ferromagnets.

An itinerant ferromagnet has a ri¢dhH,T phase diagram (see fig 2): Et=0
the ferromagnetic to paramagnetic phase transition is second order below a certain
pressure*, and first order for higher pressures[14]. Any non-zero magnetic field
induces a finite magnetisation in the system; the symmetry associated with the
ferromagnetic transition is broken and the second order phase transition can no
longer take place. On the other hand, since there are no symmetry constraints on
the first order transition, it extrudes into a surface(fhH,T) of first order phase
transitions that separate states with quantitatively different degrees of
magnetisation (the metamagnetic transition). The tricritical poipit aktrudes in
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turn into a line of critical end points that bounds the surface of first order
transitions. At a particular pointpg,H,) of the pressure and magnetic field, the
line reachesT=0, giving rise to a quantum critical end—point (QCEP). Keeping
the pressure fixed gi, it is possible then to use the magnetic field to tune in and
out of criticality.

This reasoning is appealing, but clearly in need of experimental investigation.
In principle, these would be difficult experiments, requiring simultaneous
application of high pressures and magnetic fields. However, it should be noted
that both theorigin and scale of thd> axis depends on the particular compound
which is being considered, if we appeal to the standard analogy between
interatomic bonding and effective chemical pressure. In what follows we will
argue that the magnetic behaviour of the ruthenat® 8D, can be described
within the framework that we have discussed above, and furthermorep.tifat
this system sits very close to ambient pressure. This last point is an issue of
considerable experimental importance: in isolation, the applied magnetic field is
an extremely easy parameter to control.

2 The system S{Ru,O-

The basic physical properties of;B,O; have been described in various reports
[15-17]. The main development of significance was the discovery by lkeda,
Maeno and co-workers of techniques for the image—furnace growth of high purity
single crystals. This work was extended by Perry to produce crystals with residual
resistivity ps ~ 2 pQcm. In weak applied fields these crystals are strongly
enhanced paramagnets down to the lowest temperatures, and metamagnetism is
seen with transition fields of approximately 7.8 teslafbf/ ¢ and 5.5 tesla foH

/[ ab. Preliminary work on the properties in the vicinity of metamagnetism gave
evidence for critical fluctuations, notably the behaviour of the resistivity exponent
as a function of field and temperature, and the observation of an apparent
logarithmic divergence o€/T vs. Tin a field of approximately 7.8 tesla applied
parallel toc [16]. This work was far from conclusive, however. Only one decade

of temperature was investigated, and the results gave hints rather than proof of the
existence of a QCEP. As can be seen from examination of Fig. 1, high
temperature ‘quantum critical’ signatures can be observed if experiments are
performed some distance in phase space away from a critical point, particularly at
elevated temperatures.

To investigate the system in more detail, a transport study Withh ¢ was
performed at lower temperatures (Grigexal. [17]). To separate the different
contributions to the resistivity the data were analysed using the expression
P=prestAT". Pres iS the resistivity due to elastic scattering, the exporeptovides
information about the temperature dependence of the resistivity, Aamnsl a
temperature independent coefficient related to the square of the quasi—particle
effective mass. Both the temperature dependence and the residual part of the
resistivity show pronounced changes when the field is swept through the
metamagnetic transition, but the most significant finding concerns the behaviour
of A. As seen in Fig. 3A diverges as the metamagnetic transition is approached.
The experiments and the way in whighwas extracted (both described in detail in
ref [17]) mean that it is effectively a probe for diverging susceptibilities along the
T=0 axis. The fact that these were observed gives very good evidence that a
QCEP of the class described above exists at ambient pressuse wOsr
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Figure 3. Divergence of thé coefficient as a function of the magnetic field in the neighbourhood of the
metamagnetic fieltH.=7.785 tesla(data from Ref. [17]).

3 Conclusions and future directions

We have discussed a new form of quantum criticality in itinerant fermionic
systems based oncquantum critical end—poin{QCEP) in which no symmetry is
broken at the transition. This will hopefully open the way to new avenues of
investigation. Firstly, it shows that discovery of a spontaneously—symmetry—
broken phase is not a necessary step in establishing the existence of a quantum
critical point. It also removes a significant restriction on tuning parameters for
traditional QCP’s, namely that the tuning parameter cannot break the same
symmetry as the ordered phase in Fig. 1. Finally, there is the possibility of
observing even more anomalous behaviour right in the vicinity of the QCEP.
Novel ordered phases have been seen in this region near traditional QEB's (
[7]), and may also exist near QCEP’s. In the latter case, the ability to use
symmetry-breaking tuning parameters may promote genuinely new behaviour.
Intriguing preliminary evidence for this has already been seen JRU3D; [17],
and is worthy of detailed further investigation. Metamagnetism in itinerant
ferromagnets is likely to be an ideal testing ground for these ideas. Magnetic field
is a convenient tuning parameter, hopefully allowing the construction of a unified
picture of the consequences of quantum criticality in clean itinerant systems.
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