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Introduction

Magnetism plays an undeniable role in modern life, from storing data in computers, to anti-
lock braking systems in cars, many pieces of technology being commonly used most likely
rely on something magnetic. Recently emerging fields include spintronics , in which
spin polarised currents are used to send information more efficiently than charge currents,
magnonics [3] in which magnons are used to send information, as well as materials with a large
magnetoelectric effect, in which only a small current is needed to switch the magnetisation in
a system, implying use in highly efficient memory devices [4]. Fields such as these require an
understanding of the materials which host the complex magnetic structures whose attributes
can be leveraged to create such devices and this is the contribution this thesis hopes to make.

When one first learns of magnetic systems, two types immediately come to mind, ferro-
magnets and antiferromagnets. In a ferromagnet, the individual magnetic moments align,
leading to an overall magnetisation in the system which is easily detectable in an experiment,
even without the presence of a magnetic field. In antiferromagnets, the magnetic moments
anti-align, producing a magnetic state with no-net magnetisation. Such a state can still be
detected, for example, through neutron scattering, where the magnetic moment of the neutron
interacts with the magnetic ions in the lattice, giving magnetic diffraction peaks [5].

These considerations naturally lead to the question as to what else could there be? In
both cases mentioned above, the formation of a magnetically ordered state is associated with
the breaking of a symmetry, in a ferromagnet, order sets in below the Curie temperature
and time-reversal symmetry is broken, while the translation symmetry of the system is main-
tained. In antiferromagnets below the Néel temperature, time-reversal symmetry is broken
and translation of one lattice spacing is also broken, while the combined operation of the two
remains a symmetry. This then suggests that it could be worth investigating what would
happen if the operation in question were not translation but some other operation which
leaves the lattice invariant. If the operation in question is, for example, a rotation, one is left
with something of a relation to an antiferromagnet but with a new set of properties which are
of use in the production of highly efficient electronics. We see a simple depiction of this in
Fig.[1l Such a system would combine the zero net-magnetisation of an antiferromagnet with
the spin-splitting exhibited by ferromagnets. This would allow for the formation of spin cur-
rents used in spintronic devices, without the danger of such devices coupling to one another
through a magnetic field generated by the material . This type of magnetism has been
dubbed an altermagnet, it is related to the Pomeranchuk instability @ in the spin channel for
higher angular momentum, in which the Fermi surface becomes unstable with respect to de-
formations and can exhibit the symmetries described above. The properties of an altermagnet
make their detection highly non-trivial. One would need a way to test whether a particular
material, which may look like an antiferromagnet, is actually an altermagnet. The fact that
the altermagnet breaks a symmetry of the overall crystal system suggests that it could couple
to strain and can therefore be manipulated by applied strain. There already exists a wealth of
literature dedicated to measurements of strain and strain fluctuations (phonons) [7H9] which

ix
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Figure 1: Magnets can be defined by the symmetries their moments form (red for spin up, blue
for spin down). For example a ferromagnet (panel (a)) breaks time-reversal but keeps translation
invariance, an antiferromagnet (panel (b)) breaks time reversal and translation by a lattice spacing
but keeps the combination of the two constant. Another option is to break a rotational symmetry
and time reversal, keeping the two as a symmetry. Here a different unit cell to that of the
antiferromagnet is enforced by the non-magnetic atoms (green), leaving two magnetic atoms per
unit cell. In the non-magnetic state, the blue and red atoms are identical.

implies that if such couplings exist, they would offer a route to indirectly detect altermag-
netism. We consider the regime where quantum fluctuations of the order parameter are at
their strongest and using group theory, we construct symmetry-allowed coupling terms be-
tween magnetism and strain and see how this is manifested physically through observable
properties of the system.

This thesis is not just restricted to altermagnetism, we also discuss orbital magnetism in
twisted bilayer graphene [10H13] with large magnetoelectric effect, of interest due to applica-
tions in memory devices [4]. Twisted bilayer graphene is an incommensurate system which
allows for an extended elasticity theory and additional couplings not possible in commensurate
crystals. We also briefly discuss the implications of our analysis for nematic order, relevant
to iron-based superconductors [14-16], which, much like altermagnets, break rotational sym-
metry but not time-reversal.

Structure of the thesis

Chapter [1] serves as an introduction to the important concepts needed to understand the
chapters which follow. It is split into four parts, the first of which outlines the theory of
elasticity. Elasticity is described using a field theory which we then use to deduce the dis-
persion relations of the collective modes of lattice deformations, i.e. the phonons. We then
discuss the formation of complex magnetic structures, what properties these structures have
and under which conditions they materialise. These systems will be studied in the regime
at which quantum fluctuations are strong, this happens close to the phase transition at zero
temperature, i.e. the quantum critical point. We will discuss the general behaviour of systems
near such a point and how it affects the finite temperature properties of a system. Once the
field theories of the magnetic structures and elasticity have been established, we will use a
group theoretic analysis to couple the two degrees of freedom and discuss possible experiments
which can then probe this.

Chapter 2| discusses a piezomagnetic coupling, where an altermagnetic order parameter is




coupled to strain via mediation by an external magnetic field and is based on Refs. &:.
The magnetic field allows for both, tuning of the coupling strength and the position of the
quantum critical point. We show that this coupling leads to the emergence of lattice softening
along certain directions, in analogy with the well-studied nematic systems . The
emergence of soft directions changes the universality class of the system, without destroying
the critical point itself. We also find two regimes of behaviour above the critical point, again as
is known for the nematic systems . The behaviour in the higher temperature regime is that
of the bare critical regime (without elastic coupling) but below a magnetic field-dependent
crossover temperature, the behaviour is dominated by the effects of coupling to elasticity. We
show that this elastic quantum critical regime is qualitatively different to that of a Fermi liquid
through a calculation of the elastocaloric effect, a realisation that is not recognised through
a calculation of the heat capacity or single particle self-energy. The qualitative change in
behaviour of observables through the presence of an external magnetic field suggests that
altermagnetism can be indirectly detected. The analysis of the elastocaloric effect also has
implications for criticality in nematic systems.

In Chapter |3, we introduce a dynamic coupling which does not rely on an external field to
materialise and is based on Ref. . Elasticity can be directly coupled to the time derivative
of the magnetic order parameter, an effect that is therefore at its strongest when fluctuations
are strong, i.e. close to the quantum critical point. In this case we find that the magnon
modes and phonon modes hybridise, the anisotropy of the magnetism is then reflected in
the phonon spectrum, leading to a direction-dependent softening of the phonons. If this
softening is detected, then it would allow for the detection of an altermagnetic state and for
the deduction of its symmetries.

In Chapter |4 we use this dynamic coupling again, this time in an incommensurate system,
based on Ref. [21]. The system in question is twisted bilayer graphene. Here anharmonic
terms in the adhesion potential serve to damp the elastic modes, leading to the emergence of
phasons . The elastic modes transform under the same irreducible representation as the
orbital ferromagnetic state which emerges when twisted bilayer graphene is partially aligned
to hexagonal boron-nitride . We see that the coupled mode which retains a pre-
dominantly magnonic character inherits this damping and the system is driven towards the
quantum critical point as damping is increased.

In Chapter |5, we provide a summary of each chapter and discuss the next steps and future
directions of the analysis presented here.
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Chapter 1

Fundamentals: Quantum phase
transitions of magnetic structures
coupled to elasticity

We begin with an introduction to the concepts needed to understand the analysis presented in
the following chapters. This thesis concerns itself with complex magnetic structures which are
coupled to elasticity in the vicinity of a quantum critical point (the point at which the tran-
sition temperature between the disordered paramagnetic phase and ordered magnetic phase
is suppressed to zero). The complexity for the systems in question means either possessing
symmetries not found within the standard ferromagnetic or antiferromagnetic systems, or
a type of magnetism possessing a purely orbital nature, with an only marginal input from
the spin degrees of freedom. It is therefore crucial that we first in Section provide an
overview of elasticity in crystalline systems and show how this is underpinned by group theo-
retic methods also relevant to the complex magnetic systems we define in Section These
systems undergo a quantum phase transition (i.e. a phase transition at zero temperature); in
Section we study the general behaviour one could expect to find in systems where these
transitions occur, including how fluctuations of the order parameter affect the finite tempera-
ture properties of a system and how it is possible to find theoretically the point at which the
system orders. Having identified the elastic modes and order parameters we then show how
to deduce possible couplings through a symmetry analysis of the various collective modes in
Section and how this is relevant for experimental probing of magnetic structures.

1.1 Field theories of elasticity

There naturally exists a coupling between magnetic degrees of freedom and the lattice; any
change in the lattice parameter ¢ must in turn come with a modification to the exchange
interaction between the individual magnetic moments situated on the lattice . We will
represent this interplay through a long-wavelength collective field theory. This implies that
the coupling of magnetism to the lattice which hosts it is implemented through a consideration
of the collective modes. The collective mode of the magnetism is of course the magnons, which
we will discuss in detail in Section. and for the elasticity, the collective modes are phonons.
We begin with a general analysis of long-wavelength field theories of elasticity in crystals.
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Figure 1.1: The strain of a tetragonal crystal can be represented through the irreducible repre-
sentations of the crystal symmetry.

The quantity which describes the deformation of the lattice is the symmetrised strain ten-

sor [27]

€ij = % (aluj + ajul) y (1.1)

where 0; is a partial derivative with respect to the coordinate z; and u; is a displacement of a
point on the lattice from its equilibrium position in the direction x;. If we consider a tetragonal
crystal (which will be the system used in much of this thesis), we then study Table to
see which combinations of € are symmetry allowed. Each crystal transforms according to a
symmetry group which defines which transformations leave a system invariant. This point
group can be decomposed into the direct sum of a set of irreducible representations of this
group , each of which could potentially describe a way under which strain transforms.
The quadratic functions column states which functions transform according to the relevant
irreducible representation, from this we see that the irreducible representations of the strain
are

5272
€Ay, = Ezz + Eyy, €2z €By, = Ezz — Eyy» €Byy = Eays EB, = (Ey) ) (1.2)

These combinations correspond to the irreducible representations which include a quadratic
function. A depiction of these strain elements can be found in Fig.

Knowledge of the allowed combinations of strain makes it possible to derive the symmetry
allowed phononic excitations. The free energy density for elastic degrees of freedom is given

by 1
Fa [u] = Cijpeijen = guiliju;, (1.3)
where Cjj p; are the elastic constants and M;; is the dynamic matrix. The point group sym-

metry is used to identify Cj;x;; the symmetries are used to relate certain elements to one
another, reducing the number of independent elements . The free energy of a tetragonal




1.1 Field theories of elasticity

crystal is then (using the convention of Ref. , we note that this sometimes appears with a
coefficient 2 of Cyy and Cgg )

C11 / 2 Cs3 5 | Cua (o 2
Fa= " (S tepy) + e+ (2 +ep.)
Céee
+ Tesiy + Choegaeyy + Ci3 (em + 5yy> €2z,

(1.4)

with the elastic constants given in Voigt notation. We see that certain elastic constants (for
example those corresponding to terms for €2, and 6§y) are the same as a result of the symmetry
a tetragonal crystal possesses in the z — y plane.

The elastic degrees of freedom are described by the action

S. = /d%/dt BuQ + Fe [u]} : (1.5)

where p is a mass density.
To find the dispersions of the phonon modes, we find the eigenvectors of the dynamic matrix
or solve for

det (pw2 - M) = 0. (1.6)
Which, if we simplify by assuming Ci3 = —Cyy and Cgg = %, decoupling the in-plane
and out of plane elasticity (a simplification we make here in order to be able to calculate the
phonon modes analytically but will also be able to justify in other cases), gives the phonon
modes

1
Q(q) = — (Cu4]qad)® + C11¢2 ),
pSh(q) \/p( ‘14| d24] 1 )

1
Q(q) = /= (Crilazdl® + Cuq?),
pQ2(q) \/p( 11]924] 44 )

ps(q) = J; (C“ 2+ 044q§>, (L.7)
where 2 is the energy of the phonon mode and qgq = (qx, qy) is the in-plane momentum.
The eigenmodes of the dynamical matrix give the polarisation vectors of the modes with
Xl(q) = (0,0,1)T, Xg(q) = ﬁ(ch,qy,O)T, and Xg(q) = ﬁ(—qy,qgc,O)T7 respectively. Once
the symmetry of a crystal is known, it is trivial to deduce the dispersions of the phonons
which the lattice hosts and by extension generate a field theory for the elasticity of the crystal
in question.

In crystals, phonon modes are symmetry protected and as such, are not subject to damping.
Alternatively, in addition to phonons there exists another candidate for the elastic collective
mode. In twisted bilayer graphene, long-wavelength fluctuations are dominated by phason
modes . Twisted bilayer graphene is the result of stacking two graphene layers at a relative
twist angle (see Fig. . This somewhat complicates the elasticity of the system.
Unlike in commensurate crystals where the collective modes arise as a result of vibrations of a
rigid crystal, in twisted bilayer graphene, the modes correspond to the relative displacement




1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity

Du, | E [2C, | Co | 2C3 [ 2CY
Ay [ +1 | +1 [¥1 | 1 | #1
Agg [ +1 | +1 [+1 | =1 | =1

i | Linear functions | Quadratic functions
1
1

Big | +1] -1 [+1] 41| -1 | 1 - 2% — y?
1
2

: 221y 2

Bag | 11| —1 | +1| —1 | +1
E, |+2] 0 =2 0 | 0
Awg | +1] +1 | +1] +1 | +1 | -1 - .
Agy | +1 | +1 | +1 | —1 -1 | -1 z -
Bro | +1] —1 | +1] +1 | -1 | -1 - -
Bow | 41| —1 | +1] -1 | +1 | -1 - -
E, | +2] 0 | =2] 0 0 | -2 (z,v) -

Table 1.1: The character table for point group Dyj,. The z-axis coincides with the C} axis .

of the two layers. In analogy with the strain tensor, the twist angle can be written as
Q = Oruy — Oyuy,. (1.8)

This describes an antisymmetric tensor {2, = —€,, which is in direct contrast to the elastic
tensor €;;. While we discuss this for twisted bilayer graphene, it must be noted that this is not
a unique case, such a term generally enters the elasticity theory for quasiperiodic systems
. Disorder in the moiré lattice as a result of disorder in the relative orientation, and thermal
fluctuations serves to damp the collective modes, leading to the formation of overdamped
phason modes . The fact that this elastic component transforms like a rotation around the
z axis means that this transforms like Ay, this is an irreducible representation not applicable
in symmetric elasticity. This will be important later, with regards to constructing coupling
terms. The disorder in the relative displacement is a result of the fact that the twist angle is
neither static nor homogeneous, areas of lattice relaxation form, leading to an inhomogeneity
over the lattice . This leads to dramatically different behaviour despite the similarity of
phasons to acoustic phonons. The similarity is a result of the fact that the elastic theory of
TBG is inherited from the phonon modes of both individual graphene layers .

The focus is on the in-plane collective modes of the moiré structure. The fact that the
pattern is an incommensurate superlattice implies that the low energy excitations are damped
phasons, similar to those one would find in quasicrystals . The incommensurate
property of the lattice breaks the translation symmetry which protected the phonons and
so the phasons are instead associated with the invariance of the system under translations of
the layers relative to one another [29], in which what occurs is a shift of the centre of the
beat pattern [39]. For our purposes it is important to know how disorder and anharmonic
vibrations of the graphene layers affect the phason dispersion as shown in Ref. .

We consider an inhomogeneous twist angle with variance

602 L2 Le

where bars represent an average over disorder, 660 = 6 — 6, L,, is the moiré period and L is
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the length scale beyond which disorder causes stacking order to be lost.
The inhomogeneity of the twist angle over length scale L. leads to a gap in the phonon
dispersion. This gap introduces the energy scale

Ow ~ WZBLm/Lw (1.10)

where wyp is the acoustic phonon frequency at the boundary of the moiré Brillouin zone. The
occurrence of a gap in the spectrum is another manifestation of the fact that the phasons
are not protected by a conservation law. This occurs because if the stacking order is lost on
a length scale L., the phasons will then acquire a gap on the momentum scale ¢. = 27/ L,
and so Eq. is derived using the long-wavelength dispersion. This is the result of static
disorder causing the loss of stacking order on finite length scales [22].

It is crucial that we also consider the effects of thermal fluctuations. It is in the effects
of anharmonicity on the dynamical response that the damping has its origins. Thermal
fluctuations which arise from anharmonic contributions to the adhesion potential are the
most relevant here. These contributions stop the linear momentum of each layer being locally
conserved and contribute to the imaginary part of the phason self-energy. The relaxation
rate of the relative momentum between the layers is determined by phason scattering which
converts phason modes from one branch into the other. One finds two regimes: at long
wavelengths, the phasons become diffusive, whereas they are propagating at short wavelengths.
The propagating regime is characterised by a sharp quasiparticle peak in the susceptibility .
The dispersion can be seen through the spectral function in Fig.

The damping of phason modes will then also affect the magnetic collective modes if the two
are coupled. While the magnetic collective modes are initially undamped, the introduction
of a coupling strength and the hybridisation of the two modes will cause some damping to
be present in the hybridised mode which retains a mostly magnonic character. We therefore
anticipate that the nature of the collective elastic modes will have an important effect on the
magnetic collective modes in Chapter.

1.2 Complex magnetic structures

Having analysed how collective modes of elasticity are deduced, the other half of the coupling
terms, the magnetic structures will now be discussed.

The impact on magnetism in forming the world around us is undeniable, it is a major
component in advancing technology, meaning that from modern society’s formative years
until the current day, magnetism plays at least some role in almost everything we do. As a
result, it is difficult not to get excited about new developments in a field which could, in turn,
lead to significant technological advancements. The considerations presented here represent
a more fundamental theoretical analysis of novel magnetic structures, highlighting that such
works are still near the embryonic stages of their development, while maintaining some view
towards their applications.

In recent years, complex orders of magnetism have gained significant attention. The two
forms pertinent to this thesis are the almost purely orbital magnetism, present in twisted
bilayer graphene aligned with hexagonal boron-nitride and the other, which forms
the bulk of the focus of the following chapters, is altermagnetism . Altermagnetism
is a purely multipolar magnetism, meaning that its net dipole moment vanishes by symmetry.
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(@) w (b) w

q q

Figure 1.2: The spectral function of the phason mode acquires a damping which gives a dispersive
mode at long wavelengths and propagating at short wavelengths. In the presence of static disorder
the mode acquires a gap (panel (a)), in its absence, the mode is massless (panel (b)) (Figure

adapted from Ref. )

The order parameter then corresponds to a higher order multipole, a toroidal moment or some
configuration of dipoles with a net dipole moment which vanishes by symmetry . This is
the family of systems with which we begin our analysis.

1.2.1 Altermagnetism

To briefly reiterate what has already been said about point groups, every crystal belongs to
a particular symmetry class, determined by the shape of its unit cell and how this unit cell
behaves under various transformations . We will demonstrate in the following sections,
how powerful a concept this is, allowing us to deduce not just how the crystal itself behaves
with regards to the elastic degrees of freedom but also the types of magnetic order that a
lattice is capable of hosting.

Magnetism is associated with a spontaneous breaking of symmetry. Consider a set of
magnetic moments, each situated on a lattice point. In a ferromagnet, below the Curie tem-
perature, it becomes energetically favourable for the magnetic moments to align, such that the
material acquires a finite net-magnetisation and time-reversal symmetry is spontaneously bro-
ken [57]. In an antiferromagnet, the magnetic moments anti-align; this creates a system where
time-reversal symmetry is broken, in addition to a lack of invariance of a translation along a
lattice spacing, while keeping the combined application of the two operations a symmetry of
the system. These properties define the symmetry group for the magnet. In the presence of
spin-orbit coupling, the spins are pinned in certain, symmetry allowed, directions . The
symmetries broken by a magnetic state then match those of the crystal , this
leaves a set of irreducible representations, not corresponding to ferromagnets or antiferromag-
nets which could still describe a magnetic system. As the magnet would not transform like a
ferromagnet, it possesses a zero net dipole moment. Something which does not transform like
a dipole cannot represent an object with a dipole moment. A magnet with such properties
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can be defined analogously to an antiferromagnet, with the translation replaced by a point
group operation. The class of magnet which breaks these symmetries has been dubbed an
altermagnet [2].

Altermagnets are of great interest, not least because of the exotic symmetries that such
a configuration can have. Altermagnets combine ferromagnetic properties, such as a broken
Kramer’s degeneracy, with properties associated with antiferromagnets where moments al-
ternate in a compensated anti-aligned order . In order to define such states, we use the
symmetry of the system which hosts this state. If we consider the case that translation sym-
metry is not broken, then it suffices to use the point group for the crystal . We again focus
on a tetragonal crystal, belonging to the Dy point group, to demonstrate the concept and
provide a more concrete definition of an altermagnet. The full point group symmetry for a
tetragonal crystal is classified in Table. We see a set of irreducible representations which
will define the symmetries of the potential altermagnetic order parameters.

If we consider the case that the altermagnet transforms according to the irreducible repre-
sentation Big4, the character table tells us that this is antisymmetric under a Cy rotation, i.e.
a rotation by 7. Given that a magnetic state must also be antisymmetric under time-reversal,
under both transformations, the point group operation and time-reversal in combination, the
system is invariant. The altermagnet spontaneously breaks both symmetries as it orders.
We are therefore able to define a set of possible altermagnetically ordered states just from
the point group table. We need to preserve inversion symmetry, hence only the irreducible
representations with the subscript g are possible candidates. If the point group operation
which connects one moment to its opposite is inversion symmetry then this is not an alter-
magnet but an antiferromagnet . Ay, transforms like a rotation around the z-axis and
is hence a ferromagnet aligned along z and E, is a two component order parameter which
also transforms as a ferromagnet with one component aligned along x and the other along y.
Our options for altermagnets in Dy, hence correspond to the trivial representation A, and
the representations By, and Bg,. The rationale behind using the point group symmetry of
the crystal to define the altermagnets is that even a weak spin-orbit coupling is enough to fix
the magnetic moments along certain directions which then satisfy these symmetries [58]. In
the absence of spin-orbit coupling, a different group-theoretic analysis is required. In some
cases this is resolved with the use of so-called spin groups . The spin groups are, in
fact, only applicable for the case where spin orbit coupling is neglected completely, whereas
the definition of altermagnetism which we present here, based upon the point group of the
crystal, holds for the more physical case in which spin-orbit coupling is present. The presence
of spin-orbit coupling (even in the case that the effect is small) restricts the possible directions
of the magnetic moments and the altermagnet must be defined by the point group symmetry
of the crystal. This method also makes clear the connection between altermagnets and mul-
tipolar order as each of the irreducible representations discussed here is itself associated with
a multipole .

To understand the magnetic structure, we consider the form of the order parameter. If the
spins all align out of plane we have

OB, ~ Y B, (k) <CLGch>, (1.11)
k

where ¢! and ¢ are fermion creation and annihilation operators respectively, o, is a Pauli
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matrix in spin space and fp,, is a form factor that corresponds to a By, order parameter but
actually transforms according to Ba, due to the product rules for irreducible representations,
which we will derive in Sec. This is simply a single component Ising order parameter.
The form factor must transform in this manner because the expectation value transforms
according to Asag, as it corresponds to a dipole aligned along the z-axis. The product between
this and the form factor gives a B4 order parameter. The form factor defines how local
magnetic moments are distributed within the unit cell. The inhomogeneous distribution of
magnetic moments is the consequence of multiple magnetic atoms per unit cell . A form
factor which transforms like Ba, this must transform like zy in the z = 0 plane. In momentum

space, this becomes fp,, (k) = sin (k) sin (ky) For a By, altermagnet we use a form factor

which transforms like By, and so fp,, (k) = cos (k;) — cos (k:y) For Ajg, the form factor
transforms like Agg4; this is satisfied by in-plane spins and a form factor which transforms like
E,. We will focus on the ordered states where the spins are aligned out of plane. These form
factors modulate the expectation value in Eq. which is a pseudovector which transforms
like a magnetic dipole . If the form factor transforms trivially, the object ¢ transforms like
a dipole. Introducing form factors which do not transform like a dipole immediately means
that, by symmetry, the net magnetisation must be zero. In Fig. we show a density plot of
the form factors which define the two choices of order parameter for out-of-plane spins. The
form factors of Bi4 and Ba4 order parameters produce similar results, that of a quadrupolar
distribution. The angular momentum of a quadrupole corresponds to angular momentum
l = 2, such that the total angular momentum of ¢, j =1+ 1= 3. ¢p, /B, is therefore an
order parameter which describes an octupolar ordered state. In agreement with Table.
a rotation by Cy transforms ¢ — —¢ and so, in combination with time-reversal, the order
parameter is invariant. The structure of an Aj, altermagnet is more complex, it corresponds
to a hexadecapolar distribution of spins (I = 4) such that the order parameter corresponds
to a dotriacontapole with j = 1+ 11 = 5. We therefore see that the form factor mediates the
creation of a higher order multipole, as opposed to the [ = 0 dipole which condenses when
the form factor is trivial .

Multipolar order has gained significant attention due to its potential technological appli-
cations . The magnetic structure suggests that the magnetic collective modes
(altermagnons) will be chiral in nature. In antiferromagnets, chiral magnons are degenerate
as a result of protection from inversion and translation symmetry , theoretical works
have shown however that in altermagnets there exists non-degenerate chiral spin waves .
If we consider two magnetisations m; and mgy where one transforms into the other under a
5 rotation such that the system has a Cy symmetry, then following the principles outlined in
Sec. there exists a symmetry allowed term in the free energy

Fani X kykym? — k,k,m3, (1.12)

where under Cy rotation zy — —xy and m; — my such that the free energy remains invari-
ant. Such a term gives rise to non-degenerate chiral modes in altermagnets . It has been
suggested that this effect makes altermagnons an attractive possibility in magnonics due
to magnon-generated spin currents of which one can now take advantage . Magnonics
involves using magnons in order to transfer and process information . Magnons in ferro-
magnets also carry spin currents but exist in the GHz range, making them unsuitable due to
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Figure 1.3: A density plot for a form factor which transforms as By, (panel (a)) corresponding
to a By, altermagnet and a form factor which transforms like By, (panel (b)) corresponding to
a B, altermagnet. We see that the form factors define the distribution of magnetic moments
within the unit cell and define its symmetry. In this case, the state is odd under a C4 rotation, the
minus sign acquired under this rotation can then be cancelled by time-reversal and we therefore
have an altermagnet.

difficulties exciting such quasiparticles .

An altermagnet, which breaks invariance under a Cy rotation, possesses a d-wave symime-
try, which suggests the possibility of interactions with unconventional superconductors [2].
Many effects of magnetism on superconductivity are well known; in ferromagnetic systems,
magnetism suppresses spin-singlet superconductivity, allowing other pairing channels to dom-
inate, whereas antiferromagnets can support spin singlet superconductivity, such as in iron
based superconductors . In an altermagnet, the symmetries lead to a set of even num-
bered anisotropic (due to the momentum dependent spin-polarisation) spin-polarised Fermi
surfaces . The number is even in order to enforce net zero magnetisation. There exist spin
degenerate nodal surfaces for which spin-singlet pairing may occur as in antiferromagnets,
however the spin-split momenta can support spin-triplet pairing similarly to a ferromagnet.
In an altermagnet the average of the spins is zero by symmetry. Each split of the Fermi surface
contains its own order parameter . This raises the prospect of new physics emerging not
only in systems where altermagnetism and superconductivity coexist such as the potential for
anisotropic Cooper pairing but also in heterostructures comprised of altermagnetic ma-
terials and superconductors, examples include orientation dependent Andreev reflection [65)
and Josephson effect , as well as finite momentum Cooper pairing .

Another possible application is in the field of spintronics . Much like ferromagnets,
altermagnets break time-reversal symmetry and exhibit spin splitting, which implies they can
be used to recreate the effects of ferromagnetic spintronic devices. In such devices the two spin
channels polarise electric currents. The effects associated with this include spin-transfer torque
and giant/tunnelling magnetoresistance which can be utilised to switch the magnetisations
of two ferromagnetic electrodes between parallel or antiparallel. This effect is leveraged in
commercial memory devices. The vanishing magnetisation in altermagnets suggests the lack
of any stray field and so spintronic devices using altermagnets can be closer together without
the fear of them coupling together (a danger one would have with ferromagnets), this suggests
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that altermagnets could be a key component to producing small, highly efficient devices. These
properties make altermagnets incredibly promising for use in spintronics .

These applications elucidate which properties make altermagnetic materials important. In
general the zero net magnetisation of these systems makes actually detecting which compounds
are altermagnetic non-trivial. There already exists candidate materials for altermagnetism
such as RuO, and MnTe . This thesis will focus on theoretical studies for
possible experimental detection through the interaction of altermagnetic order with strain.
This would allow for candidate materials to be verified, before potentially being used in the
technologies considered above.

There currently exist several promising routes, which don’t necessarily rely on strain. Or-
dering of octupolar order means transport properties in altermagnets are also of interest. For
example Hall effects , where by symmetry, the anomalous Hall effect is absent but there
exists a finite third-order effect of the form

Jo = 0ls s BB Es. (1.13)

where j is the associated current, E is an electric field and 05575 is a third order Hall con-
ductivity coefficient. Detection of such a current would allow one to probe the altermagnetic
state. We will however take a different approach. Rather than investigating the transport
properties of unstrained altermagnets, we will construct a model which couples them to strain
and explore if this suggests new ways of probing such states, in some cases in analogy with
methods already documented for nematic systems . We will also investigate the
elasto-Hall effect in Chapter.

While this is discussed as a new classification of magnetism, the idea of a d-wave (or higher
order multipole) magnet is not new in and of itself. We can see a discussion of similar systems
in the work of Pomeranchuk [@ as far back as 1958. A Pomeranchuk instability describes
an instability in a Fermi surface with respect to deformations. Such a deformation can lead
to a system with the same symmetries that we are currently attributing to altermagnets.
Altermagnets therefore correspond to an even parity spin-triplet instability with [ = 2 for a
d-wave altermagnet or [ = 4 for g-wave @ .

We see that altermagnets provide a potential foundation for the development of new, highly
efficient technologies. Here, we have provided a robust definition for an altermagnet in the
presence of spin orbit coupling. We will see that the fact that the irreducible representations
of the altermagnet and strain match one another creates natural couplings to strain, some of
which do not exist for an out of plane ferromagnet. This is the result of the lack of an A,
strain element in commensurate crystals, however given that we also study incommensurate
systems, where such a strain element does exist and the collective modes are more complex, we
can also use strain to probe orbital ferromagnetism in twisted bilayer graphene, a phenomenon
we discuss next.

1.2.2 Orbital ferromagnetic ordering in twisted bilayer graphene

As well as altermagnetism, we also study a complex type of ferromagnetism, originating in
twisted bilayer graphene partially aligned with hexagonal boron-nitride. Such a system hosts
an almost entirely orbital type of ferromagnetism . Twisted bilayer graphene is
composed of two graphene layers stacked at a relative twist angle. Such a system corresponds
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Figure 1.4: A moiré pattern is created by taking two graphene layers (a) and stacking them at
a slight twist angle (b), this creates a periodic beat pattern.

to an incommensurate crystal with a broken rotational symmetry for a generic twist angle,
creating a moiré superlattice. The moiré lattice is characterised by a beating pattern which
arises from the fact the triangular lattices are periodic , we depict this in Fig. Using the
twist angle as a tunable parameter creates a way to change the properties of a system, without
changing the chemical composition of the material. The two layers are coupled through an
adhesion potential .

The tunability of the twist angle has a crucial effect on the band structure of the material. At
so-called 'magic angles’, two bands become almost flat . In these flat bands the Fermi
velocity at the moiré Dirac points vanishes, this leads to the presence of electrons which possess
a greatly diminished kinetic energy, such that the total energy is dominated by interactions.
The fact that adjusting this twist-angle has such an effect on the band structure suggests a
strong coupling between the elastic theory associated with this angle and various electronic
degrees of freedom, this is something which we will leverage to our benefit in Chapter. |4l A
system where interactions dominate provides fertile ground for the study of strongly correlated
systems; in twisted bilayer graphene, unconventional superconductivity and correlated
insulators are both observed depending on the electron density . The focus of this
section will be spontaneous Ising ferromagnetism, this is observed in a system composed
of twisted bilayer graphene partially aligned with hexagonal boron-nitride near 3/4 filling,
which then displays a large anomalous Hall effect (AHE) 13 [23]. The detection of
an AHE in twisted bilayer graphene prompted the search for the spontaneous time-reversal
symmetry breaking state which this relies on. We will discuss in this section, the origins
of the time-reversal breaking. The stray fields from ferromagnetic states have already been
observed through superconducting interference devices (SQUIDs) as has a large magnetic
hysteresis and chiral edge conduction [23].

Ordinarily the spontaneous magnetic moment of a material arises as a result of both spin and
orbital degrees of freedom. These orbital degrees of freedom usually account for a relatively
small part of the total magnetisation, as this part is formed from loop currents at the atomic
scale and is thus considered a secondary effect. However, in TBG the current loops form on
the scale of the moiré length, promoting it to a primary effect . To understand how a
set of orbital magnetic moments can order spontaneously without spin-orbit coupling (which
is low in twisted bilayer graphene ), we need to consider the band structure topology of

11
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twisted bilayer graphene.

One can consider first, a more trivial example of orbital magnetism . A 2D electron gas
in a strong magnetic field leads to cyclotron motion and a set of Landau levels. When the
Fermi level lies between two Landau levels, electrons drift perpendicular to an electric field
due to a lack of scattering. As a result, the material exhibits a Hall conductivity related to
topological invariants carried by the Landau levels (we will discuss this momentarily) . A
key element to the properties of this model, is the fact that the Landau levels are flat and so
the Coulomb interactions become the dominant effect . This strongly suggests that twisted
bilayer graphene would be the perfect system with which to study the physics discussed here.

To understand the origin of the AHE and orbital magnetism in twisted bilayer graphene we
must consider the topology of the flat bands. The presence of an AHE is dependent on a non-
zero Berry curvature. The Berry curvature is defined as the phase an eigenstate acquires when
parameters are changed adiabatically around a loop in parameter space . If a Hamiltonian
depends on a set of parameters x with eigenstates

H (x) ‘n(x)> = ¢ (x) ]n(x)>. (1.14)

Allowing this state to vary gives a phase

‘wn (t)> — () oxp l—; /Ot dt'ep <x (t’))] ‘n (x (t)>> . (1.15)

The first exponential is the Berry phase, which as we shall see is, in general, crucial for
understanding some electronic properties of systems. We can use this to define the Berry
vector potential

'Yn:/cdx‘An (%), (1.16)

where the introduction of a vector potential suggests analogies with electrodynamics and as
such, we can introduce a Berry curvature

n )= 9 gm0
Q;u/ (X) - (%JNAV (X) 837”

A (). (1.17)

Integrating the Berry curvature over a closed manifold gives the number of monopoles con-
tained within the manifold, this is referred to as the Chern number [87]. The Berry curvature
requires a broken time-reversal or inversion symmetry in order to be non-zero. The Berry
curvature is responsible for the introduction of an anomalous velocity which gives a current
perpendicular to the electric field

Vanom = _%E x Qp (k) s (118)
and a Hall conductivity
e? d’k
Ouy = — —— ek, - 1.19
v ﬁ/BZ(27T)2 ok (119)

The Chern number n is directly related to the Hall conductance and is thus needed for a
quantum Hall effect to manifest itself in the system. This leads to a boundary current, which
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is associated with a non-zero orbital magnetisation. In the absence of a magnetic field, this is
caused by a spontaneous orbital ordering. Systems which exhibit a quantum anomalous Hall
effect are also called Chern insulators [88].

This discussion can now be focussed on the graphene itself, rather than more generic con-
siderations. Twisted bilayer graphene has Bloch states consisting of four flavours, given by
the spin and valley degrees of freedom . The two valleys are mapped onto one another by
time-reversal symmetry and hence a spontaneous valley polarisation (for example caused by
electron correlations ), where each valley has a different number of charge carriers, breaks
the time-reversal symmetry of the system. This then allows for a non-zero Chern number of
the bands (in this case a Chern number C' = 1 is observed 90]). The mapping of one valley
to another is the result of an unbroken Co7T symmetry, i.e. a 7 rotation and time-reversal.
Breaking such a symmetry would then introduce a finite gap at the Dirac crossings, this can
be achieved with partial alignment with hexagonal boron-nitride . If the Fermi
level is situated in the gap for an odd number of Bloch state flavours, then the QAH effect
materialises and is dependent on the, now ordered, orbital magnetic moments.

For each superlattice point, there exists a set of orbitals. The orbitals related to local
magnetic moments aligned out of plane are the p; = p, + ip, and p_ = p, — ip, orbitals. A
finite magnetic moment is generated by an imbalance in occupation of the two orbitals. The
order parameter is then

6 (r) = %CT () oac (x), (1.20)

where o, acts in orbital space, such that the order parameter counts N,, — N,_, i.e. the
difference in py and p_ occupations. From what we have already established for altermagnetic
systems, we see this order parameter is of a similar structure to that of an altermagnet with
a trivial form factor, meaning it does indeed transform like a dipole.

The flat bands possess a large Berry curvature, which gives a giant orbital magnetoelectric
effect. This manifests itself physically via a very low current needed to switch the direction of
the magnetisation. As a result, like altermagnetic systems, TBG could also be useful in the
field of the manufacture of highly efficient devices, in this case low power memory devices [4].

1.3 Quantum phase transitions

The magnetic structures discussed in the previous section are capable of undergoing a quantum
phase transition, where the transition temperature is reduced to zero. Close to such phase
transitions, quantum fluctuations are greatly enhanced and the finite-temperature properties
of the system are impacted. This can be discussed in terms of a general Ising variable ¢ .

Many phase transitions correspond to phenomena with which we are familiar through our
everyday lives, from seeing an ice cube melt in a cold drink on a summer day to boiling
water in a kettle to make a cup of tea. These are all finite temperature phase transitions (or
classical /thermal phase transitions) governed by a system which is, in general, forced to
minimise its free energy, given by

F=E-TS, (1.21)

where F is the internal energy of a system, T is the temperature and S is the entropy. We
see then that these phase transitions are governed by the interplay between the temperature
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and entropy of a system . It is possible that a phase transition is associated with some
broken symmetry. In the case of water freezing and turning to ice, the initially disorganised
water molecules order into ice crystals, a process which breaks the rotational symmetry which
was present in the water [57]. This theory of thermal phase transitions does not however
describe all types of phase transition one can consider within condensed matter physics. In
this subsection, we will discuss the existence and analyse the behaviour of phase transitions
occurring at zero temperature and how even the existence of such a transition has a profound
impact on the finite temperature properties of systems. The phase transitions occurring in
water represent first order transitions, where latent heat is input during the change of phase.
The processes we will be focusing on are second order transitions, where the two phases in
question do not coexist . Such transitions have been of great interest ever since 1869
when Andrews set about analysing the phase diagram of carbon dioxide . He found that
at a temperature of 31°C and a pressure of 73 atmospheres, the liquid and gaseous phases
are impossible to distinguish, causing the carbon dioxide to strongly scatter light, in what
is called critical opalescence . A situation where two phases become indistinguishable is
known as a critical point. In the years following this, other critical points were found. The
most pertinent for a thesis about magnetic structures being by Pierre Curie in iron at the
ferromagnetic transition . In these cases, as the transition is approached, the fluctuations
diverge such that the typical length and time scales on which these fluctuations decay also
diverge . It is this behaviour which we will not only analyse, but also leverage in order to
determine the existence and position on the phase diagram of a quantum phase transition.

The phase transitions which constitute our focus belong to the family of phase transitions for
which the transition temperature can be suppressed to zero. This is carried out experimentally
through the tuning of an external control parameter, denoted r in Fig. [I.5| 7 can take the
form of many tunable non-thermal parameters of the system, for example transitions can be
induced through an applied pressure , or doping strength , . The point at
which the transition temperature reaches zero is referred to as the quantum critical point
(QCP) [105]. While this point occurs, by definition, at zero temperature, we will see that the
existence of a QCP is responsible for a wide-ranging set of behaviours of a system, even at
finite temperature.

While quantum phase transitions exist for a wide variety of states, this thesis will focus on
transitions from disordered paramagnetic systems to systems which become magnetic in the
ordered state. This describes, however, only a very small sample of the eclectic range of phase
transitions which can occur at zero temperature. Others include the transition to a nematic
state , Mott insulating states and spin glasses . A large array of
states and behaviours can be obtained via a quantum phase transition and hence their study
is an enduringly important aspect of condensed matter physics; for example, it is also common
for the area around a magnetic quantum critical point to host superconductivity due to strong
fermion-fermion interactions . As previously mentioned, these phase transitions can be
associated with some kind of spontaneous symmetry breaking, in the case of magnetism, as
the magnetisation becomes finite, the system spontaneously breaks time-reversal symmetry.

Before discussing the QCP itself, we summarise some of the important aspects of quantum
statistical physics. The partition function of a system governed by the Hamiltonian H is

Z (B) = Tre PH, (1.22)
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where 8 = %

Given the partition function in Eq. we notice the similarity to the time evolution
operator U = e 1t If we now allow the system to evolve over an imaginary time period
t = —if3, they become the same expression [112]. The partition function can be calculated via
a path integral, which when written in terms of a transfer matrix reveals a correspondence
with the classical problem in d+1 dimensions, where the imaginary time dimension extends to
alength 3 [112[113]. We hence see that the quantum path integral at imaginary time and d-+1
dimensional statistical mechanics bear a striking analogy. This happens due to the correlations
in time which occur when one considers the quantum problem. This correspondence will be
relevant to the following analysis with regards to scaling and the renormalisation group as the
strength of fluctuations in a system is heavily influenced by its dimensionality.

The analogy between time evolution and thermal averaging through the introduction of
imaginary time can also be constructed in terms of frequency. To this end we consider Matsub-
ara frequencies. These are frequencies defined as w,, = 2n=T for bosons and w, =7 (2n+1)T
for fermions, where n € Z. Only certain values of w contribute and integrals over frequency
become sums on the imaginary axis.

1.3.1 Landau theory

We can construct a simple theory of phase transitions, using initially the assumption that the
fluctuations of some order parameter which we denote ¢ are, in any case, small. This will allow
us to gain some intuition about the importance of symmetries, and the tuning parameter r.
In magnetic systems, we are fortunate that there exists an obvious choice of order parameter,
we will use the magnetisation of the system. The order parameters we will discuss can all be
described by a single-component Ising order parameter || In the disordered state (¢) =0
and in the ordered state (¢) # 0, of course once the system orders, a finite magnetisation
must be acquired. The effects of fluctuations are diminished in higher dimensions, above
some upper critical dimension, which we will show later, they can be considered negligible. If
fluctuations are small, it is possible to replace ¢ by its averaged value and carry out a mean-
field analysis for the system. We can consider a Landau expansion , which provides a
phenomenological understanding for second-order phase transitions. The free energy density
becomes

flo] = f0+h¢+£¢2+%¢4, (1.23)

where h is a magnetic field, u governs the strength of interactions and r is a parameter which
is used to tune the system through the QCP. We deduce this form from the symmetry of a
magnetic order parameter. ¢ is time reversal odd and must therefore appear in even powers,
such that the free energy is time-reversal even, or coupled to a conjugate field h (which is
also time-reversal odd). If ¢ is a ferromagnet, h is the magnetic field aligned along the same
direction as the magnetisation. It is also possible to continue the expansion and include
higher order terms. If h = 0, calculating the minima of f [¢], we see that to obtain physical
results, the interaction strength u > 0. For r > 0, the only minimum is at ¢ = 0, implying a
disordered state. For r < 0, there exists a finite minimum. On this basis, we see that r is a
tuning parameter which tunes the system through the phase transition.
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1.3.2 Critical fluctuations

The theory presented up to this point constitutes a simple mean-field analysis of phase transi-
tions, useful to see how a system behaves in the absence of fluctuations. However, fluctuations
are crucial when considering the effects of a QCP on the finite temperature properties of a
system. The nature of these fluctuations depends on the regime the system finds itself in.
Within the system, there exists two energy scales, one given by the temperature, kT, and
the other is the characteristic frequency of long range order parameter fluctuations hw.. If
the thermal scale is much larger than the quantum one (for example at high temperatures),
the thermal fluctuations dominate, destroying long-range order and the system is disordered
(see Fig. . If instead the quantum fluctuations dominate, at r > r. the system is effec-
tively in a disordered ground state [105]. Directly above the QCP there exists a crossover
region in which both types of fluctuation are important. This region persists at relatively high
temperatures, which in turn drive the system away from criticality. If there exists order at
finite-temperatures, there is a true phase transition (rather than merely a crossover regime)
with thermal fluctuations the most relevant close to the phase boundary but diminishing as
the temperature decreases. The QCP is then the endpoint of this phase boundary located at
T=0 . The fact that the QCP is responsible for strong fluctuations at finite temperatures
is the effect alluded to when discussing the effect of a QCP on the phase diagram.

The coupling of order parameter fluctuations to other modes is also crucial to understanding
quantum critical behaviour . Any complete description of the system contains, not only
collective modes related to fluctuations of the order parameter, but also a potential coupling
of these modes to fermions. However, provided there are no gapless fermions in the system,
then near the QCP, the order-parameter fluctuations are the only low-energy excitations. In
this case fermions can be integrated out of the theory without introducing divergences .
We integrate out degrees of freedom by rewriting Eq. in the language of an action S. For
the degrees of freedom, for example, ¢ and u this becomes

Z = /DqﬁDueXp{—S [(ﬁ,u]} (1.24)

Provided the degree of freedom in the partition function is Gaussian, we can use the usual

identity )
00 b
/ dxexp{—(ax2+bx+c)} = ,/Zexp{lla—c}, (1.25)

where by integrating out the degree of freedom wu, we obtain a theory in ¢ where the effects
of u become included in the ¢ propagator, this is referred to as an effective theory in ¢.

If there does exist a coupling to low-energy fermions, then it can still be possible to write
a theory in terms of the order parameter only, but now non-analytic terms such as Landau
damping are introduced to the effective theory. Fermions are included through a coupling term
to bosons. Landau damping for a By, (see Sec. nematic in an iron-based superconductor
was calculated in Ref. . In some cases however, the fermions cannot be integrated out and
a theory must be composed of both degrees of freedom [105].

In the case that both bosonic and fermionic excitations must be taken into account, one finds
the existence of critical bosons and fermions , rather than the conventional quasiparticles,
near the QCP. Such particles can be the cause of phenomena such as a non-Fermi liquid (NFL)
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1.3 Quantum phase transitions
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Figure 1.5: A schematic phase diagram for a quantum phase transition shows that there exists
not only the ordered and disordered regimes but also a quantum critical regime, close to which
quantum fluctuations are strong. This represents a crossover regime and hence dotted lines are
used to separate these regions. A solid line denotes a true phase transition(Figure adapted from

Ref. )

regime . An example of this is observed in magnetic systems . If one analyses the
fermionic excitations, a divergence in the effective mass m™* is observed through a divergence
of the electronic specific heat coefficient and the usual Fermi liquid theory no longer applies.
In studies of nematic systems it has been shown that the electron-electron
interaction becomes long-ranged, electrons again become unusually massive and acquire a
reduced lifetime. As a result, as well as a divergence in the specific heat coefficient, the
electron self energy is altered and the Fermi-surface becomes hot. If Fermi liquid theory breaks
down completely, meaning the base assumptions have been rendered invalid, as opposed to
slight deviations that can still be described within a Fermi liquid framework, then the main
options to model such behaviours are either new weakly interacting quasiparticles or perhaps
no quasiparticles are able to form and the excitations are incoherent .

This gives some concrete examples of the effects of a QCP on the finite-temperature prop-
erties of a system.

1.3.3 The renormalisation group and scaling

We can use the divergence of fluctuations in second order phase transitions as a clear signifier
that a change of phase has occurred. At the phase transition, order parameter fluctuations
cause the correlation length, £ to diverge. In the disordered phase, while the average of
the order parameter is zero, the fluctuations are not. Close to the critical point, the spacial
correlations of order parameter fluctuations become long-ranged. At this point, there exists no
characteristic length scale which, in turn, leads to the emergence of scaling laws which define
the universality class of the system [120]. Knowing a system’s universality class allows us to
make statements about entire classes of second order phase transitions, without necessarily
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1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity

knowing everything about the system. In fact, different transitions belonging to the same
universality class can occur in very different systems. The necessary pieces of information
to deduce the scaling laws are the symmetry of the order parameter and the dimensionality
of the system [105]. The lack of any characteristic length scale means that all lengths can
be rescaled and parameters adjusted such that the correlation length retains its value. For
example the free energy density of a ferromagnetic system scales with

Frh,T)=b(42) (b7, b, TH) (1.26)

where r is the distance to the quantum critical point and b is the function used to rescale
length in the system. The dimensionality d of the system appears in the scaling relations, as
well as a dynamical exponent which defines how temperature scales (77 = Tb%), due to the
fact that an extensive quantity scales with the effective dimension. The correlation length
exponent v defines how the correlation length diverges. Given that the scaling parameter
rescales momentum and must therefore be considered a length scale, b1/¥r ~ 1 defines the
correlation length

Eoxr”. (1.27)

To see how this scales with temperature, we use again
b=r"". (1.28)

Then if
VT =r 2T ~ 1, (1.29)

this suggests r scales with temperature as r ~ T2 The correlation length then scales as
E~ T2 (1.30)

and the correlation time as
Te ~ EF ~ T (1.31)

where 7. is the time scale on which fluctuations decay. We therefore see that both diverge.
The scaling parameter b is arbitrary, however we will determine a set of scaling equations
using b = e! where [ is the parameter through which length scales are varied. This analysis
will allow us to make statements about the transition which go beyond a mean-field theory.
To do so, we will calculate a set of renormalisation group (RG) equations. The concept of
RG is perhaps best known within particle physics but as we have seen, an imaginary time
formulation of quantum field theory is analogous to the calculation of partition functions. It
therefore comes as no surprise that RG is also well at home within the quantum field theoretic
methods used in condensed matter physics (although there still exist major differences in the
actual methods within the two fields due to the coarse graining approach used in condensed
matter ) We will consider an Ising model as it is most applicable to the calculations pre-
sented in the following chapters, this should however also serve as a more general introduction
to the concept of RG. From the Ising model, we can perform a Hubbard-Stratonovich trans-
formation. This allows us to translate a theory of a set of interacting spins to a continuum
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1.3 Quantum phase transitions

field theory [57]. A system in an insulating state near the QCP is governed by the action

w2
S = <r+q2—|—£>¢(Q)¢(—Q)+U/¢(x)4a (1.32)
q,Wn

where ¢ represents the scalar field related to the spin degrees of freedom of the Ising model,
it describes the magnons in the system, i.e the magnetic collective modes, ¢ is the magnon
velocity and w, = 2anT denotes the Matsubara frequencies; this action is written on the
imaginary axis. The integral over Matsubara frequencies is, hence, a discrete sum

; fw) =T Y7 f(wn), (1.33)

n=—oo

which is approximated as an integral in the limit 7" — 0. Note the similarity to the Landau
theory we deduced after expanding the free energy density in powers of the order parameter,
now with gradient terms as the order parameter is not homogeneous in time and space.

Within this action for the magnetic system, there is no Landau damping term, i.e. we
have not considered fermion interactions. The reason for this is that in writing down this
action, we consider a Mott insulator, this is something we will also do in Chapter. The
consequence of this is that we only have terms related to fluctuations in space and time of the
order parameter and not due to interactions on the Fermi surface as there is no Fermi surface
if the Fermi level is situated in the gap. To give some physical intuition, Mott insulators can
be described by a Hubbard model with a hopping term ¢ and on-site Coulomb interaction
U . Provided the Coulomb interaction dominates such that U/t is large, the electrons
become localised with one on each site and the material acts like an insulator. The strong
electron-electron interactions which can create magnetic states can also lead to insulating
states, even in cases where the band theory suggests that a material should be a conductor.
When one wishes to consider conducting systems, this is not sensible and we must consider
fermionic excitations, we discuss such a case in Chapter.

We can now use the fact that in momentum space we are able to scale ¢ = bg and the order
parameter ¢’ (q’ ) =b""P¢p (b_lq’ ) By power counting, this yields ' = b?r and w/, = bw,, (such
that z = 1). Also by power counting we find that u/ = ub*~9=%. This sets the upper critical
dimension of the system where fluctuations destroy the Landau theory, for d < 4 — z, the
interaction strength, u, becomes a relevant variable, i.e. it grows with . In a classical system
the upper critical dimension would be set at d = 4, this is a manifestation of the fact that it
is possible to map a quantum system onto the higher dimensional classical equivalent. One
obtains the same upper critical dimension via a direct perturbation theory which diverges
for d < dy., this divergence is caused by long wavelength fluctuations ¢ — 0. Given that
fluctuations on all length scales are important, a fact we can deduce from the very concept
of scaling, we integrate out long wavelength fluctuations, just leaving shell integrations for
A/b < q < A where A ~ a~! is a cutoff generated by the lattice constant, a .

The term w? which now appears in a quantum treatment of the problem has its own scaling
dimension, which affects the effective dimensionality of the system. Scaling for both space and
time must be considered and so if for example z = 2, we now see the upper critical dimension
is d = 2, meaning the fluctuations are small and a mean-field treatment can be used for a
three dimensional system. Through a perturbation of the order parameter, fluctuations are
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1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity

taken into account. Formally, this corresponds to a summation over Feynman diagrams .
Adding in terms corresponding to vertex corrections up to one-loop order to the ¢? term as
well as the interaction term ¢?, followed by the application of the aforementioned rescaling,
gives the following flow equations

dr d [~ d [~
= 2r+ 3u—/ xo () — 3u7’a/ X0 (q)2 ,
q q

dl dl
du 2 d > 2

- — fad 1.34
y eu — 9u i, xo (q)°, (1.34)
dT

= T 1.
Lo (1.3)

where we have expanded the propagator, x = ———>——/— T iwg 7 for small r, e =4 — d — 2z, we use

wp, = 27T to determine how the temperature scales and the momentum integral is taken over
a shell Ab~! < ¢ < A. We can solve these equations for d = 3 such that € = 0 by expanding
in small € and then taking ¢ — 0 at the end. We have integrated out the long-wavelength
modes which led to divergences below the upper critical dimension in the direct perturbation
theory. We see that below the upper critical dimension, we need to consider the next leading
order terms as u grows with [.

At the quantum critical point, due to the divergence of £, we expect the theory to be scale
invariant and hence r and u should not change with [. A QPT can only occur at 7 = 0 and so
approximating the Matsubara sums as integrals in the manner mentioned above and finding
the point where r and u stop scaling, we can find the location of the critical point. To do so,
we must first calculate the shell integrals. In general, scaling affords us the freedom to assume
that b =~ 1, such that we can expand in [, this gives

d [~ d d%q % dw
il fw - g | (%)d/_oosz(’q"“)
Aeml<|g<A|

KdAd /oo diw
(27T>d —oo 2T

F (A,w) ,

where Ky = %?Td//;. Including the integral over the Matsubara frequencies, we obtain for the

shell integrals

d/> ()n _ KdAd/oodw 1
dl Jq xo\d (2m)? Jooo 27 (AQ—l—c—?w?)n

K CAd72n+1 T'(n— 1
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1.3 Quantum phase transitions

It follows

dl 2(2m)*
G v - w (137
and we obtain the flow equations
@ _ oy BuKdCAd_l B KyeAd—3
dl (2" 1@
% = eu—9u2%. (1.38)

If we introduce dimensionless variables

g - d )
4 (2m)
r
m = p,
the flow equations simplify to
dm o+ 2 1
— = 2m4+-g— -—gm
dl 39 39
L
dl '
We can then deduce the fixed point by finding the values of m and g which correspond to
C&—T = % = 0. There is an unstable Gaussian fixed point at m = ¢ = 0 and the fixed point
of interest g* = ¢ and m* = —%. If we consider deviations dg = g — ¢g* such that ¢ is small

(as well as € as we must be close to the upper critical dimension for such an expansion to be
trusted) then we find the flow equations become

d { dm 2—1le 24 1¢ om
el — 3¢ 37T9Q
dl ( 0g ) < 0 —€ dog |- (1.39)

The equation has two eigenvalues \; = 2 — %e and Ao = —e. The eigenvector of the positive
eigenvalue is (1,0). The eigenvector in the stable direction (i.e. belonging to the negative
eigenvalue) is (—% + 15 1). It points along the critical surface. Fig.|1.6/shows the flow above
and below the upper critical dimension. We see that above the critical dimension, only the
Gaussian fixed point is present and that it is stable. Below the upper critical dimension, we
have another fixed point which corresponds to the Ising transition, we see that this critical
surface points from the Gaussian fixed point to the Ising fixed point. Away from this surface
m diverges. The critical surface hence defines a surface where the system flows to the fixed
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1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity
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Figure 1.6: We show the flow of the RG equations above the upper critical dimension d = 3.5
(panel (a)), we see that the Gaussian fixed point at (0,0) is stable. Below the upper critical
dimension, d = 2.5 (panel (b)), the Gaussian fixed point becomes unstable with the flow moving
away from this point in all directions, a new fixed point emerges which is stable along the critical
direction and unstable in m, i.e. we see that away from this critical direction, m diverges.

point. From this, a distance to the fixed point can be deduced and is given by

t—m—g(—;—168>. (1-40)

The positive eigenvalue corresponds to the inverse correlation length exponent
Eoxom™Y, (1.41)

with A\ = v~!. To leading order in e follows:

1 €
v=g + 17 (1.42)
We therefore see that scaling and RG equations are a powerful tool for the analysis of
quantum field theories and for the theoretical detection of quantum critical points. This
analysis is carried out at T' = 0, however the same flow equations are also applicable at finite
temperature. A finite temperature crossover analysis T < Ac must be considered in order to
deduce the boundary of finite-temperature phase transitions. We use

1

=7 -. 1.43
0= T (43
Using the dimensionless variables
q = q/A, (1.44)
& = w/(er), (1.45)
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1.3 Quantum phase transitions

we rewrite the propagator as
1

X0 = 6721\2—}—03721/\2'
We must now set about calculating the shell integrals, we now do this specifically in three
dimensions. Integrating over the momentum first, yields

(1.46)

d > d By &
T 0 = T 0 y Wn
dl/[; XO (q) dl Aefl<|q|<A (27_(_)3 n:z_:ooxo (|q‘ w )
d q?sin (0) dgdfde,,,
= —_ T 0 » N
dl Ae*l<’q’<A (271')3 n:Z_OOXO (‘q’ w )
A472mc % . ~
4—2m
— T (1), (1.48)
(2m)

where the functions F), (T') are dependent on the Matsubara sums.
This leaves the flow equations

dr A2c

c
— = 2r+3udn——F, (T) — 3urdn——=F5 (T),
dl (271')3 1( ) (271')3 2( )
du c
— = eu—9u¥n Fy (T). 1.49
dl (27)? 2 (T) (1.49)
We switch to dimensionless variables
3uc r

The flow equations are now

‘% = 2m+ 4ngF) (T) — dmgmPy (T) ,
d
d% = eg—3g%4rF, (T). (1.51)

In order to solve these equations, we use the method outlined in Ref. [124]. We first take the
limit T — 0 in order to identify the quantum critical point. At the transition, m and g no
longer scale with [ and so by setting the derivatives to zero, we find to first order in €

(m*’g*) _ ( eF1 (0) € ) ’ (1.52)

655 (0) 127 F, (0)

such that the distance from the critical point ¢ = m+bg where b = 27 F; (0). We can calculate
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1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity

the Matsubara sum directly

s 1 | 1
A=Y — = —coth| — 1.53
! Zoo 1+ 2mr)2 2% <2T> ’ (1.53)

and so F1 (0) = % such that ¢t = m+mg. We now consider the case that 7" is finite but remains
in a crossover regime 7' < cA. We can solve for g

90
I) = . 1.54
90 = T T2 gol s (T (1.54)

We see that as long as gg is small, we can disregard thermal fluctuations as these only enter
at O (gg). We instead just take the T' = 0 solution. For m we use the ansatz

m= moeg(oh ). (1.55)

This solves our flow equation when
!

(1) =2 — 4x /O g (1) B (1),
W) =147 /0 Le) (1) g (1) ar,

mo

(1.56)

and so
m = et <m0 +4r /Ol =€) F (l/) g (l’) dl/> . (1.57)

We can write

1 1 1 1
Fi(T)=—-coth| —=| == 1.58
This then gives the full expression for the distance from the critical point
¢ 1
t (1) = e [ mo+mgo+ 47r/ e 2gg———dl'|. (1.59)
0 eT — 1

If we use the transformation x = Tioe_l and the fact that at the critical point we can, by
definition, scale infinitely such that [ — oo, we then get

1
t(l) = et (mo + 7go +47TT0290/T0 zx 1d:n) , (1.60)
0o € —
and so the equation for T, is,
9 w2 1 1 1
mo + mgo + 47T go 3 + flog {1 —e Tc] — Liy [e Tc} =0, (1.61)
(&

where Liy is the polylogarithm. This equation is not solvable analytically; we resort to nu-
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Figure 1.7: Using the RG equations, we are able to calculate at what temperature the Ising

model orders (shaded region) depending on the bare dimensionless magnon mass mg. This is
plotted for gg = 1.

merical methods to obtain the transition temperature, we see the results of this in Fig.

An RG analysis allows us to take into account the logarithmic corrections due to fluctu-
ations which occur at the upper critical dimension. The phase transition at zero and finite
temperature can be found through the application of scaling, with the understanding that
there exists no preferred length scale at the phase transition. As discussed already, the exotic
phenomena exhibited near the type of quantum critical point we have found in this simple
model can have a profound effect on the phase diagrams for the systems which we will study
in this thesis. We reiterate that the ¢* theory presented here is already applicable to a wide
variety of systems, including the magnetic systems we consider. In this thesis, we will use
these methods to see how different parameters affect the location of the quantum critical
point, given by the critical value of m.

Having established a theory of elasticity as well as the relevant magnetic structures and their
fluctuations near the QCP, we can now deduce how these modes can be coupled together.

1.4 Magnetoelastic coupling

It is well known that there exist numerous systems in which the coupling of electronic de-
grees of freedom to the lattice, in the form of electron-phonon coupling, plays a crucial role
in understanding the properties and observables of the system. Examples include supercon-
ductors, where electron-phonon coupling enables the formation of Cooper pairs M, 126],
or electron-phonon scattering, which affects the transport properties of a system ﬂlQ?L 128].
In this section, we will take the time, not only to show how the procedure of constructing
the relevant terms in the Hamiltonian is carried out, but also some noteworthy examples in
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1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity

magnetic systems which will feature in the upcoming chapters. Having carried out an analysis
for the order parameters we are focusing on in the preceding sections, we will continue with
the use of an Ising order parameter. It should be mentioned that this describes, not only mag-
netic systems but also nematic systems , p-wave superconductors and others which
undergo second order phase transitions, making it an incredibly rich and widely applicable
universality class. Here we analyse the formation of hybridised modes, which we refer to as
magnon-like or phonon-like polarons , depending on whether the mode retains more of
the uncoupled magnon or phonon mode character respectively.

1.4.1 Group theory of elasticity-order parameter coupling

There is an extensive catalogue of phonon-magnon coupling terms which hybridise the relevant
collective modes. One of which is the coupling between magnetic and elastic collective modes
which exhibits magnetostriction [130] [131] with a coupling term

U, = / PNy, (v) dx (r) by (r) (1.62)

The magnetostriction response tensor NV;ji;, couples the strain to the staggered magnetisation.
It is defined by €;; = N;jiMM;. This, creates a hybridisation effect , , opening up
a gap when the dispersions cross. In opening up a gap, it becomes possible to promote
topological effects within the system, with bands acquiring finite Chern numbers 133].
Magnetostriction allows for the changing, for example, of volume (/V;;;;) when magnetic order
sets in. We hence see how the microscopic theory, which describes the interplay of the exchange
interaction and the value of the lattice parameter manifests itself in the language of the
collective modes. Another important effect, which emerges from the interplay of lattice degrees
of freedom and magnetic order, is piezomagnetism. This is defined through the tensor ¢;; =
Agji My, . In this case we see that a distortion of the lattice can create a magnetisation
and conversely, that magnetic fields can lead to lattice distortions .

In order to deduce a more complete range of effects which arise from the hybridisation of
collective modes, we need to understand how the symmetry groups of such modes allow us to
write down terms in the Hamiltonian or action which couple the two degrees of freedom. Most
importantly, we need to know how the product of two objects, which transform according to
particular irreducible representations of the point group, itself transforms. In order to be
symmetry allowed, the product of these objects must transform trivially, such that the energy
of the system does not depend on the angle at which it is observed, anything else would of
course, make no physical sense.

We take, initially, the example of a tetragonal system Dy;. We reiterate that it is possible
to use the set of functions in Table. to expand the symmetrised strain ;; in a set of
symmetry allowed terms

€By1, = €zz — Eyy» (1.63)
EBQg = Ezxy, (164)
€A1, = Exx + Eyys Ezz) (1.65)

e, = (_gg ) . (1.66)
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1.4 Magnetoelastic coupling

The realisation that the strain elements transform according the irreducible representations
of the point group, in much the same way the possible altermagnetically ordered states in
the presence of spin-orbit coupling do, means that we can start to deduce coupling terms.
The conditions for a term to be symmetry allowed are that it is even under time-reversal
and that the term transforms according to the trivial irreducible representation A;,. We
need to know the product rules for the irreducible representations; in order to do this we
follow the method presented in Ref. . We consider a multiple component Ising parameter
with components {¢,}, which we initially couple with strain components {¢,} (we will also
have to couple magnetic field components but once we know how to find the product of two
objects, one just repeats the process for the third). The components transform according
to the group symmetries g € G according to the representations p. In order to couple the
objects, we need to know how the composite object {¢qep} transforms. We define the unitary
group representations according to the Hilbert space symmetry operators, U (g) (which are a
unitary group representation)

dim¢

U™ (9) 6l (9) = > 05, (9) b0 (1.67)
b=1
dime

U (9)ealU (9) = D i (9) e, (1.68)
b=1

such that the composite object transforms according to

dima¢
U™ (9) dagbU (9) = D plehia (9) db2as (1.69)
b=1

or according to the direct product p? (g) ® p° (g) of the two representations. We change basis
such that the direct product is block diagonal for all g, where these matrices on the diagonal
are denoted p (g), where X denotes the irreducible representation and is hence the direct
product of irreducible representations. The basis change is then given by a matrix M such
that

™M (g) . 0 0
0 2 0
M@ el @M=| o o(g) 2 (g) =g e (e (ge...

(1.70)

We do this by first diagonalising the individual matrices i.e. the various matrices arising from
? (9) ® p° (9)-

To find the product of the irreducible representations, we first find the individual matrices

phi (g9). For the one-dimensional irreducible representations, we can just read this off the

character table, for example, looking at Table. we see that pA2e (Cyz) = 1. We then find

the corresponding sets of A\ which satisfy

P (9) x p™ (g9) = p™ (9), (1.71)
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1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity

’® HAlg‘A%‘Blg‘B?g‘

Table 1.2: The product table for the one-dimensional irreducible representations of Dyy.

to find the product table given in Table. It is simple to deduce which products are
symmetry allowed for 1D representations. The product of an irreducible representation with
itself gives the trivial representation and is therefore symmetry allowed.

We must also consider how to carry out the equivalent procedure for higher dimensional
irreducible representations, for example the product of a one and two-dimensional irreducible
representation. In this case we use a single component Ising parameter ¢ and a strain which
transforms according to E,, which is a two-dimensional irreducible representation. We will
consider how the product looks for different one dimensional irreducible representations of ¢.
Constructing a vector from the Kronecker product

v = (¢61,(}5€2) > (1.72)

where €1 and e3 refer to the £, components of strain given in Eq. .

We transform this vector for each choice of ¢.

The product of the two, should still transform like E,. We deduce this from the fact that
the multiplication of a one and two-dimensional irreducible representation has to yield a two-
dimensional irreducible representation, of which Ej; is the only option within Dy;,. We must
find a unitary matrix M such that

M~p* (g) @ p” (9) M = pP (g). (1.73)

As already mentioned, we identify the p for the one-dimensional representations from the
character table. For the E, representation the generators are

ez <c4z>=(‘f ‘Ol), 2 <02x>=(3 01)7 o <c2d>:(‘f 3), (174)

which represent a § rotation around the z and half rotation around z and d = x + y + 2z axes
respectively. This is deduced purely from the consideration of which matrices represent the
correct rotations in coordinate space.
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1.4 Magnetoelastic coupling

We then use the matrix, M to rotate the vector, v, to find

Ay ® B, = (Z;i) , (1.75)
Asy® E, = (‘52¢) (1.76)
g g €19 )’
€19
By @ Eg = (—em) : (1.77)
E20
By, @ E, = (mb) . (1.78)

In doing so, we ensure that the matrices corresponding to group elements such as rotations
are identical for each case. The products above all therefore correspond to E, for the various
choices of ¢.

The last case we need to consider for Dy, is that of two two-dimensional irreducible rep-
resentations corresponding to (¢1,¢2) and (e1,e2) multiplied together. The product can be
written as

Eg X Eg = Alg b Azg (&) Blg &) ng. (179)

We deduce this from the great orthogonality theorem which states that this sum is unique.
Using the generators of the group we can find the characters for the character table from the
trace

Xp (9) = Tr{p (g)}. (1.80)
The trace is of course invariant under a change of basis. Using

Xp1®p2 = Xp1 + Xp2s (1.81)
and

Xp1®p2 = Xp1 X Xpa2s (1.82)

we deduce Eq. from Table. We see that from the set of objects given by (¢1,¢2) ®
(51,52), we have to deduce which combinations transform like each one-dimensional repre-
sentation. The change of basis matrix M in this case is the matrix which simultaneously
diagonalises pf (Cy,) @ p¥ (C4z), pP (Coz) ® pP (Coz) and p¥ (Caq) @ p¥ (Caq). In general
this is found using the eigenvalues and eigenvectors of the generators and then comparing the
eigenvalues to the character table to discern which column of M corresponds to each one-
dimensional irreducible representation (We show this in full in Appendix. . This yields
the result

A1y = €101 + 202, (1.83)
Agg = e201 — ¢2e1, (1.84)
Big = ¢161 — ¢aea, (1.85)
By = 162 + pocr, (1.86)
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1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity

where, to be specific about the basis we use for these calculations

H
<H2> €E,  H.€c Ay, (1.87)
ep2_y2 € Blg, &4y € Bag, <_€g > € E,. (1.88)
xrz

These rules effectively provide a recipe for deducing coupling terms in the action. It also
elucidates how the altermagnetic terms are constructed. Using a magnetic dipole which, as
we see above, transforms with As, and then constructing a form factor to mediate this dipole
throughout the unit cell, the form factor is chosen such that the product of the irreducible
representations of the dipole and form factor, according to the rules above, corresponds to an
altermagnet with the desired symmetry.

To briefly summarise, the general method for finding the correct products consists of con-
structing a vector, v, from the Kronecker product of ¢ and ¢, we then find the change of basis
matrix using the eigenvectors of the product representations of the generators. This allows
us to find the desired M such that

M= (g) @ p™ (9) M =B p™ (9)., (1.89)

where the subscript ¢ runs over the A which correspond to the direct sum deduced from
the character tables . This matrix can be used to rotate v such that M ~'v yields the
combinations of ¢, and &, which correspond to the representations in the direct sum. In
Appendix. we show this method in more detail for the product of two E; irreducible
representations in Dyp, which can be extended to irreducible representations of even higher
order and crystals belonging to other point groups. We also include full product tables for
the tetragonal group Dy (Tab. , hexagonal group Dgj, (Tab. and cubic group Oy
(Tab. as a reference for deriving symmetry allowed coupling terms.

We can apply these rules to already studied systems. Consider the case of nematoelastic

coupling

Sooupling = A / drdté (v,t) ers (r,t) (1.90)

where I' denotes the irreducible representation that the object transforms under and the
superscript + is used to denote a time-reversal even object. For a nematic system such
a coupling is symmetry allowed, provided that ¢ also transforms according to I'*. This
coupling has been thoroughly studied . In such systems we see a softening of the
elastic constants , leading to a structural phase transition, as well as an elastic quantum
critical region where the heat capacity remains Fermi liquid-like around the QCP, in distinction
to the bare quantum critical behaviour one derives from an electron only theory where the
heat capacity becomes non-Fermi liquid-like [16]. This coupling, while symmetry allowed for
nematics, must be adjusted for magnetic degrees of freedom. If ¢ now denotes a magnetic
order parameter, it is odd with respect to time-reversal. Some other parameter must be
introduced to correct this, for example a magnetic field. Instead consider the coupling term

S = /\H/dgrdtqb (r,t)ep+ (r,1). (1.91)
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1.4 Magnetoelastic coupling

The introduction of the magnetic field H, ensures that the term is time-reversal even. Both
¢ and H are time-reversal odd, such that their product is even. The condition for this term
to be symmetry allowed is then

Iy elpelf. (1.92)

If this condition is met, then the term transforms trivially or at the very least, contains a
symmetry allowed element. We can briefly consult Table. and see that this condition
holds because the product of an irreducible representation with itself gives an element which
transforms according to the trivial representation. If ¢ is a ferromagnet aligned along z and
H = Hé, such that both terms transform according to Aa, then the coupling is

S = \H., / dPrdts (r,1) (a0 (1,8) + 24y (1,1)) (1.93)

yielding the well-known piezomagnetic coupling term where ferromagnetism is coupled to a
change in volume, mediated by an external magnetic field . In the case that both the
strain and magnetic field transform like F,, we must then find the correct combination of
components which matches the irreducible representation under which ¢ transforms. We can
use Eq. to demonstrate this. If ¢ transforms under B, and the strain components
vz ) and Hy respectively, the combination which
—Egs H,

transforms under By, is then He,, + Hye,. such that the coupling term is

and magnetic field components are

S=x[ (Huey:+ Hyeo) 6, (1.94)
7t

This corresponds to the piezomagnetic term for an altermagnet which transforms under By,
in a magnetic field aligned in the z — y plane. The above analysis therefore allows for the
construction of terms which couple to symmetry breaking strain. The enhanced set of sym-
metries which altermagnets possess leads to new types of coupling to the lattice, which were
not possible with the usual ferromagnetic and antiferromagnetic order parameters. While
altermagnetic states are, due to their symmetry enforced net-zero magnetisation, difficult to
detect, the coupling to the lattice provides a potential path to indirectly observing the sym-
metry breaking these systems are expected to display, thus identifying which materials are
actually altermagnetic and which are merely antiferromagnets. A symmetry breaking strain
allows for the formation of a net magnetisation, which a magnetic field is then able to couple
to. We will analyse the effects of piezomagnetism in Chapter |2l Another option to account
for the fact that ¢ is now time-reversal odd is to couple to dynamics

Seoupling = A / Prdtdye (r.) eps (r.t) | (1.95)
where the condition for this to be symmetry allowed is
Iy =T.. (1.96)

In this case strain then couples to fluctuations of the order parameter, which as we discussed
in Sec. become strong close to the QCP. The time derivative accounts for the fact that
¢ is time-reversal odd. We will analyse this coupling in Chapter [3| and Chapter 4. We also
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1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity

see here that the fact that in TBG there is an element of strain which transforms according
to Az now allows for a coupling to the ferromagnetism aligned along z which would not be
possible in a commensurate lattice; a result of the fact that ferromagnetism also transforms
according to Ay, when aligned along z in TBG.

The coupling of Eq. can also be obtained alternatively by following the approach
of Refs. (also used in Ref. [20]), which shows that a consideration of infinitesimal
strain is completely consistent with the group theory approach. If we consider a fermionic field
operator ¢ (x) that is a spinor in spin and orbital space, performing a deformation of the lattice
with non-symmetrized strain £,3 = O,ug, corresponds to the coordinate transformation

o =T, (1.97)

where B
I'(t) =e". (1.98)

We consider an arbitrary strain field such that A (t) is an arbitrary matrix with a positive
determinant. The fermionic field transforms as [139]

c~(x) =VdetTe (FTa:) . (1.99)

€
If the change is small, then € — € + 0¢

0 _bap ;0
e cx(x) = 5 G () +z C (). (1.100)

Setting & = 0 allows for the study of an infinitesimal change, such that ' = x. The infinites-
imal transformation is then:

(@)= |1-i)> EupLlas|c(z), (1.101)
ap
where 5 9 .
_Wop .. 9 _ 2
Log = 5 + ixq 925 =-3 (:capg —i—pgxa) . (1.102)

We then denote the generator denoting to rotations in internal space as S,3 and consider the
total angular momentum J,3 = L3 + Sap. Specific examples, can be found in Refs. |
. Jap is even under parity, odd under time reversal and its symmetric part transforms
like a symmetric second rank tensor, i.e. just like a multipolar order parameter. The field
operator cx(r) of the strained system is therefore related to the unstrained case via:

e (x) = (), (@)= U (t) ¢ (), (1.103)

with strain generators J,3 = —% (a:apg + pﬁxa) —i—% [aa, ag} .  and p = —tV are the position
and momentum operators and the Pauli matrices o, act in orbital space.
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1.4 Magnetoelastic coupling

U (t) represents a time-dependent transformation such that

d

— i [ drdPaet d
S, — —i / drdacl (2)U () ©

(U1 c(). (1.104)

The coupling term that emerges from the relation between the strained and unstrained system
is hence | S, = [drd3x > ap é“agd%cha/gc. Such that it couples strain to the time
derivative of a fermionic bilinear that transforms like a multipolar magnetic order parameter.
The coupling to dynamics that we deduced from symmetry can therefore also be derived from
the generators of infinitesimal strain.

1.4.2 Experimental probing of order coupled to elasticity

The fact that there exists a natural coupling between electronic degrees of freedom and strain
has led to a great number of possible experiments for probing states 141]. One of which
that is of particular importance to Chapter. [2|is the elastocaloric effect. This is defined as
the adiabatic change in temperature with respect to a changing strain 141]. Given that
strain is one of the options available to us as a parameter which allows for a system to be
tuned through the QCP , it is clear that this represents a crucial method for probing
ordering. The elastocaloric effect is measured by applying an AC strain to a material, the
adiabatic temperature change of the sample is then measured as the strain is applied and
then released . Experiments of this type have many uses in terms of probing order, for
example in the determination of phase diagrams of unconventional superconductors or
carrying out the experiment in different symmetry channels to reveal something about the
symmetry of the order parameter. In nematic systems it has been used to rule out certain
types of nematic ordering . The fact that this experiment is so prevalent in its use with
regards to nematic systems already suggests an importance to the altermagnetic, this is a
direct result of the similarities in the symmetries of the relevant order parameters.

We can utilise a simple calculation based on a Landau expansion in order to give some intu-
ition as to how the elastocaloric effect probes order in the classical regime (the quantum
equivalent will be shown in Chapter . The change in temperature with respect to strain
(also called by the elastocaloric coefficient 7) is given by

_dT|  95/0e
T de|,  9Sjor

(1.105)

where S is entropy and € is in this case a strain which forms a symmetry allowed coupling
to some altermagnetic order parameter ¢ (i.e. it breaks a symmetry). We know from basic
thermodynamics that

oS C.

— = 1.106
where C¢ is the specific heat at constant strain. We know that
dsS d’F
i 1.107
de dTde’ ( )

where F' is the free energy. Writing down a Landau expansion for the free energy of the
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1 Fundamentals: Quantum phase transitions of magnetic structures coupled to elasticity

coupled degrees of freedom, as outlined in Section. gives
1 C
F = §x‘1 (T) ¢* + ?052 + AH e, (1.108)

where x (T) is the altermagnetic susceptibility and diverges as the system orders, Cj is the
elastic constant (or combination of elastic constants) associated with the strain ¢ and H is
a magnetic field which facilitates a piezomagnetic coupling between magnetism and strain.
The product of € and ¢ must, once again, contain the same irreducible representation as the
magnetic field for such an expansion to be symmetry allowed. Note that we ignore any terms
above second order, this is reasonable provided we are close to the transition such that ¢
is small. We can then minimise the free energy with respect to ¢, this is the equivalent of
integrating out the electronic degrees of freedom, doing so renormalises the elastic constant

C=Co—NH*}(T). (1.109)

Taking the necessary derivatives of the free energy yields an expression for the elastocaloric
change in temperature

T dx
aﬁe.
We see immediately from this expression why this is a useful method to probe ordering; at
a second order transition, x diverges and this will be reflected in the elastocaloric change in
temperature. This shows clearly that elastocaloric measurements provide a method to probe
the critical fluctuations present close to a second order phase transition [78].

Another measure of the onset of order in systems which couple to elasticity can be seen
from Eq. in particular for specific values of T, H, A, the elastic constant becomes soft,
which then leads to a structural distortion, this lattice softening is also detectable through
experiment in the case of nematics and therefore, with a strong enough coupling, should
also be relevant in altermagnetic systems.

Other methods for probing order involve the measurement of phonons. Phonons can be
measured for example through pump-probe measurements , in which phonons are first
excited by an initial pumping laser, followed by a less powerful probe laser. The probe laser
then provides data on quantities such as the reflectivity, Raman scattering, induced absorption
etc. Theoretical calculations yield how phonons are affected by hybridisation, which would
then allow for one to indirectly detect magnetic collective modes by measuring phonon spectra,
this will be a focus of Chapter.

This analysis provides evidence for how powerful the concept of symmetry is in consid-
erations of order parameter-strain coupling, even beyond magnetism and that the new and
considerably more varied symmetries of an altermagnet and of the elastic degrees of freedom
in TBG create opportunities to study exotic phenomena through the effects of magnetism on
strain.

n=—\H? (1.110)
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Chapter 2

Critical fluctuations in altermagnets

Above an altermagnetic and nematic critical point, fluctuations drive a divergence in the heat
capacity and elastocaloric change in temperature which is no longer consistent with Ferms lig-
uid theory. Nematic order parameters are able to couple directly to symmetry breaking strain;
in such cases, the divergence in the heat capacity is suppressed, leading to the appearance
of Fermi liquid behaviour of heat capacity and single-fermion lifetime at leading order [@/
This creates a region of elastic quantum criticality (QC) above the critical point and below a
crossover temperature to the bare quantum critical regime. The symmetries of an altermagnet
allow for a coupling with similar structure, a piezomagnetic coupling to symmetry breaking
strain. This creates a coupling between altermagnetism and strain with effects which are then
tuned by the strength of an external magnetic field. The two regions which exist close to the
critical point can then be tuned by the magnetic field, allowing for the bare QC regime to
be expanded all the way down to the QCP, creating a region of non-Fermi liquid behaviour
which is not accessible in nematic systems. In Ref. (which most of this chapter either
adapts or quotes from) an analysis is presented of this elastic QC regime showing that it is
not a true Fermi liquid. Coupling to strain leads to gapless modes along specific directions
in momentum space. Observables such as the heat capacity and single particle self-energy are
not sensitive to these gapless modes, the contributions thereof are subleading (leading to FL
behaviour). In order to detect what we call singular Fermi liquid behaviour, an analysis of the
collective modes of the fermions must be carried out. One can measure the temperature change
with respect to a varying a.c. strain, known as the elastocaloric coefficient. An analysis of
this quantity shows that while the effect becomes less singular in the elastic quantum critical
regime, it is sensitive to these modes and retains divergences, thus proving that this state is
not a Fermi liquid. This chapter will focus on altermagnetic systems, however the results also
hold for nematic systems .

2.1 Introduction

Nematic and altermagnetic order parameters can, in many cases, break the same rotational
symmetries. This allows for similar couplings to strain in both systems. We briefly recount
what is known about nematic systems in the interest of contextualising the altermagnetic
equivalent. In nematic systems it has been shown that critical fluctuations can drive non-Fermi
liquid behaviour 116, [117, [1454151]. This is manifested physically in two dimensional
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2 Critical fluctuations in altermagnets

systems as anomalous powerlaw dependencies in the single-particle lifetime and the electronic
specific heat, and as marginal Fermi-liquid behaviour in three dimensions . Nematic
states break rotational symmetry and leave translation invariance unaffected , this allows
for a coupling to acoustic phonons of the same symmetry; this coupling takes the form

Huemtas =\ [ dzeps (@)0 (@), 1)

where ) is the nematoelastic coupling strength, Fdf is the irreducible representation of the
nematic order parameter ¢ (x), where the superscript indicates that it is even under time-
reversal. e+ is the strain field that transforms under I‘z. An analysis of this coupling was

¢
carried out in Ref. in which it was shown that coupling to strain leads to a softening of
the shear modulus at the nematic transition [153H155]. The renormalised elastic constants,
related to the symmetry channel of strain which the nematic order parameter couples to, is

given by

2

_ _ A
Crerll = C ! + @Xnemy (22)

where C is the bare elastic constant, the value of which is approached at high temperatures
where the nematic susceptibility, Ynem, is small. The nematic susceptibility diverges at the
second order transition, leading to a renormalised elastic constant which vanishes. Ref.
showed that when nematic fluctuations cause the lattice to soften, long-range strain forces act
back onto the nematic modes, leading to a crossover to mean-field behaviour .
Another analysis of these systems is given in Ref. [16], in which it was shown that in addition
to the non-Fermi liquid behaviour around the QCP, there exists a region of quantum critical
behaviour strongly altered by the elastic degrees of freedom, which we hereafter refer to as
the elastic quantum critical region. In this region, the leading order behaviour of the heat
capacity and single-particle lifetime is Fermi liquid-like. At higher temperatures there exists
the bare quantum critical regime where these observables exhibit non-Fermi liquid behaviour
at leading order. In the absence of this coupling, the bare quantum critical region persists
down to the quantum critical point and the Sommerfeld coefficient v(T') = ¢(T)/T, with

specific heat ¢(T"), diverges like v ~ log (T o/T ), like in a marginal Fermi liquid [152] with

3
Ty = <A> o (2.3)

- 3o kF

temperature scale

determined by the Fermi energy Er, the bosonic cut off A, the Fermi wave vector kr, and the
dimensionless coupling constant « of electrons to nematic collective modes.

Ref. showed that the existence of a coupling between the nematic modes and the lattice
changes the universality class of the QCP and the Sommerfeld coefficient saturates below the
temperature

)\3
~ G
where J is an energy scale which characterises the total band width of the nematic collective
mode. C'is the bare elastic constant of Eq. that governs the symmetry channel of the
nematic order parameter. Hence, the expected divergence v ~ log (T(] / T) is suppressed and

T, To, (2.4)
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2.1 Introduction

replaced by v ~ log (T 0/T: *) Similar behaviour also occurs for the single-particle self-energy.
This behaviour originates from a sound velocity which now vanishes along isolated lines in
momentum space, giving rise to non-analytic, long-range order parameter interactions which
suppress both classical and quantum fluctuations. At the QCP, the heat capacity and single
particle lifetimes are indistinguishable from a Fermi liquid, provided one only considers the
leading order low T contribution and therefore as far as the fermions are concerned, this
region is a Fermi liquid. It is therefore interesting to see whether there exists an observable
which does distinguish between the elastic QC and a Fermi liquid at leading order. Fermi
liquid theory describes fermionic quasiparticles alongside their collective modes. To reiterate,
in Ref. coupling to strain re-establishes well-defined fermionic quasiparticles. One might
therefore conclude that a nematic QCP and, as we will soon see, by analogy, an altermagnetic
QCP in an external field is governed entirely by Fermi liquid physics, with the remaining
QCP-associated soft modes contributing only subleading corrections. However, our analysis
reveals that the situation is more nuanced: the elastocaloric effect exhibits behaviour that
deviates from standard Fermi liquid predictions. Importantly, this deviation does not stem
from an independent anomaly in the systems elastic properties. We will show that this result
can alternatively be derived from the fermionic contribution to the entropy. Taking a strain
derivative, as is done in the elastocaloric effect, amplifies what would otherwise appear as a
subleading correction. This motivates the characterisation of such a state as a singular Fermi
liquid. While this analysis of the QC regime is applicable to nematic systems, we will focus
here on its applicability to altermagnetic systems.

A proper analysis of the elastic QC regime therefore lies in an analysis of the fermionic
collective modes, carried out by considering the elastocaloric effect . This effect is out-
lined in Sec. and allows for the performing of high accuracy measurements . The
measurements are of the adiabatic temperature change with respect to an applied strain, i.e.

_ar

n(T) = deo| (2.5)
s

where €y denotes strain which transforms trivially under point group operations. An analysis
of n (T') shows that it behaves differently to that of a Fermi liquid in the elastic QC regime,
suggesting that even at the lowest temperatures, this is not a Fermi liquid state with regards to
the collective modes of the fermions (although it is less singular in this temperature range) [17].
In Table. we see the temperature dependence of the heat capacity and elastocaloric effect
in both the elastic and bare QC regimes.

| [ (@ ] n (7) |
Fermi liquid xT xT
bare quantum critical x T'logT X T1/3/ log T’
elastic quantum critical x T x TlogT

Table 2.1: Heat capacity ¢(T) and elastocaloric effect (1) as function of temperature in the
Fermi liquid, the bare quantum critical (for d = 3 and without coupling to the lattice), and the
elastic quantum critical regimes. From the perspective of the heat capacity (and the single particle
life time) the elastic QC below T is indistinguishable from the Fermi liquid, while the elastocaloric
effect is able to discriminate between the two regimes (Table reprinted from Ref. )
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2 Critical fluctuations in altermagnets

The coupling between nematic order and strain given in Eq. takes a very similar form
to that of a piezomagnetic coupling in an altermagnetic system. Like nematics, altermagnets
also break a symmetry which can be a rotation; the distinction between the two systems comes
from the fact that altermagnets break time reversal symmetry and hence another time-reversal
odd parameter must be introduced to any coupling term. In order to achieve a piezomagnetic
effect, the parameter chosen is the magnetic field and the piezomagnetic coupling
is given by

Hunost = 3 3Nl [ ey (@)6° (). (26)

It is symmetry-allowed, provided that F; ely ® F;‘;, i.e. the product representation of the
a-th component of the magnetic field I'y; and strain Fg: must contain the order parameter
representation I', . It is this coupling which we will analyse here, with mention of the analogy
with the nematic case . We see that the two couplings are of a very similar form, with
the introduction of a magnetic field in the altermagnetic case which can now be used to tune
the coupling strength. Given that the crossover temperature between the bare and elastic QC
regimes is dependent on the coupling strength , this suggests that the two regions can be
tuned by an applied magnetic field. In Fig. we show a schematic representation of the
piezomagnetic coupling. Initially the unstrained altermagnet has a net-zero magnetisation
within the unit cell; once a strain is applied, the symmetries which previously forbade the
formation of a magnetisation are broken. The induced magnetisation in strained altermagnets

i given by

M, = Aynseys, (2.7)

where A5 is the piezomagnetic tensor and M, is the component of the magnetisation density
aligned along the p direction. A magnetic field can then couple to the induced magnetisation.

In this chapter we will show that a piezomagnetic coupling between an altermagnetic order
parameter and the lattice leads to the formation of a direction selective criticality and the
emergence of gapless bosons along these directions. For reference, we will give a list of the
possible piezomagnetic couplings and coupling to fermions for a tetragonal system in this
chapter and for hexagnonal, cubic and orthorhombic systems in Appendix. Bl We will use the
coupling to fermions to show that the magnons acquire a Landau damping term which, unlike
for nematic systems is not dependent on the direction of momentum q. We will show how
gapless bosons give two regimes of behaviour, the aforementioned elastic and bare QC regimes
and through calculations of the electron self-energy and heat capacity, that these regions are
tunable via an applied field. This will allow for an experimentally accessible region of NFL
behaviour above the critical point which is not accessible in the nematic systems studied in
Ref. . We see this summarised in the schematic diagram in Fig. An analysis of the
elastocaloric effect will prove that the elastic QC is not a Fermi liquid, or more accurately the
collective modes do not display Fermi liquid behaviour at leading order in low temperatures,
a result of which is actually relevant for both nematic and altermagnetic systems. We will
show that this is consistent with an analysis of the generalised scaling behaviour near the
elastic QC regime. This scaling behaviour is outlined in Ref. . We will also show that the
piezomagnetic coupling has an analogy with the Hall effect in strained altermagnets insofar
as the strains which induce a finite magnetisation can also induce a finite Berry curvature and
hence, nonzero Hall current.
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Figure 2.1: The physical origin of the coupling considered here is simple to visualise. An alter-
magnet which transforms according to the irreducible representation Ba, has the order parameter

By ~ Dk [Boy (k) <cLazck>. Spins aligned along the z direction are distributed in the unit cell
according to the irreducible representation Bjg4, such that the object transforms like Byg. There
exists no net magnetisation and the magnetic field cannot couple. Breaking this symmetry by ap-

plying a Bi,4 strain allows for the formation of a ferromagnetic moment and allows for a coupling
to an external magnetic field. (Figure reprinted from Ref. )

bare quantum critical

ordered T T*
state

(nematic,
altermagnetic)

QCP m?

Figure 2.2: Phase diagram near a nematic or altermagnetic quantum critical point (QCP). The
phase is tuned by the non-thermal parameter m?2. The coupling to elastic degrees of freedom gives
rise to a change in the universality class of the QCP from the bare quantum critical to the
elastic quantum critical regime at the crossover temperature T,. In an altermagnetic system, 7
can be tuned by applying an external magnetic field, where T,(H = 0) = 0. (Figure reprinted

from Ref. )
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2 Critical fluctuations in altermagnets

2.2 Piezomagnetic coupling in altermagnets

The piezomagnetic coupling of Eq. is underpinned by the group theory outlined in
Sec. which is then used to deduce which components of A ; are nonzero and how many
are independent. We consider an altermagnet with an order parameter denoted ¢, this order
parameter corresponds to multipolar magnetism meaning that, as discussed in Sec. it
breaks time-reversal symmetry, keeps translation unchanged and does not transform like a
magnetic dipole. The latter ensures that the net-moment in the unit cell is zero by symmetry.
a labels the components of the order parameter, an index that we drop if we consider single-
component systems. For a g-dimensional representation, a = 1--- g labels the components.

The symmetry-allowed coupling of ¢ to lattice fluctuations will be crucial for our subse-
quent analysis. In order to provide a concrete set of interaction terms, we performed a group
theory analysis (Appendix. for several important point groups. These couplings allow
for the probing of an altermagnetic order parameter through measurements in the change of
magnetisation with respect to the strain

D> AL 6" = OMo/Oep. (2.8)

Choosing the appropriate field direction and strain symmetry then allows to determine the
otherwise rather hidden altermagnetic order parameter. The symmetry allowed piezomag-
netic couplings for a tetragonal system are listed in Table[2.2] In addition we summarize the
couplings for systems with hexagonal (Table , cubic (Table , and orthorhombic (Ta-
ble symmetries in the Appendix . In these tables we also list the symmetry-allowed
coupling of ¢® to fermionic modes of a single band system. The latter was discussed in the
context of protected nodal lines of the Zeeman splitting . These couplings will be crucial
when we analyse the dynamics near altermagnetic quantum critical points due to the Landau
damping which arises as a result.

The list of possible couplings reveals several aspects which are worth noting: the piezomag-
netic coupling can also be constructed for ferromagnetic systems. These are indicated in grey
in the tables. Secondly, in some cases, such as tetragonal crystals, piezomagnetic couplings
can be used to uniquely identify the symmetry of an altermagnetic state, this is however, not
the case for other symmetries, such as cubic and hexagonal systems. Finally, there also exist
altermagnetic states that cannot be detected through first order piezomagnetic couplings. The
state identified in the systems discussed here is the order parameter that transforms under
Afg in cubic crystals, see table B.3| This state is a combination of a spin dipole and a charge
hexadecapole that forms a dotriacontapolar state. It can still be identified if one simultane-
ously applies strain of T;g and E; symmetries and analyses piezomagnetic effects that are
nonlinear in the strain fields, however the fact that this is a higher order effect suggests that
it is much smaller in comparison with the other couplings listed.

2.3 Classical fluctuations

While the focus of this chapter is on quantum critical fluctuations, an analysis of the classical
fluctuations of a piezomagnetically coupled altermagnet reveals important characteristics,
including of the structural phase transition discussed in nematics and how fluctuations

40



2.3 Classical fluctuations

AM irrep

Dyp, (4/mmm) point group

coupling to fermions

piezomagnetic coupling
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" (@1%2 + Qﬁzfyz> H,

Table 2.2: The coupling of altermagnetic (AM) and ferromagnetic (FM) order parameters ¢ to
fermions and to simultaneous magnetic and strain fields (piezomagnetism) for the tetragonal point
group Dy (4/mmm). Ferromagnetic ¢ have been listed (in grey) for the sake of completeness.
The first column indicates the irreducible representation (irrep) according to which ¢ transforms.
g and A are coupling constants, k, is the momentum, o, are Pauli matrices, €,5 is the strain
tensor, and H,, is the magnetic field. The possibility of having ¢’ # g and X' # X is a result of the
fact that there exists magnetic anisotropy in the system. €4,, are the strain components which
transform trivially. The coupling to lattice fermions is deduced by replacing k, with sin k.. The
results of this and other tables agree with Ref. where they overlap. (Table reprinted from

Ref. [17])
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2 Critical fluctuations in altermagnets

are suppressed by the resulting soft modes. These realisations will also be important for the
quantum analysis which follows.

2.3.1 Field-induced lattice softening

We see that the coupling Eq. (2.6) allows for analogies to be constructed with respect to
nematic systems, by absorbing the magnetic field into the coupling constant

Ag = Aa,iI{on (2'9)

the system essentially behaves as a nematic system, yet with different symmetries of the
strain field, as dictated by Table and Tables One can then follow the analysis of
Ref. to investigate how this coupling affects the elastic degrees of freedom. If we assume
the lattice is stable at zero field, the order parameter, ¢, is the dominant order parameter
that is responsible for the transition and drives the critical behaviour, while € is field induced
and secondary, meaning it will not order on its own. In this case we can write for the classical
many-body action of the problem

Stot [0, €] =S [¢] + /ddx <62be2 — Agoe — hyp — ae) . (2.10)

Here S [¢] is some non-linear action which describes a system near a critical point. The
explicit form of S [¢] is not crucial for what follows. Since € is the secondary order parameter,
it is reasonable to ignore higher order couplings or terms that are non-local in space or time,
i.e. we assume that the bare action of the secondary order parameter is Gaussian. We
include two external fields hg and o that couple to the altermagnetic order parameter and
strain respectively. hy does not, of course, correspond to an actual magnetic field as it must
transform under the same representation as ¢, which as discussed, does not transform like
a dipole. At first glance, it seems that such a field is not easily realisable in the laboratory,
however, in the presence of a magnetic field, stress essentially plays the role of this conjugated
field. This gives rise to a close relation between the altermagnetic susceptibility

0’F
Xam = — 275 , (2.11)
oh !
h¢~>0,0’=0
and the elastic constant )
F
cl=— 22 (2.12)
d h¢:0,0—>0
For A = 0, it holds that C' equals the bare elastic constant Cy.
For the Free energy
dF = — (e)do — (¢) dhy, (2.13)
with Hooke’s Law
Co (€) = 0 + Oint, (2.14)
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2.3 Classical fluctuations

where the internal stress is given by

Tint = A (@) - (2.15)
This gives the equation of state
oF o g
() = —aj—a)Jr o (¢)
o Ay OF
- 2 _Aner 2.1
CU Co 8h¢ ( 6)

For the two order parameters we expect two coupled equations of state. One of which requires
an actual solution of the critical behaviour due to S [¢] which is therefore is hard to determine,
the other is given above and establishes a simple relationship between (), stress and the
primary order parameter (¢). For o = 0 both order parameters are proportional to each
other, in agreement with

1 OF
~V 3 :ZA‘;,@.EFT&. (2.17)

aH—0 i,a

M, =

From the equation of state we find

0 () 1 g O0*F

dc  Co CoOhgdo’

d (e€) Ay O*F
S iy 2.1
dhy ~ Co O3 (2.19)

(2.18)

The relationship between the derivative with respect to o and hy allows us to derive a relation
between the two order parameter susceptibilities:

o) 1 N4 0°F

_ - _mor (2.20)
do ~ Co CZon?
It follows
—1 —1 A%{
C = CO + Exam. (221)
0

This is an exact relation. The divergence of the altermagnetic susceptibility at a second order
phase transition gives rise to a field induced lattice softening. If we are now specific about
the symmetry of the altermagnetic order parameter, we can consider a By, altermagnet with
coupling

S, = \H. /x (€xe — euy) 01, (2.22)

where A is the coupling strength and H, is an external magnetic field, aligned along the z
direction. This coupling term holds as the magnetic field aligned along z transforms under
Asg. The product of the order parameter, magnetic field and strain therefore transforms
according to Aj4. The elastic constant related to the By, strain element is % (C11 — Ch2) and
this is the combination of elastic constants which vanishes at the transition. This combination
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2 Critical fluctuations in altermagnets

of elastic constants vanishes at the phase transition in a B, nematic system . The
irreducible representation of the order parameter differs as a nematic order parameter can be
coupled directly to strain without another parameter to mediate this coupling.

This would in theory allow for a measurement of the altermagnetic susceptibility, however in
many currently known altermagnetic materials, the small energy scales of the field compared
to the ordering temperature make this difficult to observe . Following Ref. , we can
still use an RG calculation to show the regime where this softening occurs and understand
how this softening affects fluctuations.

2.3.2 Critical behaviour

We mentioned in the introduction that in nematic systems, when nematic fluctuations cause
the lattice to soften, the long-range strain forces drive the nematic modes to a mean-field
regime. This analysis was carried out in Ref. and we can perform a very similar analysis
for the altermagnet. Following the method of Ref. and integrating out the strain field
gives a ¢* theory with a modified propagator

U
S:/XO (a) ¢q¢7q+1/¢>i, (2.23)
q x
with a propagator that softens along specific directions:
2
2 2
_ qz — 4 2
xo(g) ' =r+d+ hlAQ( - p g + h2A2Z—;, (2.24)
where h;A%? = _((,‘)\2122)2 w; where A is the momentum cutoff and (see Ref. Appendix.
11—C12
A)
1 c11 — cep)>
el + Co6 — (0111223;) ’ H2 = C44. (2.25)

This creates a soft direction along g, = +¢,, while all other directions, denoted by ¢, are
hard. There are two approaches one can take to number the hard and soft directions. The
method used in Ref. suggests using m = d — 2 soft directions. This yield an upper
critical dimension of 2. The approach we will take here is to consider a d dimensional system
where m directions are soft and d — m directions are hard. Both approaches are equivalent
in d = 3, however using m = 1 is correct in both two and three dimensions. We will see
from the scaling analysis in Sec. that hard dimensions are counted twice, whereas soft
directions scale as usual. This gives an effective dimension of deg = 2 (d — m) + m where
def = 5 when d = 3 and m = 1. We therefore see that the presence of hard and soft directions
suppresses fluctuations through a higher effective dimension. This also yields an upper critical
dimension of dy. = 2.5 and therefore in two dimensional systems an epsilon expansion
can be applied.
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2.3 Classical fluctuations

We can perform a one-loop RG for this model, which yields the usual flow equations

dr d > d >

- = 2r + 3um \ xo (q) — 3’LLT@ \ x0 (q) xo0 (q)

du d >

— = @-D)u- 9u®— X0 (9) X0 (q) ; (2.26)
dl dl Jq

where [ q> ... stands for integrating out the shell A/b < ¢®> < A with b = ¢! and the integrals
are taken at 7 = 0. The flow equations for hy 2 are given as

h1’2 (l) = h1’262l, (2.27)

which follows from power counting. Given the non-analytic character of the terms that are
proportional to the h; no shell integration will be able to give higher order corrections. Hence,
these are the exact flow equations for hy o . One then needs to perform the shell integrations
which yields

[ xola) = a2 ()
q
[XO (@) x0(q) = IA"By(hy.hs). (2.28)

where

d—
Ag (h1,he) = Kdﬁl /1 dy v :
S ¢ (14 ha) (1m0 (1-22)7)
2
7Ky o [ yd_3 (2 + 2h2y2 + hy (1 — y2) )
Bd (h‘la h2) = (27T)d /(; dy 3/2° (229)

((14—h2y2) <1+—h2y2+-h1(1-y2)2>>

where we introduced y = ¢, /A and Ky = lg?d—d/;]. Again following Ref. , the renormalised
h; will always eventually become large and so for h; > 1 it holds

aq
Ag (h1,he) = ———,
\/ hihd™2
b
By (hi,hy) = ——— (2.30)

NI =2

where ag =T (%) / <2d_17rd;1) and by = %ad.

45



2 Critical fluctuations in altermagnets

This yields the flow equations

dr _ agu _ bqu
— = 43N gt
di Vhhg 2 N
du 4 bgu?
— = (d-du—-9ATt . (2.31)
dl /hlh(2172
Introducing the dimensionless coupling constant % and mass 7
b
G= APy M DT (2.32)
/h1h2D—2 ap A
The flow equations become
ar _ 2r +a — s
g = ta 7,
du 5
— = 2|-—d|a—a’ 2.
¥ (2 > U—1u (2.33)

As expected the upper critical dimension is dy. = 2.5, this is in contrast to Ref. due to
the different choice for counting hard and soft modes. We can also calculate the correlation
length exponent from this. From the analysis in Sec. the pertinent fixed point is @* = ¢,

7™ = —5. We then look at deviations from this fixed point with 7 = 67 + 7* and @ = du + a*,
which gives

d(or\_[20-¢) 1+5)\( 0o

i ( st ) = < 0 . si ) (2.34)
The positive eigenvector is then 2 — £, which gives v = % + 15 If d =2, then e = 1 and we
have

oL (2.35)
12 ‘

In Ref. it is noted that this analysis breaks down at a length scale, I* where h; (I*) ~ 1.
Considering this point allows one to determine where the mean-field behaviour is valid .

In this case . (l*) ha (0)
2 2 - N
OO h (I7) . (2.36)

This holds as hy (I*) = 1 and both h; scale in the same way. Consider the correlation length

exponent v, we're interested in the mean-field behaviour so we take D ~ 2.5 such that v = 1

5-
If we take the mean-field exponent and then consider how r scales, we have

r (1) ~r(0) e & (2.37)

We can then relate this to & using the critical exponent, i.e. if r scales with e then ¢ scales
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2.4 Criticality at an altermagnetic QCP

with e~
() =€e™ =) /1 (0). (2:38)

We then know that the analysis breaks down at the point where £ (I*) < a, i.e. the correlation
length is smaller than the lattice spacing. Using the value of h; (0)
)\2

hi (0) = " (2.39)

where we already know from the analysis of the elasticity in Ref. that ¢ and p; are
combinations of elastic constants. So we now have that the mean-field behaviour is valid in
the regime

alACy ~ Co
AH\/I1 PV
where we used Aa ~ 1 and that u; ~ Cp, the experimental data which justifies this for nematic
systems can be found in Ref. [164], for altermagnetic systems we use the data from Ref. [165].
Using the mean-field exponents we find €2 = yam such that we now have the condition for the
mean-field regime in terms of the altermagnetic susceptibility

£(0) >

(2.40)

(2.41)

Looking at how the elastic constants are renormalised by the plezomagnetlc coupling, we

immediately notice that when the mean-field condition is met, C Lyam > 1 and we get a large
renormalisation of the elastic constants. The elastic constants hence soften in the same region
as the region where the behaviour can be described by a mean-field theory.

This calculation shows that, just like for nematic systems , when altermagnetic
fluctuations cause the lattice to soften, the long range strain forces, act back on the altermag-
netic mode and cause a crossover to mean-field behaviour. Coupling to strain also introduces
an effective spacial dimension and changes the universality class of the system. Unlike for
nematic systems, this only holds for the case that a magnetic field is applied.

2.4 Criticality at an altermagnetic QCP

We can use the coupling rules given in Table to construct a coupling term for a Ba,
altermagnet in an arbitrary magnetic field. This is the symmetry of the order parameter
which we will consider in the following analysis, however it is a relatively simple endeavour to
carry out the same analysis for other order parameter symmetries. If we consider an arbitrary
magnetic field, the allowed coupling is

S = /x ¢ (2) <)\sz (€xe (2) = eyy (@) + A1 €0z Ho — eyzHy)> , (2.42)

where ), is the coupling to By, strain, mediated by the magnetic field in the z direction and
A1, the coupling to 1,4 strain, mediated by the in-plane magnetic field. One crucial element
to the following analysis is that while the magnetic field modifies the properties of the QCP,
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2 Critical fluctuations in altermagnets

it does not destroy it entirely. This is in contrast to the case where a ferromagnet has a field
applied along the easy direction. If we just consider a magnetic field along the z direction,
the coupling term reduces to Eq. (2.22). It is this coupling term which will use in the analysis
which follows for the remainder of this chapter. This is equivalent to the nematic coupling
term with a Bi, nematic order parameter, although we now have a coupling that is linear in
the applied field, allowing us to tune the coupling strength with an external parameter.

2.4.1 Direction selective criticality

We will now consider one-loop corrections to the bosons and fermions from the coupling to
elasticity and electrons at the Fermi surface following the analysis of Ref. [16]. We consider
the following action

S =848y + Se+ Se—yp + Se—s, (2.43)

which consists of the part that describes free fermions with band dispersion &(k):

Se== 3 [ bl €))ea (k). (2.44)

o=t 7
with [, ---=T3%, (gsTkg -+ and k = (w, k) combining frequency and momenta. Aside from
the Landau damping, tﬁat we discuss below, our results will not depend on the details of

the dispersion &(k). We consider a spherical Fermi surface in the main text, however our

results are unchanged if we consider a cylindrical Fermi surface; this is a direct consequence

of the fact that we will see the critical lines of soft phonons are in the z — y plane, where the

symmetries of the two Fermi surfaces are identical. (The results are qualitatively different for

a magnetic field alolig x as this creates a soft mode aloglg the z direction, we consider this
k|
2

case in Appendix. |B.2) Hence, for now we use (k) = ‘—m — p. The altermagnet is described

by a single component Ising order parameter with the corresponding action

So=3 [ @ (m*+? 4 13lal)o(-o) (2.45)

where vy, which has dimension of a velocity, determines the spatial stiffness of altermagnetic
fluctuations and m? now denotes the distance to the critical point. We do not include non-
linear interactions ~ ¢* of the Ising degree of freedom as it is an irrelevant correction at the
QCP. The elastic degrees of freedom are given in Sec. but we reiterate the analysis here
for the sake of completeness. The elastic degrees of freedom are determined by

S — / [’2) 3 (8Tui)2+Fel[{ui}]}, (2.46)

Z':ff»yv’«’
. . _ 3 .
where p is the mass density, [ --- = [dr [d’z---, and the elastic energy
Chi Cs3 Cyq
Folu;] = 7(6393 + 632/y) + 7632 + T(Eiz + 5;2,2)
Cé6
+ Teiy + Cro€zz€yy + Ci3(€xz + €yy)€zzs (2.47)

48



2.4 Criticality at an altermagnetic QCP

is determined by the usual elastic constants Cj;, given in Voigt notation and with strain field
€j = % (&-uj + 8jui> expressed in terms of the displacement w;. This term determines the

dispersion relations and polarisation vectors for the elastic modes. For example, with the
assumptions Ci3 = —Cyy, Cgg = % , we obtain the elastic modes ;(q):

pQi(a) = Culaea® +Cnd?,
pQi(q) = Onlawal® + Cud?,
C1 - C
p(q) = %“hd? + Cug?, (2.48)

where the polarization vectors of the elastic modes are M (q) = (0,0,1)T, Xo (q) = @(qx, qy,0)7,

and A3 (q) = @(—qy, ¢z, 0)T, respectively, with qog = (qw, qy). Due to the assumptions made
for the elastic constants, the elastic mode Q3(q) of Eq. leads to a soft plane at ¢, = 0
when C11ren = Ci2ren- This is a fine-tuned result. In the generic case, only the lines with
¢z = £qy, ¢ = 0 form the softening manifold for the Dy, symmetry group. Despite
this, calculating the phonon modes for a generic choice of elastic constants gives the same
qualitative results, this is due to the form factor Xg(q), involved in the renormalized mass of
the boson, which lifts the degeneracy to the lines ¢, = ¢, ¢ = 0.

The action is Gaussian in the elastic modes and we can therefore integrate out the phonons
using the method outlined in Sec. For a generic magnetic field this introduces the
direction-dependent correction to the order parameter action:

1 N (Hegqe — Hygy)?
AS(im):—* ¢q¢_q 1 THT Y4y
S VAl e )
2
1 (Asz(Q% - qz) - )\J_QZ(H:EQ:JC - HyQy))
4
EIE pQ5(q)
2
1 (QAZHZQIQy - )\J_(qugc + Hny)Qz)
4 2.49
P ¥ (2:49)

Choosing H = HZ, the mass is renormalized and becomes

NLY 1 ((@- @) | 48
m2(q7 Hz) - m2 — ( ) 3 ((q 3 qy) q2 qy
4p  laal*\ Q3(q) Q23(q)

In analogy with the nematic case , m(q, H,)? has minimum value

). (2.50)

Miin (H2) = m? — mZy, (2.51)
where m? = %, along the two lines ¢, = +qy. It is along these lines where the
11—012

boson mass drops to zero and the system becomes critical. Coupling to the lattice hence leads
to the emergence of a direction selective criticality. The hard and soft directions are depicted
in Fig. We see that by varying the magnetic field strength, the position of the critical
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2 Critical fluctuations in altermagnets

0.4
0.3
0.2
| 0.1

m? (q,Hz) —m?2

Figure 2.3: A density plot of 2 shows two directions where the bosons become

N2H?2
critical (i.e. the soft directions discussed in the main text), where ¢, = +¢, in the ¢. = 0 plane.
This is plotted for C1; = 1, C13 = 0 and Cyy = 1. (Figure adapted from Ref. )

point is also moved but never destroyed. This means that a transition can be field-induced
(see Fig.2.7). The renormalized critical mass (mmin = 0) can be approximated near the high
symmetry directions

2 ¢3+q2

mig—g s lal > lazl; |,

2 ~ 2.2

MG )~ 0 w2y B ] > o o) (2:52)
mzH) |q,z’ > |q1’7 ‘QQ|,

where ¢ = qz\—/%qy, g2 = qz\;iqy. Here we set the coefficients to be 1 for simplicity. Note that

we use the notation m2 to show the field dependence at criticality. We will see that this
relation implies a magnetic field dependent crossover temperature T* proportional to H3.
The soft directions obtained from this consideration of quantum fluctuations correspond to
the soft directions that emerge from the lattice softening calculation with the same choice of
irreducible representation By, in Sec. Once the choice of order parameter and magnetic
field orientation makes it clear that the coupling is to By, strain, the corresponding elastic
constant C71 — C12 becomes soft and the sound velocity vanishes along ¢, = %q, .

2.4.2 Landau damping

As well as the coupling to elasticity, the boson is also renormalised as a result of coupling
to fermions. In nematics, whether this coupling leads to the addition of a Landau damping
term in the boson propagator is dependent on the Fermi surface geometry, the choice of an
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2.4 Criticality at an altermagnetic QCP

isotropic dispersion over, for example, a tight binding model is therefore not unreasonable as
it would not affect the results . The coupling of electrons to the order parameter is given
by

S = [ slarchti+a/2) [mh 01025 + g2 (halB)rzs + by (0102 ) |eath - a/2), - (259)
k.q

where it follows with the help of Table [2.2] that

h(k) = (ha(k), hy(k), hz (k)

= (—sink,sink,,sinkysin k., cos k; — cosky). (2.54)

The spin Pauli matrices are a consequence of the broken time-reversal symmetry, leading to an
extended form factor when compared to the equivalent calculation for a nematic system [16].

The one-loop correction to the order-parameter propagator due to the fermion-boson cou-
pling is given by

1

AS; = 2/q¢(q)¢(—Q) [Q%DZ(Q)+93<Dx(Q)+Dy(Q)>:|, (2.55)

where tr[oicl] = 269 was used, while

Di(@) =2 | BKIG(k—a/2)G(k +/2)

[ &k 0(€k—q/2) — 0(Sktq/2)
_ 12(k q q
22/ (2m)3 ( )Q + i(Ek—q/2 = Ektq/2)’

(2.56)

where, i = x,y,z and ¢ = (2,q).

With the assumption of a spherical Fermi surface (§x = % — u) and a low temperature
approximation, we find
2 [ d3k vpq - k
D; %—/ 2(k)6(k — k) —FL N 2.57
@ o [ I — k) (257)

where vg, krp and k are the Fermi velocity, wave vector and the normalized radial vector
respectively. To determine the fermion-induced dynamics, we introduce the quantity AD;(q),
given by

AD;(q) = Di(R2,q) — D;(0,q)

2 3k 1
== / 03k — ) (2.58)

The term D;(0,q) modifies m? and gives a |q|? term, related to the bare kinetic term of the
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2 Critical fluctuations in altermagnets

boson. Converting to spherical coordinates, we can obtain the following results:

as5~ [ 0@ | gin0,.0,.0)

+ 9% (ny(9q, bq, @) + nz(etb bgs a)) ¢(—q),

(2.59)

where 0, ¢4 are the polar and the azimuthal angles of the momentum q, respectively, while

. The functions 7., 7, and 7n, are given by

Dy = / dfd¢ sin® 6 cos?(2¢)
’ 1 4+ a=2[cos 6 cos b, + cos (qﬁ - qu) sin 6 sin 6,2 7
dfd¢ sin® 0 cos? 6 cos? ¢
77y = / B . ’
1+ a=2[cos b cos b, + cos (qb — cbq) sin 0 sin 6,2
0. = / dfd¢ sin® 0 cos? 0 sin? ¢
: 1 4+ a=2[cos 6 cos b, + cos (qﬁ - ¢q> sin 0 sin 6] 7

(2.60)

(2.61)

(2.62)

where we have suppressed the 6,, ¢, and a dependence of the n’s and the integrals are taken

over the unit sphere.

(a)2r (b)2r
7 7
3n 3n|
2 2
4 4
q ¢q77
3 3m|
T : :
T ol
2 2
s Il
Z 4
0 - or ;r x
0 z s 3n i 0 n 2
4 2 ry

0q 04

Figure 2.4: Panel (a) shows that 7, a term linear in Q everywhere, apart from at §; = 0 and
¢q = (2n+ 1) /4w, where n = 0,1,2,3 where the damping is approximately quadratic in Q. A
density plot of 1, +n, shows a term linear in {2 when 6, = 0, 7. This suggests that when the two
are summed, the main contribution comes from the linear €2 term at low energies everywhere on

the Fermi surface. This is plotted at a = 0.1. (Figure reprinted from Ref. )

It suffices to carry out a numerical analysis. We find that there always exists a damping
term regardless of the Fermi surface geometry, which we show in Fig. this is in direct
contrast with the nematic case. This is a result of the introduction of Pauli matrices in the
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2.4 Criticality at an altermagnetic QCP

form factor which give extra terms when compared with the form factor for a nematic order
parameter . We approximate this damping term in the low energy limit as

o . 2 d4q |Q’ B
as~ S [ obola b o) (2.63)

where { = V6mavgkr and « is a dimensionless coupling constant

e
o= —-. 2.64
127727}}72}3) ( )

for the coupling strength to fermions.

The energy scale £ sets the strength of the Landau damping. The result of this is the
order-parameter action

5= 3 [ oo o(-a) (2.65)

with susceptibility

jw
(@) = (mPa o)+ o? +odlaf + 65 ) (2.66)
This result is dependent on the shape of the Fermi surface as Landau damping is generated by
the creation of particle-hole pairs, where the soft directions characterising the critical regions
are parallel to the Fermi surface, hence this theory would not be applicable for a system with
nested Fermi surfaces or van Hove points.

2.4.3 Fermionic self-energy

A calculation of the fermion self-energy allows one to deduce a crossover from the bare to
elastic QC regime, an analysis at 7" = 0 and no magnetic field also allows one to deduce
the characteristic energy scale Ty, below which, quantum critical behaviour sets in. The
self-energy is given by

¥ (k,wn) o< g*hi /q,w' Gx+q (w + w’) Xq (w') , (2.67)

where Gy (w) is the electron propagator, x, (w) is the boson propagator, hy is a form factor
discussed in the Landau damping section and k > ¢ such that we can ignore the ¢ dependence
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of the form factor and move this outside of the integral. The self-energy is then given by

d3q du' 1 1
ey kF/ / g (2.68)

271327rfu 5a —1—52“ @ jw —vpq)

d? d 1
~ g?h2 / / @I _— / L (2.60)
v¢q” +§ ord] mw —vrqy
*hi, [d A qidg
_J kl; £s1gn( ’)/ S (2.70)
41}F’U¢ 2 0 _’_52‘0,) w’
VEUR
2h? A3v2v
i ke o [ 200 (2.71)
127r2vFv &2 |w|

If the imaginary part of the self energy on the real axis is
¥ (w) = fgoz w] 6 (To — Jl) (2.72)

with the dimensionless coupling «, this then implies that on the imaginary axis

S (W) = —a (w log ({j) - zg |w|> , (2.73)

¥ (iw) = — /oo %Ir.nE © _ —iwalog <TO> : (2.74)

oo T W — € |w|

and so

We can compare this with Eq. (2.71) to obtain the energy scale

T A%ivp
0 — €2 ;

at which the system crosses over to the bare QC regime.

We can now consider how the magnetic field affects the contributions to the self energy
from the relevant areas of momentum space. Far away from the critical directions q, > q1, o,
the direction dependence of the mass can be ignored and m (q, H,) ~ m. An analysis of
the boson propagator then gives a temperature above which the mass is negligible. If we use
Eq. then if m? ~ v¢q2 then rearranging this for ¢ and substituting this into the Landau
damping term, assuming that w ~ T', we see the terms are comparable at

(2.75)

T, = mPvy /&0y, (2.76)

Using the known equations for £ and Ty gives the expression
m3

T, = A3

LTh. (2.77)
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2.4 Criticality at an altermagnetic QCP

We now see the emergence of a crossover scale T, o< H3 (from the magnetic field dependence
myg X H,) below which the mass term must be taken into account. The two regimes can
therefore be tuned with the magnetic field. We always assume Ty > Ty, i.e. the elastic
couplings are not of a strength at which behaviour is affected up to the Fermi energy. Above
this temperature m can be neglected and the self-energy acquires a non-Fermi liquid form
@ ¥ (iwp) o lw|*? in 2D and & (iwn) o< wy, log |wy| in 3D. Below this temperature the
corrections are Fermi liquid type.

At low energies we need to take the contributions from the gapless bosons into account.
We would expect hot spots in the regions where the critical directions are parallel to the
Fermi surface. We follow the method presented in Ref. . Ignoring prefactors in order to
determine the frequency dependence of the self-energy, we expand the propagator close to the
critical direction

2 2
Gqtae v
X (g% @) =g +mig——r7 Z+’”‘. (2.78)
q3 q2

This allows us to write the self-energy as

(i) = [ & S ! |
a,vn q% + mzH (q% + qg) + |n| g2 Wn + 1y — q1 cos O, — g2 sin Oy,

+<9kF %GkF +7T/2>,

(2.79)
where cos <9kp) = N - @1 and Ay, is the normal to the Fermi surface. The two critical
directions are perpendicular to one another such that for g to be parallel to the Fermi
surface 0, ~ 0. Introducing { = q1 cos Oy, + g2sin . and n = —qi sin O, + g2 cos O, such
that ¢go = ncos (GkF) + €sin (GkF) and ¢ = £ cos (HkF) — nsin (ka)

The leading order contribution comes from the fermion pole, we integrate over £ just con-
sidering this pole

A 1 wwp + vy — A
/4 Siom Fivm—¢ Og<iwn—|—i1/n+/\> iSgn (wn + vn) T (2.80)

This also restricts the integral over v, given that the integral is even in v. After integrating
over ¢, and ignoring the £ dependence having only considered the fermion pole

—iSgn (wy) [len 1 n? cos (ka)z
S (iwn) = 7/ dyn/ dn - -
>
" 0 0 \/774 Ccos (Qkp) + m2;n? sin (GkF) + Upn cos (Qkp)
(2.81)
where the integral over 7 is given a cutoff of 1. The leading frequency dependence is determined
by v, = 0 and so
—1lwp,

S (iwn) = f (%) : (2.82)

my«H
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where

1 n? cos (GkF)Q
£ () = /0 dn \/ g , (2.83)

n* cos (QkF) + 7ro,gn? sin (Qkp)z

such that this contribution is FL-like. We can then also find the contribution from the
subleading term to obtain ImY. To find this, we expand in v, and assume 6, is small as we
expect hotspots around i, = 1.

, iSgn (wy,) [lenl 1 1
S (an)subleading = Mt /O anVn /111/3 d77 ) 5 1o 3/2° (284)
which yields
iSen (wy) wn| > wn| 3
Ssubleading = £ (T;)IJ( nl ; Orp < |nZ|H : (2.85)
* *

which is a subleading non-Fermi liquid like correction to the self-energy. Whether these
hotspots survive is now dependent on the form factor. Along the critical directions the form
factor is zero and hence these hotspots are rendered cold. In this case the main contribution
comes far from the critical directions and yields the crossover T} for the elastic to bare QC
crossover. The identification of such a crossover which is dependent on the field allows for
the deduction of a phase diagram using the pertinant parameters. We show this in Fig.
These results are equivalent to those of a nematic system, as reported in Ref. , but with
a now field dependent crossover temperature.

2.4.4 Specific heat

Much like the calculation of the electron self-energy, an analysis of the heat capacity also
allows one to determine different regimes of behaviour above the QCP and the crossover
temperature 7% between the two (This is also carried out for nematic systems in Ref. [16]).
The free energy of the system is given by

2

T d3q
F== —_Jog x !
5 §w /(%)3 ogXx " (w,q)

d3q [ dw Pw 1 [afv
/ (2)3 /0 2r 2 WZlaP + m(a, H) (250

where the Matsubara frequency summation is evaluated via a contour integral. The Sommer-

feld coefficient (1) = —gZ—F; is then given by

Y =09 (T7 A, Hz) : (2.87)
where 3
Yo = ~apr (2.88)
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2.4 Criticality at an altermagnetic QCP
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Figure 2.5: The full phase diagram for an altermagnet in a magnetic field shows initially at
zero field an altermagnetically ordered regime and a disordered paramagnetic FL phase, the phase
boundaries of which meet at a QCP, around this point is a region of NFL behaviour. Turning
on the magnetic field increases the area of the ordered regime and introduces a new region of
quantum critical elasticity around the QCP, distinct from the Fermi liquid paramagnetic phase.
Phase changes are marked with solid lines and crossover behaviour with dotted lines. (Figure

reprinted from Ref. )

and
3
- o o laP(EPeata )
g(T,A,HZ) :/d%/ dr— . 5, (2.89)
0 e —17, _ _ o -
(a2(ja + m2(@ 1))+ 2212
2
where pp = 2:271; is the density of states at the Fermi surface and we used the following
dimensionless variables
_ m(q,H,) _ veq - T
H)=—"""> q= T=_— 2.
m (q, Hz) i e R (2.90)

_ 1/3
aswellas A = (TO / T*) / and the crossover temperature scale Eq.[2.77, which we also deduced

from the calculation of the fermion self-energy.
The third power of the coefficient is due to the dynamical scaling exponent of the problem

being z = 3. We will see that this temperature scale sets the crossover from a Fermi liquid

type heat capacity to the onset of non-Fermi liquid behaviour for the heat capacity as well.
In the case that there is no magnetic field present, there is no direction dependent criticality
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2 Critical fluctuations in altermagnets

and m (g,0) = 1. The calculation of the Sommerfeld coefficient is then

3
!<i!3(!q!2 + 1)
y(T,0) 70/d3/ dm . (2.91)

2 2
[|q|2(|q|2 1) +a2?]

In this case we find non-Fermi liquid behaviour which is robust all the way down to the QCP
with

v(T) = 2%70 log (?) (2.92)

The introduction of an external magnetic field means the calculation requires a more subtle
approach The mass term becomes direction dependent with three important regions given
in Eq. 2 If we consider first the region (7ii) where the boson modes are gapped, we can
analyse Eq 9/for T > 1 and T < 1. Far above the crossover temperature, the logarithmic
divergence remains as it is not affected by the magnetoelastic coupling, however below T} the
Sommerfeld coefficient simplifies to

¥~ 706/ >+q) (2.93)

The mass only depends on the orientation of the momentum, § = ﬁ[ and so this simplifies to

A
m ()

This shows that the logarithmic divergence is now cut off by the crossover temperature 1™
such that

dq
vy R fyo 47qr log (2.94)

3

(@) (T) o 2.95
7T 9 10 log%, T>Ts. (2:%5)

973 {log L T<T,
The temperature crossover is again the temperature at which the boson mass becomes neg-
ligible. Although this analysis is restricted to the momentum space corresponding to (%) in
Eq. , we extend the integration over all momenta and so the numerical coefficient is
overestimated.

The other two regions are equivalent by symmetry and so we need only consider one of
these. These regions are governed by the soft lines which only occur when an external field is
present. To proceed we use spherical coordinates

g1 = qcosf, g = gsinfcos¢, g, = ¢sinf sin ¢, (2.96)

and set the largest momentum as g cosf. We enforce this through the choice 0 < 8 < 6y < 1
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2.4 Criticality at an altermagnetic QCP

such that |q1| > |2/, |gz|. The contribution is then

N A 8o 0o 502 1 1712)3
g")(T, A\, H,) %4%/ dq/ d9/ dz x:n 1 600" + la") 5 (2.97)
€ — _
A [a12(6% + [ql2)? + 2°T2|

We should first analyse this expression at 1" = 0, in this case 'y(i) (0,0) = %20(2) log (ngg> such

that it is finite. At finite temperatures a numerical calculation shows that the contribution
has the same T dependence as for the previous case and combining them leads to the two
regimes of behaviour at T' > T, and T < T

(2.98)

T) ~ —
V(1) ~ =5 log e, T>T..

2 {log o, T<T,
Below the crossover temperature T, the specific heat is Fermi liquid-like with no divergence,
while above T the system is in the bare QC regime where it exhibits marginal Fermi liquid
behaviour, as reported for nematic systems in Ref. . In agreement with the calculation of
the fermion self-energy, T is now field dependent.

2.4.5 Elastocaloric effect

Having calculated the impact of the magnetoelastic coupling on the phase diagram of an
altermagnet, it appears that, taking into account only the effect at lowest order at low tem-
peratures, coupling to the lattice introduces an area of Fermi liquid behaviour around the
QCP, however an explicit calculation of the elastocaloric effect shows that it is sensitive to a
deviation in Fermi liquid behaviour in the elastic QC regime all the way down to the QCP.
We can write the elastocaloric change in temperature in terms of the Sommerfeld coefficient
calculated in the previous section:

108
=———. 2.99
=T 0 (2.99)
The free energy remains governed by Eq. but now the mass m (q, H,) — m(q, H;,¢),
where € is the strain element which transforms trivially under point group operations. Calcu-

lating the necessary derivatives, we find

25 OF?

- a = —m = —’YOF*,OTf(TaA,HZ)a (2‘100)
where A3 Om?
1 m
[ — — 2.101
*0 327r4m£ Yol Oe ( )
and

e [ @22 (5)
J(TA ) /dq/o dx(xT)sz(mQ(anz)”Q)Q.

(2.102)
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2 Critical fluctuations in altermagnets

Let’s again consider the high temperature limit where the mass can be neglected, the integral
then simplifies to

(T A H,) =~ 327%T 23, T>1 (2.103)

2O%0

where b = —ra This result is consistent with that reported in Ref. [166].

Considering the low temperature behaviour of the elastocaloric effect, if this were to be
Fermi liquid-like, the T dependence in the numerator of Eq. can be neglected. Car-
rying out the integral of the momentum magnitude leaves the angular integral [ dcjﬁ.

This integral diverges logarithmically due to the contributions from the soft directions. This
suggests that the behaviour in this regime is not Fermi liquid-like and we must investigate
the momentum space occupied by the gapless modes. Using the same spherical coordinates
as before, we obtain

FNT, A H,) = fO(T, A, H,)

A 6o 00 03z csch? (%)
R~ 47r/ dq/ d9/ dr——-— 5 (2.104)
0 0 0 (xT) 12 (92 + q2)

The analysis of the integral in the low-T" limit is straightforward and yields
@) (A 0 n
fYNT,A H,) ~ —log 7 T<1. (2.105)

To obtain this result we divided the integral into regions 0 < ¢ < 1, and 1 < g < co. The first
region diverges as T' — 0, giving the dominant contribution, while the other yields a constant
% log(l + 08). Hence, the origin of the low-T" logarithmic divergence are the gapless low
energy excitations along the remaining soft lines in momentum space. At high-T" the second
integral dominates and is the cause of behaviour in agreement with the bare critical point,
while the first integral over the interval 0 < g < 1 decays faster as T,/T. Combining all the
findings yields the result of Eq. . Notice, the two expressions don’t match at T ~ T,
a consequence of the fact that in the crossover regime, terms that are subleading at low and
high-T" must be included.
As a result,

1T T,
85, 5 §TTlOgT’ T<< T*;
— &~ =167y 0T (2.106)
deo ) r\1/3
2mb (£) ", T> T,

where, as before, the temperature scale Ty for the bare and T} for the elastic QCP are given
in Egs. (2.3) and (2.77), respectively. At high-T" we recover the bare QCP behavior, while the
new result is the logarithmic dependence at low T', due to soft lines in momentum space.

Using the results of Eq. (2.98) for the Sommerfeld coefficient and the above results, we
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2.4 Criticality at an altermagnetic QCP

| 5 10 e
T,

Figure 2.6: The Griineisen parameter, /7', as a function T'/T, at the elastic quantum critical
point. This is obtained from a numerical analysis of Eq. (2.102)). At low temperature (T < T%),
the Griineisen parameter shows logT" behaviour which is indicated by the red dashed lines and
T=2/3/log(Ty/T) behaviour in the high temperature regime (T > T.), indicated by the green
dashed line. A broad crossover regime which occurs due to higher order terms than those calculated
in the text is clearly visible. (Figure reprinted from Ref. )

deduce the elastocaloric coefficient:

T/T.) log L=
%( /]o)T;;g = ) T<<T*7
n~ =720, 0T (T/gTT*) » (2.107)
27h *To , IT'>T,.
log 7

This is the behaviour listed in Tab. 2.1l Fig. shows a broad crossover regime where
subleading corrections are the cause for the two elastocaloric terms not being the same at the
crossover temperature. Most importantly, in agreement with our analytic analysis, the low
temperature behaviour of 1 does not follow the Fermi liquid theory, even if the coupling to
strain is taken into consideration. In Sec. we discuss that this distinct behaviour is due
to the fact that critical contributions to the heat capacity are subleading, while they are the
dominant one for the elastocaloric effect.

As a result, the elastocaloric change in temperature is a good measure for the existence of a
direction selective gapless mode of the boson due to magnetoelastic coupling. The difference
in the elastocaloric effect when above or below T suggests that such an experiment would
allow one to deduce whether the system is in the elastic QC or bare QC regime.

The free energy expression of Eq. is the contribution due to the bosonic altermagnetic
excitations where the propagator x (w, ) is modified by the coupling to fermions and strain.
We could alternatively write this in terms of the coupling constant integration

3
F=F— /01 d;TZ/ (;lw(i?)ﬂ (w,q) x (w,q), (2.108)

61



2 Critical fluctuations in altermagnets

where Fj is the free energy at g = 0 and II (w, ¢) the bosonic self energy that is responsible
for the Landau damping in x (w, q). As usual we replaced the coupling constant g by Ag and
consider the solutions for different A. The resulting heat capacity expressions of Egs.
and , with and without the coupling to strain, respectively are identical to those of a
purely fermionic system with self energy ¥ (w, k) and Green’s function G (w, k). This is to be
expected as the same free energy can alternatively be written as

d3k

F= F0+2/ TZ/ k)G (w, k). (2.109)

This reflects the fact that the corrections to the free energy due to electron-boson interaction
cannot be allocated to only one of the two coupled degrees of freedom. Hence, as the degrees of
freedom are coupled, the same anomaly that is responsible for the non-Fermi liquid behavior
of the elastocaloric effect is equally present in the electronic self energy. While the underlying
non-analytic corrections are sub-leading for the self energy itself, they become dominant if
one considers strain derivatives that are important for the elastocaloric effect.

2.4.6 Field tuning of elastic criticality

In an altermagnetic system, the coupling strength is tuned via an external magnetic field.
This tunability suggests a method to approach the elastic QCP from the Fermi liquid regime,
characterized by a finite m value, by increasing the magnetic field, see Fig. Changes
to the Sommerfeld coefficient and elastocaloric effects due to variations in the magnetic field
therefore offer an interesting route to identify the elastic QCP.

To calculate the v and n for a general value of magnetic field strength, we use the following
approximated renormalised mass obtained from Eq. (2.50):

2 —+ 5
1-—- H2 + _gz qzq%q ) ’C_I1| > ‘Q2|,|QZ|

(0, H)* _ i
Comiy i hr qlngﬁ g2 > |qul, gz] (2.110)
b 421 > |l a2l

2(C11—-C 2 . . .
where H., = % When H = 0, it reduces to m, in every momentum space which

corresponds to a Fermi liquid regime, alternatively it reduces to Eq. (2.52) when H = H,.

2.4.6.1 Specific heat

At zero magnetic field, the system possesses a bare QC point, close to this point, in the
paramagnetic Fermi liquid regime (see Fig.2.2), the Sommerfeld coefficient shows the following
behaviour [16],

To
273 log =2, T < Ty,
ATy~ Zng L (2.111)
log 2, T> Ty,
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2.4 Criticality at an altermagnetic QCP
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Figure 2.7: The phase diagram in the 7' = 0 plane (a) clearly shows that an increased magnetic
field creates an enhanced altermagnetic regime, allowing for a tunable QCP. It is experimentally
feasible to measure the heat capacity along two lines, along the critical line (blue), or by using
a magnetic field to tune through the critical point (red). The second option is the easiest to
carry out in an experiment as it only involves tuning one parameter. As the magnetic field
reaches its critical value, H.,, the Sommerfeld coefficient (panel (b)) is not sensitive to the gapless
modes and thus remains Fermi liquid like, while the presence of the gapless modes can be detected
through measurements of Ay (panel (c)) where the dotted line shows the 72/ behaviour exhibited
in the low temperature regime. The clearest indication of a critical point however comes from
elastocaloric measurements (panel (d)) which diverge logarithmically (dotted line) in the low

temperature regime due to a sensitivity to the gapless modes not present in calculations of the
heat capacity. (Figure reprinted from Ref. [17])
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n
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Figure 2.8: The behaviour of an altermagnetic system changes depending on the temperature
regime. The heat capacity (panel (a)), diverges in the bare QC regime above T, below this
temperature, the heat capacity behaves like a Fermi liquid and hence the lines overlap. The
elastocaloric effect (panel (b)) is able to distinguish between these two regimes, as gapless bosons
which form along critical lines when the system is coupled to elasticity lead to a divergence in
both the elastic QC and bare QC regimes, although the bare QC regime is more singular. (Figure
reprinted from Ref. )

where the temperature Tyr,(m) is the bare quantum critical crossover temperature between
the paramagnetic Fermi liquid phase at low temperature and the non-Fermi liquid phase at
high temperature as shown in Fig. and Fig. [2.5] This temperature is given by

3
Ty, (m) = (J‘A) Tp. (2.112)

We see that the heat capacity shows the same T dependence in the paramagnetic and elastic
QC regimes, and so no distinction is made between the two. We see this in Fig. and also
depicted with several different magnetic field strengths in Fig. [2.7(b).

As the heat capacity is not sensitive to the effect of the gapless excitations induced by the
magnetoelastic effect, we consider Ay (T, H), given by

A~(T, H) = ~(T, H) — (T, 0), (2.113)

for a fixed m.

In Ay(T, H), given that gapless bosons only exist when the magnetic field is switched on,
the contributions from the phase space where m(q) ~ m and the bosons are gapped, will be
cancelled. This leaves only the phase space of the reduced boson mass. To demonstrate this,
we consider Ay(T, H) at the elastic quantum criticality (m (q) ‘min = 0). This contribution is

A 7\"*
A’Y(T, Hcr) ~ ?’YO (CO —C1 (T) ), T Ty, (2.114)

where ¢y and ¢; are constants independent of the momentum cutoff, magnetic field, temper-
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2.4 Criticality at an altermagnetic QCP

ature and m.

The T%/3 dependent contribution is a product of gapless boson mode. This has also been
discussed in Ref. . The presence of gapless modes is only possible with an external mag-
netic field and so performing an experiment with and without an external field, provides the
potential to extract the T%/3 dependence of the heat capacity originating from the gapless
mode.

Fig.[2.7(c) shows Ay(T, H) — Av(0, H) for various magnetic fields. In the low temperature
limit, the dashed red line shows the T2/3 behaviour exhibited by a system with an external
field which approaches H;.

2.4.6.2 Elastocaloric change

In the Fermi liquid regime, it is possible to tune the bare mass m? of the altermagnetic boson
using a strain which transforms according to the A;, irreducible representation. For Dy,
the corresponding strains are €, + €,y and e, such that m2(e) ~ Con—yy €z + €yy) + Coz€ss.
According to Ref. , the elastocaloric change near the bare quantum critical point with
the finite m? of an altermagnet is given by:

T/T
519(103;;‘?)’ T < Tpy,
n(e, T, H = 0) ~ —72TpL, oTFL (7@; % (2.115)
27Tb¥r;o, T > Ty,
log

where I'pr, o = —32*7&;1—288—’2‘270—}0 and Ty, is given by Eq. which is now strain dependent
through m? (€). Note that I'pr, o and T¥y, are identical to I'x ¢ and T respectively, at the point
where the bare mass m = m, g. We see that the behaviour of the elastocaloric effect in the
Fermi liquid regime is qualitatively different to the results from the elastic QC regime.

As the magnetic field approaches its critical value, n(nl({i)o)? where H is the magnetic field,
exhibits logT enhancement meaning that the ratio diverges as the system approaches the
location of the elastic QCP in the low-temperature regime, as shown in Fig. [2.7(d).

2.4.7 Crossover temperature

Using the microscopic parameters of the system, we can estimate the regime where the field-
induced altermagnetic coupling to the lattice becomes measurable. In order to estimate the
magnitude of the the piezomagnetic coupling, we must first determine the dimensionless ratio
AupB/ (C’l/ 2 ) where C' is the bare elastic constant and J = v4A corresponds to the energy
scale which characterises the bandwidth of the altermagnon mode as well as determining
the ratio T./Tp. We rewrite the magnetoelastic coupling with A = ¢/+/JVy where ( is the
dimensionless strength and Vj is the volume of the unit cell. If A ~ kr and the dimensionless
coupling constant a ~ 1, this implies that T} is a significant fraction of EFr. We assume at
least T, /Ty ~ 1072 gives an experimentally observable crossover regime. At an experimentally
viable magnetic field B = 10T and using C = 100 MPa, J/kg = 100K, and Vj = a® with
a =15x 10" m, one gets ¢ ~ 102. This would represent a value significantly larger than
those measured in insulating altermagnets, such as MnTe , where ( ~ 0.1. However,
one would expect piezomagnetic effects in metallic systems to be significantly larger. There
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2 Critical fluctuations in altermagnets

exist cases of giant piezomagnetism which have indeed been discussed in Ref. . If one
considers a soft material (such that C' is low) with a large g-factor it becomes possible to reach
values T, /Ty ~ 1073 with ( ~ 1 ~ 5. Hence, while the task of observing elastic quantum
criticality in altermagnets provides a more staunch challenge than that posed by nematic
systems, where such regimes are certainly accessible (in iron-based superconductors such as
Ba (Fel_xCow> Ass a conservative estimate for the crossover temperature gives a value of at

least 10K ), there is some optimism that these regimes are in fact within reach.

2.5 Scaling of the elastocaloric effect

The scaling theory of quantum critical elasticity has already been formulated in Ref. [162].
This theory is based upon the critical contribution to the free energy density that obeys

for (r,T) = b (det2) g (b7, 071, (2.116)

with correlation length exponent v, dynamic scaling exponent z and effective dimension deg,
while r is a dimensionless measure of the distance to the QCP, such that r oc m? — m2. At
criticality soft lines emerge when the external field is switched on and the effective phonon
spectrum behaves as

w(q)® ~ q + agiy, (2.117)

where we again make the choice that the system has m soft dimensions and d — m hard
directions, such that it is valid in both two and three dimensions. Then, to deal with this
. . 2 /4 . .

spectrum we can make the substitution q7 — q;. As discussed in Refs. , | such a
spectrum amounts to an effective dimension deg = 2 (d — m) + m. For d = 3 the effective
dimension is therefore deg = 5. In addition, Landau damping at a field-tuned altermagnetic
QCP gives the dynamic exponent z = 3, while the correlation-length exponent takes the
mean-field value v = % If we make the choice b = T—1/# for the scaling factor in Eq. (2.116)
we obtain for the critical contribution s¢; = —T0fe;/IT to the entropy density

Ser (1, T) = T (TTvlz) : (2.118)

with scaling function ® (x). We can calculate for the temperature and strain derivatives at
criticality and using r ¢y for symmetry-preserving strain:

88(31" deff —=
= T =
oT ur )
ascr deff—V !
= T = . 2.119
860 te ( )

ur and wu. are constant coefficients. We can now add these critical contributions to the
Fermi liquid background terms we obtained by dividing the elastocaloric effect by T, i.e. the
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2.6 Anomalous Hall effect in strained altermagnets

appropriate dimensionless quantity that scales like the Griineisen parameter:

OSFL + Oser
77/T _ __ 9« Oeo
T + T
F Tdeﬂr—uil—z
—Uu z
_ _LFLOFL € — ’ (2.120)
yrL +urT ™=

where I'pr, is the constant Griineisen parameter of a Fermi liquid. Let us first analyse the
denominator, i.e. ¢/T, for deg = 5, v = 1/2, and z = 3. It follows ¢/T" = ~pr, +upT?/3 ~ ~py,
i.e. for the heat capacity the critical contribution is sub-leading. This is consistent with
the explicit calculation of the heat capacity where we found that at leading order, the heat
capacity maintained a Fermi-liquid type form in the elastic QC regime. The situation is
different for the numerator, where the exponent deffﬂ;i — 0, which should be interpreted
as logarithmic behaviour. Hence, for the numerator, i.e. for the thermal expansion of the

system, the critical contribution is the dominant one, such that
n/T xlogT, (2.121)

which is again, fully consistent with our explicit analysis. Hence, elastic quantum criticality
gives only sub-leading effects to the heat capacity but is the dominant contribution to the
elastocaloric effect, leading to a divergence from the Fermi liquid behaviour one might have
expected having calculated the other observables. The scaling argument is rather general and
holds for both altermagnetic systems in an exterior magnetic field and nematic systems [17].

The physical implication of this result lies in the fact that changes in strain or stress alter
the excitation spectrum more dramatically than variations in temperature. This is reflected
in the larger scaling dimension associated with a strain derivative in comparison to that of
a temperature variation. Consequently, quantities such as the elastocaloric effect, thermal
expansion, and the Griineisen parameter exhibit a more singular response than that of the
heat capacity or the single-particle excitation spectrum.

Given the scaling analysis, one can also consider a one-loop RG as we carried out for
classical systems, however once strain coupling is included, the effective spatial dimension of
5 and dynamical exponent of 3 make a small € impossible.

2.6 Anomalous Hall effect in strained altermagnets

The fact that strain induces a net magnetisation suggests that it would be fruitful to inves-
tigate the potential presence of an anomalous Hall effect. We do so in Ref. , which this
subsection quotes from. Transport properties of strained altermagnets are of interest as they
could give rise to observable quantities which not only identify a state as altermagnetic but
also allow for the identification of the irreducible representation according to which the order
parameter transforms. In general, as we will discuss in what follows, the Berry curvature in
an altermagnet averages to zero over the unit cell and hence there is no anomalous Hall effect.
However, Ref. identified a third order in electric field Hall effect given by

i = 0% JEsEsE,, (2.122)
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where the superscript (a) denotes that it is the antisymmetric part of the conductivity with
respect to the first two indices. While this would potentially suffice to probe altermagnetic
states, it does raise the question as to whether there exists a transport property to first order
in the field. This would represent a quantity which is more practical to measure. One can
instead consider the elastoconductivity v,gs, defined as

Ja = O'QQEB + I/ag,y(;Ege,ﬂ;. (2.123)

In this case elasticity allows for the slight alteration of crystalline symmetries which then
constrains the allowed states of electronic order . Analyses of this type have been
used to investigate semiconductors , identify the role of nematic fluctuations in iron based
superconductors and exotic properties of states exhibiting charge density waves
. An analysis of elastotransport reveals that under strain, it is possible to generate a finite
anomalous Hall current which is first order in the electric field.

Given that the Hall conductivity vanishes when no strain is applied, the current arising
from the elasto-Hall conductivity response is

Ja = Vg,lé’)yéEﬁe'yév (2.124)
where the components @

s AT those of v,4,¢ that are antisymmetric in the first two indices.
The Onsager relations for the conductivity suggest

VaBys = —VBaxs- (2.125)

(a)

This then contributes to v o The symmetry of the strain tensor then gives

a
Vapys = VaBéy- (2126)

In altermagnets, we know that a piezomagnetic effect is generated by a symmetry breaking
strain which induces a finite net magnetisation by breaking the symmetry which would oth-
erwise forbid the formation of one. This leads to an interesting analogy with the anomalous
Hall effect in altermagnets, which becomes clear when discussing the Berry curvature of such
materials. The basic principles by which one obtains an anomalous Hall effect are discussed
in Sec. albeit in this case with regards to twisted bilayer graphene; the theory linking the
quantities however, remains unchanged.

Here we expand on the information presented in Sec. The Berry curvature can be
written as a three-component vector Q (k) = (Qyz (k) , sz (k) Dy (k:)) Q (k) transforms

like an axial vector under time reversal 7 and parity P

Qk L —q(-k),

Qk 5 Q(-k). (2.127)
It then becomes clear that if a system has time-reversal and inversion symmetry, the Berry
curvature is zero. Exceptions to this arise at Dirac points which act as monopole sources of
Berry curvature. These monopoles manifest with opposite sign for opposite momenta, such
that if one averages the Berry curvature over the momenta and occupied bands, it is zero
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Figure 2.9: Illustration of the anomalous Hall conductivity in a strained B, altermagnet. There
exists two contributions to this quantity in strained altermagnets, one is associated with the
elasto-Hall conductivity response function (panel (a)) and the other from the piezomagnetic effect
outlined in this chapter (panel (b)). In both cases the symmetry of the altermagnet enforces the
response functions to be zero. The Berry curvature (panel (a)) has a quadrupolar form (blue for
positive and red for negative values) which averages to zero over the unit cell until a symmetry
breaking ep, , strain allows for the formation of a finite Berry curvature monopole. This manifests
itself physically as the formation of an AHE. The other (typically smaller) contribution comes
from the finite magnetic dipole which forms under symmetry breaking strain. The spin density is
deformed (blue for spin up and red for spin down), creating a finite magnetisation. The current

Jy, shown in both panels, is to leading order linear in the electrical field, I, and the strain

€zz — Eyy, giving rise to non-zero elasto-Hall conductivity elements uq(«?,)m - Vg(gz)yy # 0, with Véa) 5

of Eq. (2.123) and piezomagnetic tensor components A, — Ay, # 0, given by Eq. (2.7). (Figure
reprinted from Ref. , Copyright American Physical Society (2025))
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2 Critical fluctuations in altermagnets

and there is still no finite Hall conductance. We see that in order to produce a finite Hall
conductivity, the symmetry of the Berry curvature relating momenta of opposite sign to one
another must be changed.

If we know the irreducible representation of the order parameter, it is then possible to
deduce the distribution of the Berry curvature this ordering gives rise to. By definition of
a pure altermagnet (one with no ferromagnetic component) , there always exists a point
group symmetry which, in combination with time reversal, leaves the state unchanged. This
usually corresponds to a rotation, under which the Berry curvature transforms with

Qu(Rk) = —R,,,(-k), (2.128)

where R and R are the representations of rotations R for axial and and polar vectors respec-
tively, such that R = Rdet (R). The minus sign in the prefactor is a result of the magnetic
state being odd under the given rotation, such that it cancels time-reversal symmetry. The
system has inversion symmetry and hence the Berry curvature is even under k — —k. The
symmetry operation of the Berry curvature can therefore be summarised as

Qu(Bk) = (Da(R))  Q,(k), (2.129)

puv

where Dq(R) = DF; (R)R where DF(; (R) is the representation of the order parameter. This

implies that Dg (R) corresponds to Iy ®T'g. If ¢ transforms according to By, the transfor-
mation which cancels time reversal symmetry is therefore a Cy rotation in the z —y plane. A
rotation of this type transforms like Ao, and the Berry curvature then transforms according
to Biy. The strain which breaks this symmetry would then produce a finite Berry curvature
monopole. The irreducible representation of the Berry curvature being the product of the
order parameter and a rotation follows the same set of rules as the piezomagnetic coupling,
given that rotations and magnetic fields belong to the same irreducible representations. There
exist two contributions to the Berry curvature, one comes from the interband matrix element
of the strain induced perturbation and the other from the net magnetisation induced by the
piezomagnetic effect. The AHE contribution which originates from the finite magnetisation
is typically the smaller one. The fact that an AHE is induced from a strain-induced net
magnetisation makes the link to piezomagnetism even clearer. We depict both contributions
in Fig.

The symmetry analysis up to this point assumes that the order parameter has a single com-
ponent, however to linear order in the order parameter, we can use the piezomagnetic coupling
to deduce the non-zero elements of v,4+5 for multi-dimensional irreducible representations. If
the strain e,s induces a magnetisation M, then the elements are non-zero for the combination
of indices for which the Levi-Civita tensor 43, # 0. If we consider the order parameter which
transforms under Es, in Dgj, the piezomagnetic coupling induces magnetisations according
to

M, = X (€yz¢1 - 6mz¢2) )
My = A (zegf)l + 6yz¢2> )
M, = X (2ezy¢>1 - e$2,y2¢2) . (2.130)
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2.6 Anomalous Hall effect in strained altermagnets

If 1 # 0, a magnetisation along y is induced when €., # 0. This implies 1,45, # 0. If €.
is applied with the same magnitude then v.;;. = v,.,.. The order parameter can also order
according to (¢1, ¢2) = (1,b). In this case we obtain the relations

Vyzyz = Vazzaxz = _bezazz = sza:y27
bVpyyy = —WVayze = 2Vpyay, (2.131)

where the first line is due to induced magnetic fields which are in-plane and the second from
M,.
We can repeat this analysis for the two-component order parameter which transforms like

E; in Op, we obtain:

\/§Vyzyz = —VBUspps = —bVyy, = —bVagpr = 200540y - (2.132)

Finally for the three-component order parameter that transforms like Ty, in Op, which we
parametrise as (¢1, g2, ¢3) = (1,b,¢), we find:

Vyzoy = —Vayzz = _bezmy = meyyz = Clyzxz = —Clzgyz,

Vyzyy = —Vyzzz = OVagzz = —bVopen = CUpyan = —Clayyy- (2.133)

These expressions are in agreement with Table. We see that more entries exist in Table.
than can be derived from the piezomagnetic coupling. The reason for this is terms which are
higher order in the order parameter. In order to deduce the full set of non-zero terms and their
relations, we use the Jahn symbols , based on the fact that any tensor can be expressed in
terms of a polar vector, V. To clarify the notation [...] denotes symmetric and {... } denotes

antisymmetric indices, such that a tensor with Jan symbol {VQ} V satisfies Angy = Agay,

whereas a tensor described by {Vz} V' behaves like A,gy = —Apgay. The other elements we
will need are the rank-0 tensors e = £1 and a = £1 which change sign under inversion and
time-reversal respectively. Given that the anti-symmetric part of the conductivity (i.e. the
part which describes the Hall conductivity) must transform like a {VQ} (with a present to
ensure Onsager reciprocity) then given that the elasticity tensor is symmetric, the elasto-Hall
conductivity has the Jahn symbol a {VQ} [Vﬂ. We can compare this to the Jahn symbol
of the piezomagnetic tensor. Magnetisation transforms as a time-reversal odd axial vector
aeV, including the strain gives the Jahn symbol aeV {Vﬂ. Given that the cross product

of two polar vectors transforms as an axial vector, {V2} has the same decomposition into
irreducible representations as eV, the irreducible representations of the two tensors match.
A similar relationship was also noted in Ref. . Using the ISOTROPY software [178] to
identify the magnetic point group and the Bilbao Crystallographic server to obtain
the symmetry allowed tensor components for a tensor with the corresponding Jahn symbol for
the relevant point groups, we were able to find the full allowed components of the elasto-Hall
conductivity tensor as noted in Table. [2.3[ It should also be noted that these results agree
(where they overlap) with the first-principle study of anomalous Hall, spin Hall and valley
Hall effects in NboSeTeO presented in Ref. .
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2 Critical fluctuations in altermagnets

‘ AM irrep. ‘ MPG ‘ elasto-Hall conductivity
orthorh., Dy, (mmm) Ay, mmm (8.1.24) Vyzyzy Vazazs Vayry
trigon. Dsq (3m) Ay, 3m (20.1.71) Vpzaa = Viwyy = Vayay, Vazaz = Vyzyz
tetrag., Dyp (4/mmm) Ay, 4/mmm (15.1.53) Vyzyz = —Vegaz
By, 4'/mm/m (15.4.56) Vyzyz = Vaawzs Vayay
By, 4'/mm/m (15.4.56) Vyzez = —Vzayzs Vayze = —Vayyy
hexag., Dgp (6/mmm) Ay, 6/mmm (27.1.100) Vyzyz = —Veaaz
By, 6'/m/mm’ (27.5.104) Vyzey = Vazzz = —Vaayy
By, 6'/m/mm/ (27.5.104) Vagzy = Vyayy = —Vyzaa
£, (1,0) mmm (8.1.24) Vyzyzs Veawzs Vayay
(1, %) m'm'm (8.4.27) Vayazs Vayyys Vayzes Vazyzr Vyzez
_ (Lll) 2/7n (5112) Vazaxs Vazyys Vazzz, Vayyzs Vyzyz) Vazazs Vayzy, Vyzay
cubic, Op, (m3m) Ay, m3m (29.1.109) -
Ay, m3m’ (32.4.121) Vyzyz = Veazz = Vayay
E; (1,0) 4/mmm (15.1.53) Vyoyz = —Vazzz
(1, %) 4'/mm'm (15.4.56) Vyzyz = Vzaazs Vayzy
(1,b) mmm (8.1.24) Vyzyzy Vazazs Vayry
Ty, (1,0,0) 4’/mm/m (15.4.56) | Vyzaz = —Vewyz, Vayew = —Vayyy
(1,1,0) m'm/m (8.4.27) Vyzaws Vyzyys Vyzzzs Vayaezs Vazay
(1,1,1)3m (20.1.71) Vazay = Vayyy = Vyzaz, Vazaz = Vyzyz
(l,b, 0) 2//’7”/ (5.5.16) Vayzxs Vyzaax, Veyyys Vyzyy Veyzzy Vyzzzs Vazyz, Vayrz, Vyzez, Vezay
(1,1,¢) 2/m (5.1.12) Vezzas Vrzyy, Vazzz, Vaoyyz, Vyzyz, Vazazs Vayzy, Vyzay
(1,b,¢) —1 (2.1.3) all elements v,g,s are nonzero where a # 3

Table 2.3: Non-vanishing elements of the elasto-Hall conductivity tensor I/I(fﬁ),y s defined in
Eq. for all pure altermagnetic order parameters (i.e., those with no symmetry allowed
net magnetic moment in the presence of SOC) in point groups of the orthorhombic (Day), trigo-
nal (Dsq), tetragonal (Dyy,), hexagonal (Dgp), and cubic (Oy), crystal classes. The third column
denotes the magnetic point group (MPG) that results from the condensation of the order param-
eter listed in the second column. The symmetry relations given in Egs. (2.125) and (2.126) imply
additional elements that occur from the permutation of the first two or the last two indices. For
multi-component order parameters, the allowed tensor elements depend on the relative magnitude
of the components, parametrised as (1,b) or (1,b,c), respectively. Among the point groups anal-
ysed, only an altermagnetic order parameter that transforms under Ay, of the cubic group O,
does not display any non-zero elements of the elasto-Hall conductivity tensor. (Table reprinted
from Ref. , Copyright American Physical Society (2025))
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2.7 Summary

2.7 Summary

Elastic fluctuations play a crucial role in the alteration of behaviour near a quantum critical
point. Altermagnetic systems which break rotational symmetries couple to the lattice in the
presence of an external field. Such a coupling alters the universality class of the critical point
and leads to a shift in the critical point, which can be tuned by the magnetic field. The
coupled acoustic phonons suppress critical order parameter fluctuations, an effect originating
in the direction selective criticality, where at the altermagnetic transition the sound velocity
vanishes along isolated lines in momentum space.

The main findings shown here are that the piezomagnetic coupling of an altermagnet mirrors
that of a nematic order parameter coupled to the lattice, producing similar results to those
reported in Ref. . When an external field is switched on, the piezomagnetic coupling
causes the formation of an elastic QC regime below a crossover temperature T, oc H2, such
that it is now tunable with an applied magnetic field. This means that altermagnetic systems
allow for the study of a non-Fermi liquid region which is not accessible in nematic systems.
We have shown that the elastic quantum criticality is characterised by a behaviour which
deviates from the Fermi-liquid expectation at leading order in calculations of the elastocaloric
effect . This is contrasted by observables such as the heat capacity and single-particle self-
energy, which exhibit Fermi liquid behaviour at leading order, in agreement with the results
reported for nematics in Ref. . This suggests that while the fermionic quasiparticles are
well-defined, there exists non-analytic properties in the collective modes which are promoted
to a primary effect upon taking a strain derivative, a result which is not only applicable to
altermagnetic systems but more generally to nematic systems. The elastocaloric effect hence
offers a promising tool for the analysis of elastic quantum criticality in altermagnets (and
nematics). The fact that the temperature scale is field-dependent for altermagnets offers a
tunability which could be leveraged in experimental setups to identify gapless modes and
hence altermagnetic states.

This crossover temperature scale Ty is not currently well-established. It is dependent on the
strength of the piezomagnetic coupling, as well as the magnetic field energy. The small energy
scales of magnetic fields suggest that experimentally accessible crossover scales are more likely
to occur in systems with low overall altermagnetic order energies than in itinerant systems,
even though the piezomagnetic coupling tends to be higher in such systems. The analysis of
altermagnetic materials is still in its infancy and so the hope is that this theory encourages
the search for systems with strong piezomagnetic couplings, large magnetic g-factors, and
moderate magnetic interaction scales.

The piezomagnetic coupling also plays an important role in the formation of a finite Hall
current in altermagnets. Ordinarily a purely octupolar magnetic order produces a Berry
phase with a quadrupolar distribution, hence averaging to zero over the unit cell. Straining
the system with a symmetry breaking strain then allows for the formation of a finite Berry
curvature monopole and a finite Hall conductivity . This follows the same principle as the
formation of a finite magnetisation arising from a symmetry allowed piezomagnetic coupling.
Detection of Hall currents could then also allow for the classification of altermagnetic systems.

Overall these results show that there exist intriguing manifestations of potential couplings
between electronic and lattice degrees of freedom which could form the basis of future exper-
imental work in order to identify and probe altermagnetic states.

While these results were obtained for a coupling to Bi, strain, they are valid generally for
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2 Critical fluctuations in altermagnets

any nematic or altermagnetic order parameter which couples to symmetry breaking strain. In
all cases, a momentum dependent coupling emerges, leading to a direction-dependent mass
characterised by minima along certain ¢ directions. Different irreducible representations have
different form factors, which lead to a different set of directions along which the system
becomes critical but specific directions will not affect the behaviour of the elastocaloric effect.
In cubic systems we note that A, does not have a corresponding piezomagnetic response.
For systems with a higher-dimensional irreducible representation, a cubic term emerges in the
field theory (for altermagnetic systems this is field dependent), inducing a weak first-order
transition and our theory no longer applies .
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Chapter 3

Dynamic magnetoelastic coupling in
altermagnetic materials

In Chapter. |2 we discussed the effects of a piezomagnetic coupling between strain and alter-
magnetism on the quantum critical behaviour. There exists however, other symmetry allowed
couplings between altermagnetism and strain, we can also analyse the effects of a coupling of
strain to the dynamics of the order parameter. In this case we discuss the effects of such a
coupling on the collective modes of the system as well as on the phase diagram. In contrast
to the piezomagnetic coupling, a coupling to dynamics is present even in the absence of a
magnetic field. If we consider a system close to the quantum critical point, such that the
dynamics of the order parameter are at their most relevant, we can investigate the effect of
quantum fluctuations on the elastic degrees of freedom, mediated by this coupling. Strain can
be decomposed into the main phonon modes of the system, coupling these to an altermagnon
causes the modes to hybridise, forming magnon and phonon-like polarons. The degrees of
freedom then behave in a way analogous to that of two coupled oscillators which form squeezed
states where the fluctuations of one degree of freedom suppress the other. We hence see that
quantum fluctuations corresponding to the magnon-like polaron are enhanced and phonon-like
polarons are suppressed, we will then show how this hybridisation affects the phase diagram
for the system in both two and three dimensions and how an anisotropy in this effect presents
a way to detect altermagnetic states through probing the phonon spectrum. This section is
adapted and in some cases directly quotes from Ref. .

3.1 Introduction

Having already discussed altermagnets in great detail in Chapter. [1|and Chapter. [2| we now
consider the dynamics of the order parameter corresponding to the magnetisation. We show
that there exists a subset of altermagnets (and some ferromagnets) which exhibit a non-trivial
coupling between strain and altermagnetism.

We reiterate some of the key points of magnetoelastic coupling before formulating this new
type of coupling in order to highlight the most important points of difference. In ferromag-
nets and antiferromagnets, i.e. dipolar magnetic materials, straining the material changes
the lattice parameter and hence the exchange interaction between spins. One of the conse-
quences of this is a hybridisation of the magnon and phonon modes in the ordered state; these
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3 Dynamic magnetoelastic coupling in altermagnetic materials

hybridised modes are called magnon-polarons . Multipolar materials however, allow for
different types of coupling between magnetisation and strain due to the exotic symmetries
which define the altermagnet , . The formation of magnon-polarons is of-
ten associated with the magnetostriction response tensor Nji;, defined as g;; = Nyju MM,
and discussed in Sec. We have also already discussed how altermagnets exhibit a non-
zero piezomagnetic response, where the piezomagnetic response tensor A;ji, is defined by
gij = Niji My, . This can create a situation analogous to nematic order coupling to a
lattice where a lattice distortion can induce a non-zero magnetisation which
possibly breaks a symmetry of the system . The fundamental difference is that
altermagnetism is time-reversal odd and nematicity is time-reversal even, for this reason we
previously used a magnetic field to complete the analogy between nematicity and altermag-
netism. This also suggests an alternative way to couple the altermagnetism and strain is to
introduce introduce a time derivative. If ¢ is time-reversal odd, then d;¢ must be time-reversal
even and a coupling to strain is symmetry allowed, provided the strain and order parameter
both transform according to the same irreducible representation of the point group I'. We
can then write down the coupling

/Hglyn — /\2002/d3xep+(:c)7r(w)- (31)

where 7 is the conjugate momentum to ¢ introduced by coupling to the time derivative dy¢.
The effect of this coupling is reminiscent of the Hall viscosity response . We
will expand on this analogy in the following section.

This is in stark contrast to the standard static coupling (magnetostriction)

Hmag—el = /d3wNijkl5ij(m)¢k(m)¢l($)’ (32)

where Njji; is the magnetoelastic tensor introduced above and ¢; are the components of the
(staggered) magnetisation. Like the coupling we propose in Eq. , this also hybridises the
phonon and magnon modes , but the effect of magnetostriction is most relevant if the
phonon and magnon branches cross. It can then open a gap and potentially promote nontrivial
topological effects . The coupling we propose in Eq. is relevant whether or not
the bands cross and the effects of this will be discussed in detail in this chapter. We will
see that the impact of the coupling is actually strongest in the case that the branches do not
Cross.

In this chapter we will study how dynamic coupling of the altermagnetism and strain affects
the modes in the disordered phase close to the quantum critical point i.e. just before long
range order sets in. We show that a mixing of the two degrees of freedom would allow for the
detection of altermagnetic states by probing the phonon spectrum. We will see that this is
analogous to two-mode squeezing of elastic and magnetic modes.

We also investigate how this coupling affects the transition from the paramagnetic to the
altermagnetic phase. The results of this are shown in Fig. We consider both thermal
and quantum fluctuations. By tuning parameters, we find that a quantum critical point
exists, defined as the point where the transition temperature is suppressed to
zero and altermagnetic fluctuations affect the ground state, even in the absence of long-range
order. The dynamic coupling has distinct effects on the two types of fluctuation. Quantum
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Figure 3.1: (a) Altermagnetic transition temperature T, in a 2D system as a function of the
dynamic strain coupling constant \q for different values of the bare altermagnon mass mg = /A2
Note that mg < 0 (mg > 0) defines the ordered (disordered) state without the coupling to the
lattice and the ¢* mode coupling. The dynamic coupling to phonons suppresses order at finite
temperature, but enhances or even induces order at zero temperature. (b) Altermagnetic T, in a
2D system as a function of my for different values of Ag. (c) and (d) show the same information
as panels (a) and (b) respectively but for a 3D system. These plots refer to the regime ¢ > v, 1;
the opposite regime is shown in Fig. (Figure reprinted from Ref. , Copyright American
Physical Society (2023))

fluctuations are suppressed, leading to an enhanced ordered regime at 1" = 0 in both 2D and
3D, while thermal fluctuations are enhanced. In 2D this is enough to suppress the transition
temperature, whereas in 3D the quantum fluctuations are still the dominant effect and the
transition temperature increases slightly with increased coupling strength.

The structure of this chapter is as follows, In Sec. 3.2] we are specific about the altermagnetic
order parameter and motivate the dynamic coupling to strain. In Sec. we show that this
coupling causes the modes to hybridise and we plot the modes using the effective propagator
for the magnetic collective modes. From this we find that that the effects of coupling are
anisotropic, before reinforcing this by plotting the spectral functions for the hybridised modes.
In Sec. we plot the phase diagram for the paramagnetic to altermagnetic phase transition,
to demonstrate how coupling to strain affects the phase boundary. We finish this section with
a short summary and discussion of how this analysis is also relevant for certain ferromagnetic

systems in Sec.
3.2 Dynamic magnetoelastic coupling for multipolar order
In order to motivate the proposed coupling of strain to the dynamics of the altermagnetic

magnetisation order parameter, we must consider a more detailed description of multipolar
moments in altermagnets than that previously discussed in Chapter.[ll We consider a general
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3 Dynamic magnetoelastic coupling in altermagnetic materials

order parameter ¢ which transforms according to some irreducible representation that we
denote I'™ where the superscript "—" denotes that the object is odd under time-reversal, as one
would expect from a magnetic order parameter. A standard ferromagnetic order parameter
must transform like a magnetic dipole under point group operations, we denote this as I'; .
If I'" =T';, then the order parameter is that of a usual ferromagnet

0% (x) ~ D _ch (x) Johen (%), (3-3)
ab

where J¢ is an angular momentum operator with indices a and b, which are the spin and
orbital indices for the system. The simplest case that one can consider is that which has J¢
as one of the Pauli matrices but in general one would also expect an orbital moment. Other
representations which are also odd under time reversal but transform differently to I'; form
higher order order multipoles with the form [195]

o (x) ~ %{;/dS’w’f (g;/) ch (m + a;’) Jb e (a: - :12:’> , (3.4)

where f (az’ ) is the previously discussed form factor which defines the spin and orbital mo-
ment density within the unit cell. We see from this general expression that we recover the
ferromagnetic case by setting f (x) = 0 (x). The same is also true for form factors which
transform trivially under point group operations. Introducing a form factor which transforms
nontrivially means Eq. now corresponds to higher-order multipoles . If the form factor
transforms according to a d-wave, g-wave or i-wave form factor then the order parameter
corresponds to that of an altermagnet , . The distribution of spin and orbital moment
densities is a consequence of multiple atoms within a single unit cell; this holds even in the
case that only one electronic band crosses the Fermi surface. This section will focus on alter-
magnetic order parameters, a calculation dealing with a ferromagnetic system will be given
in Chapter.

Having now motivated different types of coupling between order parameters and strain,
we will focus on the dynamics of the order parameter which allows for a coupling beyond
the standard static couplings usually considered . We will see that this coupling is
direct and hence does not require a magnetic field in order to mediate the interaction. We
must consider now the actual dynamics of ¢ (x), if the dynamics are fairly general then the
order parameter has a conjugate momentum 7 (x). We will be carrying out our calculation in
the quantum regime and so this implies the canonical commutation relation {(Z)(w), m(x )} =
ihd(x — ). One can also consider the dynamics in the classical regime in which the dynamics
follow from the corresponding Poisson brackets. As has already been well established, the
order parameter is odd under time-reversal, this implies that the conjugate momentum is
even under time-reversal. If there exists a strain which transforms according to I'", i.e. the
same way as the order parameter, with the distinction of being time-reversal even, then it is
possible to construct a symmetry allowed coupling. We express this as an action, in which the
conjugate momentum is eliminated and the time derivative of the order parameter assumes
its position

B
Sy = )‘20/ dT/d3x6F+(w,T)aq—¢($,T), (3.5)
0
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3.2 Dynamic magnetoelastic coupling for multipolar order

where )¢ is a dimensionless coupling constant, 8 = 1/T is the inverse temperature and 7 is
imaginary time. Given that the coupling is dimensionless, we can assume that a natural value
for this in strongly coupled systems is A\g & 1.

Dynamic coupling of the type Eq. is in direct contrast with static couplings, such as
piezomagnetic coupling, as it does not affect static field configurations. Instead we see a strong
mixing of the dynamics of lattice and magnetic degrees of freedom, which holds even in the
absence of a magnetic field. Given that the dynamics of the lattice (phonons) are observable,
this creates the possibility to observe fluctuations of the mulitpolar order parameter through
Raman [197201] or neutron scattering [202-206]. This holds even in the disordered state,
due to the presence of fluctuations close to the QCP. The coupling in Eq. was derived
in Sec.

This coupling mediates an interaction between fluctuations in an altermagnetic order param-
eter, which then induce a non-dissipative stress in direct analogy with the Hall viscosity
, the antisymmetric terms in the viscosity tensor 7;j; = —ngi;;. We can see this
explicitly from Eq. . Consider the relationship between stress and strain [27]

ij = Cijkier — NijhiOier (3.6)

with elastic constants Cj;; and viscosity tensor 7;;,;. The second term takes into account
stresses at finite speed which are dissipative and produce heat. If we consider the rate of
entropy production in a fluid (just considering the terms related to stress, as terms between
heat flux and stress are independent) [207]

dS:
dt

= /71_‘ (nijklﬁtsijatekl) dVv (37)
we see that only the terms which are symmetric in the viscosity i.e. 1;x = 1k, contribute to
entropy production; the other terms are then non-dissipative. These terms, due to the Onsager
reciprocal relations, are zero unless time-reversal symmetry is broken [190]. One way to break
time-reversal symmetry is with an external magnetic field, this allows the antisymmetric
components to be nonzero. The following example we discuss in detail is relevant to the Dy,
point group. In this case we have the Hall viscosity

77H = Nzyzx (Bz) = Nzzxy (_Bz) (3.8)

such that as well as being antisymmetric, it is also odd under time-reversal. The Hall viscosity
contribution to the action which yields the equation of motion Eq. (3.6)) is then

SHall = —;nH/degw [(Gm - 6yy) 20r€ay — (53::1/ + 5yx) (&&m - 67%7;)] - (3.9)

If we consider Eq. with I'" = By,, we can compare the coupling term with the first term
in the equation above, in which we now see that altermagnetic fluctuations d;¢ play the role
of 77H (BZ) Orezy. The fluctuating field from the altermagnetic order parameter suffices to
induce a non-dissipative stress analogous to the Hall viscosity response, even in the absence
of an external magnetic field.

Up until this point we have kept the discussion of the specific order parameter very general
with the intention of showing how fundamental this coupling is, however to proceed we must
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3 Dynamic magnetoelastic coupling in altermagnetic materials

now decide on a specific altermagetic order parameter. We will initially focus on layered
but three-dimensional systems. If we consider a tetragonal system, it transforms under the
point group Dy, . Given that our chosen magnetic order preserves lattice translations,
it suffices to use the irreducible representations of the point group to describe the altermag-
net . As discussed in Chapter. |1, we have three choices of irreducible representation, we
will proceed with an order parameter which transforms according to By, as was just used
for the Hall viscosity. Modifying the calculation for another choice of symmetry is relatively
straightforward. All of the states of altermagnetic order in Dy can be described as a single
component Ising order parameter, ¢ . This is also the order parameter which has been
proposed for MnF5 . The coupling to strain is then

A
H™ = ?002/613335319(:1:)%(:3), (3.10)

where 5B1g(93) = €40 (T) — eyy(@).

3.3 The effects of coupling on the collective modes

Given that the coupling Eq. focuses on the dynamics of the order parameter, naturally we
prefer to look at the regime where quantum fluctuations are strong. Quantum fluctuations are
at their strongest in the quantum critical regime. This is also the regime in which multipolar
order can be described using a long-wavelength collective field theory. We will next introduce
the theory of collective excitations for the case of Ay = 0, meaning the case where there is no
coupling to strain. Following this we will then use Ag # 0 in order to analyse the problem
using a renormalised Gaussian approach. We can justify this given that the upper critical
dimension, d,. = 3. We then look beyond the Gaussian theory to include critical fluctuations
and the logarithmic corrections these generate, with a one-loop RG approach.

3.3.1 Effective field theory for coupled collective modes

Initially we will summarise the collective field theory for multipolar order in the absence of
coupling to the lattice. We consider an insulating system in the regime near the QCP, once
again, this is the region where the order parameter dynamics are at their most important.
This is described by an Ising order parameter with the action

1
S=3 / o(x) (ro — 202 = V) () + u/ (x)". (3.11)
We use z = (x,7) to combine imaginary time and spatial coordinates and [ --- = [ d3xdr .. .,

ro is a parameter which tunes the system through the quantum critical point, it is the mass
term for the altermagnons. c¢ is the velocity of the altermagnons, it is of the order of the
typical magnetic interaction J times the lattice constant. The coefficient u of the interaction
term penalises large amplitude fluctuations and bounds the action.

For the case that the order parameter has two components, it is worth noting that the
action looks slightly different, considering the £ state of Op, (see also Ref. ), the action
is then
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3.3 The effects of coupling on the collective modes

[ é1(@) (ro — 202 = V) uta) 4+ w / (61 + 62(2)?)”
i—1,27% z

oo [ (0@ +6a@?) 4w [ 610 (6107 - 3602(2)?) " (3.12)

This corresponds to the six-state clock model. It has a six-fold degenerate ground state.
Minimising the last term gives the relative amplitude between ¢ and ¢s. In the rest of this
section we will focus on the case of an Ising-like altermagnetic order parameter.

If we consider long wavelengths, we can use the longitudinal and transverse phonon modes
to express the elastic action [19]

- Ly /u,j (02 + 2V?) uy (2). (3.13)

l/LT

Here v = L and T correspond to longitudinal and transverse phonons with displacement wuy,
and ur and velocity vy, and v, respectively. The velocities depend upon the elastic constants
of the system and, for the tetragonal crystal under consideration, on the polar angle 6 of the
momentum.

1
1(611 —c12 + 2¢44
+ (—011 + c19 + 2044) Ccos (29)), (3.14)

1
5(611 + ca4 + (—c11 + caq) cos (20)),

vi

where we set c13 = —cyq and cgg = 52, For stability we require that vy, > vr. Our
choice of elastic constants decouples the other transverse mode present in a three-dimensional
system, such that we only consider the in-plane modes crucial to the point group operations
relevant to a By, order parameter. We therefore only consider the transverse mode which is
predominantly polarised in-plane.

We can use the definition of the symmetrised elastic tensor, €;; = (&-uj + 8jui) to rewrite
the coupling in terms of the transverse and longitudinal modes. We can then Fourier transform
to frequency and Matsubara frequency space to find

Shn = ) /q %cﬁ) (9) [(qz — qg) ur(—q) — 2q$qyuT(—q)] ) (3.15)

Here w, = 2mnT are Matsubara frequencies and ¢ = (q,wy). Once the coupling is written
in this form, it becomes immediately clear that the coupling is anisotropic. Looking at the
high symmetry directions, at q = (g, 0) or q = <O,qy), we see that the transverse phonon
completely decouples and only the longitudinal phonon continues to mix with the magnetic
collective mode. Along the other high symmetry directions q = (g, +¢s), the longitudinal
phonon completely decouples and only the transverse phonon mixes. An anisotropic coupling
to elastic degrees of freedom signals further evidence of a method to detect altermagnetic
states. Studying the phonon spectrum of a phonon of well-defined symmetry along different
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3 Dynamic magnetoelastic coupling in altermagnetic materials

directions should allow for identification of some trace of the magnon mode which vanishes
along specific high symmetry directions. Doing so not only identifies that an altermagnetic
collective mode is present but also allows for the classification of its symmetry.

3.3.2 Spectral functions and hybridised collective modes

In three dimensions and at zero temperature, the quartic interaction u in Eq. is
marginally irrelevant. As a result of this, one expects to find logarithmic divergencies which
can be accounted for using a renormalisation group approach. We anticipate the result of this
analysis and first consider an effective Gaussian theory with r¢ replaced by the renormalised
mass 7 to account for the effects of the dynamic coupling on the elastic and altermagnetic
modes. We consider a mean-field theory where

o' = 6% (¢?) (3.16)
At T = 0 this renormalises the mass term such that

T:T0+u/ X(qawn) (317)
q,Wn

where we identify <q§2> with the effective propagator y for the altermagnons. At the quantum
critical point r = 0 and the altermagnons are massless.

Carrying out this mean-field calculation allows us to to analyse the spectral properties by
integrating out two degrees of freedom and calculating the propagator for the one remaining,
without having to worry about the interaction term as it is now included in the renormalisation
of r.

We initially calculate the altermagnetic propagator; in the absence of the dynamic coupling,
we see that the collective modes are gapped altermagnons in the disordered phase (i.e. alter-
paramagnons), with velocity ¢. Integrating out the two phonon modes and performing the
analytic continuation to the real axis (iw, — w + i0"), gives the Gaussian renormalised
altermagnon propagator .

T+ q2 - %;A(qa CU)

x(q,w) = : (3.18)

where

2
2 2
AN} (qx_Qy) N 4q§q§

A(q,W) =1- 2 2 _ v%q2

3.19
et (319)

¢ |w
For the case ¢ > v, 7, the poles of the propagator are given in Fig. In this we considered
q. = 0 such that 6 = 7. This is the regime where electronic energy scales are larger than the
lattice ones, this is the most common regime and the one we focus on, however for completeness
the other is also discussed below.

We see that despite Fig. being a plot of the poles of specifically the altermagnetic
propagator, the modes which initially (i.e. at zero coupling) corresponding to phonons also
appear. This is a direct result of the hybridisation of the modes which is promoted by the
dynamic coupling. The modes are no longer independent once coupling is introduced but
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-04 -0.2 02 04 A
Figure 3.2: Altermagnon-like (purple), longitudinal phonon-like (blue), and transverse phonon-
like (red) dispersions for momentum directions along high-symmetry lines in the ¢, = 0 planes,
plotted for different values of the coupling strength A\g. The dispersions of the phonon-like and
altermagnon-like modes are strongly influenced by the coupling. The dashed lines show the “pure”
modes without coupling. The modes mix to a dynamic altermagnon-polaron at large coupling
values, leading to a softening of the phonon-like modes for given directions and a hardening of
the altermagnon-like mode. The modes are shown for Ay = 0,0.5,1,1.5 with the shades getting
progressively lighter with increased coupling constants. We set here ¢/vy, = 3/2 and ¢/vr = 3.
The altermagnon gap is given by /7 = 0.1; A is a cutoff, as explained in the main text. (Figure
reprinted from Ref. , Copyright American Physical Society (2023))

instead form new collective modes which, inspired by the nomenclature used in Ref. , we
call paramagnon-polarons. We can now see from Fig. how this hybridisation affects the
modes. We see that the altermagnon-like mode is hardened with dynamic coupling, whereas
the phonon-like modes are softened. We see again, as expected, that the effect of coupling
is clearly anisotropic; only one phonon is softened along each high symmetry direction. At
¢ = 0, plotted on the positive z-axis, we see that only the longitudinal phonon softens,
whereas at g, = gy, only the transverse phonon softens. Away from the critical point, the
altermagnon-like mode acquires a gap but at » = 0, three gapless modes emerge.

As previously mentioned, this result is valid for the case ¢ > vy 7. We can also plot the
modes in the other regime, ¢ < vy, 7, where we now find a level repulsion, as well as a greatly
diminished softening of the phonon-like mode. We illustrate this regime in Fig. This
regime is applicable in systems with very low ¢, such that the magnetic interaction J is very
small. While such a case is less common, we will make reference to both regimes, while
focusing on the more common regime ¢ > vr, .

Once we have obtained all three propagators x, we are then able to calculate the spec-
tral function for each by computing Imy in each case. We have for the transverse phonon

propagator:
1

XT\gq,w) = ) 3.20
(@)= 5, (q:w) = ¢r (g w) w? + vig? (3:20)
where 7 is the propagator for the transverse phonon with renormalized coefficient
N 4
(r(gw)=1+=2 L, (3.21)
(@) Pr+q2-4
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Figure 3.3: Dispersions of the altermagnon-like (purple) and longitudinal phonon-like (blue)
mode for coupling constant values A = 0,1,2,3 along the ¢, = 0 direction. The dashed lines
show the uncoupled modes and the solid lines show the hybridized modes. Panel (a) refers to
the case ¢/vy = 3, whereas panel (b) refers to ¢/vy = 2. In panel (a), there is a level repulsion,
whereas in panel (b), we see the modes softening. In both panels, the altermagnon gap is given
by \/ALT = 0.1. (Figure reprinted from Ref. , Copyright American Physical Society (2023))

of the dynamic term, while A (g,w) corresponds to coupling of the two phonons away from
both high symmetry directions

2
AX2w2qrqy (qi—qi)

2
e 3)

Ar(q,w) = (@)t v%qz , (3.22)
with ; N2
2 _
o (gw) =1+ gm (3.23)
For the longitudinal phonon propagator we have
xr (g, w) ! (3.24)

T AL (qw) — L (qw)w? + 12

where )

N2 quqy (q?g —q§>

(e-3)
A w) = . 3.25
L((Ia ) —QT(q,w)wQ—i—v%q? ( )
In real systems, the modes will have finite lifetimes which arise from damping or other pro-
cesses; in order to model this, we add a small imaginary part to the frequency on the real
axis. Fig. shows a density plot of the spectral functions. This very much reinforces what
we learned from Fig. although perhaps now it is even clearer. For ¢, = =£¢, the longi-
tudinal phonon-like mode decouples and so for this spectral function there is no trace of the
gapped altermagnon-like mode along this direction, however if we then look along ¢, = 0,
there is clearly a signal belonging to the altermagnon mode. Alternatively, looking at the
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Figure 3.4: The spectral function for altermagnon (left panels), longitudinal phonon (middle pan-
els) and transverse phonon (right panels) propagators as function of frequency w and momentum
q along two high-symmetry lines at the g, = 0 plane. Panels (a-c) refer to a non-zero coupling
constant value A\g = 1.5, whereas panels (d-f) correspond to A\g = 0. When coupled (a-c), the
modes hybridize and it is possible to detect the altermagnon by measuring the phonon spectrum,
except along the special directions for which the phonon mode decouples from the altermagnon.

This mixing is most prominent close to the critical point where the q = 0 altermagnon excitation
energy is small. We have set here c/v;, = % and ¢/vr = 3. The altermagnon gap is given by

v/ z = 0.1. (Figure reprinted from Ref. , Copyright American Physical Society (2023))

transverse phonon-like mode along ¢, = 0, this mode decouples and there is no trace from
the altermagnon-like mode, however along ¢, = ¢, we see a gapped mode appear which is
clearly the altermagnon-like mode. We can also see the same information repeated in the
altermagnon propagator, along g, = 0 a signal from the longitudinal phonon-like mode is
present with no signal from the transverse phonon-like mode. Along ¢, = ¢, we see the oppo-
site, a signal from the transverse phonon mode with no signal from the longitudinal mode. In
this case the individual phonon modes are identifiable from the condition v;, > vp. In both
cases we see a softening from the phonon-like mode which couples. We can see from these
results that although measuring altermagnons represents a difficult task, measuring just the
phonon spectrum is enough to access a signal from the altermagnon-like mode. This is true
even at finite momentum and away from the quantum critical point. By measuring along high
symmetry directions, this even suffices to determine the symmetry of the altermagnetic order
parameter present in the system.

We illustrate this point even further by producing a density plot of the spectral weight for
each branch of the altermagnon propagator determined by

C2 i
(@) =Y g (3.26)

(2
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Figure 3.5: Anisotropic momentum dependence of the spectral weights of the transverse phonon-
like (a), longitudinal phonon-like (b), and altermagnon-like (¢) branches of the altermagnetic prop-
agator for a non-zero coupling Ag = 0.5. The phonon-like modes decouple from the altermagnon-
like one along high symmetry directions. These figures are plotted for r = 0, ¢/vy = % and

¢/vr = 3. (Figure reprinted from Ref. [20], Copyright American Physical Society (2023))

qy

9 §0.92

-1.0

where A; is the weight of the branch and E (g) is the energy of the mode. We see that the
weight of the transverse phononlike branch drops to zero at g, = 0 or g, = 0. The weight
of the longitudinal phonon propagator drops to zero at g, = +gq,, while the weight of the
altermagnon branch becomes four-fold anisotropic (although of course it never drops to zero).

Fig. shows that if one of the phonon velocities is higher than the altermagnon velocity,
we see a crossing of the two modes with a level repulsion introduced by the coupling, provided
that one is not situated directly at the quantum critical point for the altermagnet. In the
directions along which the phonons decouple (¢, = %g¢, for the longitudinal phonons and
qzy = 0 for the transverse phonons), this gap disappears. This causes nodal lines of the gap
to form. If we consider two modes

2
E? = % A? 4 Gk + \/ (A2 + Ckk2) — 4n2k2 (A2 + k:2) , (3.27)

with k =cq, A =cy/r,n="Land g, =1+ n? + /\,2C where the coupling is k-dependent

k2 — k2
M= \2 = d (3.28)
We find a crossing point at
A
k| =k = ——. 3.29
We consider the energy splitting along the diagonal
Qk)=E; (k) - E_ (k). (3.30)

Along the diagonal such that Ay = 0 we have

O (k) = VA2 + k2 — 1k, (3.31)
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is approximately

T 1—n?
Q =—|= — . .32
(ke =F) = =) (3.32)
We can also expand at this point along the ¢ direction and find that
Q (ko, ) ~ koAo |cos 2¢| ~ 2koAo | — Z , (3.33)

and so the magnitude of the in-plane component of the momentum at this nodal line is
r1/2

‘QH’ ~ ﬁ/viﬂJCQfl'
dispersion similar to the one of a Weyl system with vanishing gap. These lines are protected
by the crystalline symmetry of the system, but may nevertheless have implications for surface
states of the combined spectrum.

Expanding the dispersion near these crossing points reveals a linear

3.3.3 Coupled oscillator analogy of magnetoelastic coupling

The heart of this entire discussion is, of course, the coupling of the canonical momentum
of one degree of freedom to the coordinate of another. Considering Gaussian theories, this
immediately suggests an analogy to the case of two coupled oscillators, where the momentum
of one is coupled to the displacement of another

2 2
D; miw; o A
H = § i e 2pS - 3.34

where using the column ¢ = (z1, 2, p1, p2), the Hamiltonian becomes

1
H= inHw, (3.35)
where

mw? 0 0 0

0 7TLQUJ% A 0
H = 0 ; 3 0 (3.36)

2 ma
0 0 0 =

We find, following the approach of Ref. and Ref. that this matrix diagonalises
under the canonical (i.e. preserves commutation relations between v; and ;) symplectic
transformation ¢ = Sy, such that H = L¢/7STHSY', where STHS is diagonal. H then
diagonalises as

950200

e | 0 Q2 0 0

SHS=| o 1 o | (3.37)
0 0 0 1
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where if mi =mg =1

1 2
0, = 3 Wi+ ws £ \/(w% - wg) + A202 |, (3.38)

which yields H = %Z)\ (pi + Qixi)
The symplectic transformation (z1, 2, p1,p2) — S~1 (21,22, p1,p2) can also be phrased as
a unitary transformation of the operators, such as x; — Uz;U~! where ||

U = ei(ampz-i-bmlxz). (3.39)

Applied to the vacuum, such an operator creates two-modes squeezed states made by the two
coupled oscillators. We hence see that the fluctuations of one degree of freedom suppress the
other. This is in direct analogy with the hardening and softening of modes observed thus far.

3.3.4 Possible detection of modes in the ordered phase

Our analysis up to this point has focused on the disordered regime, however to make a
connection with potential experiments, we must conduct an investigation which is valid in the
ordered regime. It is already known how the correlation length of an Ising variable depends

on the temperature [210]

r(T)=A(T-T.)*", T>T. (3.40)
—A(T.-T)*, T<T. (3.41)
where in three dimensions v = % and A/A" = 4.75 [210]. The now temperature dependent r

can then be inserted into the polaron spectra which have already been calculated. In Fig.
we depict the temperature dependence of the transverse phonon-like polaron at fixed momen-
tum; we see that this then leads to a change in the spectrum with respect to temperature and
that the effect of a rising temperature now depends on whether the system is in the ordered
or disordered state.

If we consider the case that phonons are excited through photon absorption and then relax
back to their ground state, we can use the temperature profile

T (t) = Toq + ATe 7, (3.42)

where T¢q is the temperature in equilibrium, AT is the jump in temperature following the
photoexcitation process and 7 is the relaxation time as the temperature drops back to its
equilibrium value. We then clearly see the temperature dependence of the phonon spectrum
and how this relates to a relaxation time. An experiment to measure such an effect would only
find results such as those displayed in Fig. in the case that the phonons and altermagnon
have hybridised. This is a result of the fact that r (T) only appears in the uncoupled magnon
mode. If the measurement is taken along a direction in which the two modes decouple, this
effect would disappear as r (T') would not be carried over from the magnon to the phonon
mode. This then provides a method for detecting altermagnetic transitions and through angle
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(a) (b)

Figure 3.6: Using a temperature dependent r, we can see how the phonon-like polaron energy
changes according to temperature (panel (a)). We can also consider the case in which the phonons
are excited and the temperature then decays, we then clearly see how the phase transition affects
the temperature trend that one would expect to measure (panel (b)).

dependent measurements, the symmetry of the altermagnet.

3.4 Effect of dynamic coupling to strain on the
paramagnetic-altermagnetic phase boundary

Having already established that under dynamic coupling of altermagnetic and elastic degrees
of freedom, the phonon and altermagnon modes are hybridised, leading to an anisotropic
softening of the phonon modes and a hardening of the altermagnon mode, we now discuss
how this effect manifests itself in the phase diagram. To determine the phase diagram, we
carry out a one-loop renormalisation group (RG) calculation for the quartic coefficient u and
mass term 7. We first demonstrated this method using the standard ¢* model (i.e. for the
altermagnetic degrees of freedom in the absence of coupling) [57] in Sec. By virtue of
the fact that we can consider our order parameter as nothing more than a single component
Ising order parameter, the analysis is similar with a modified propagator. We start from the
coupled action. Perturbing the order parameter around the result of the Landau theory we
find a set of flow equations for r» and u

dr d [~ d [~
= 2r+ 3u—/ xo0 (¢) — 3ur—/ X0 (q)2 ,
q q

dl di di

du 2 d > 2

— = — — 4
¥ eu — 9u i), xo0(9)”, (3.43)
ar

— = T 44
¥ (3.44)

where ¢ = 3 — d and we use T to denote the running temperature, whereas the physical
temperature corresponds to 7'(l = 0). The altermagnon propagator (Eq. ) is expanded
in r such that yo = X|r:0' We integrated out the long wavelength modes leaving us with a set
of shell integrals over Ae~! < lg| < A, for some momentum cutoff A, with [ a parameter used
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to vary length-scales. We have employed no cutoff for the Matsubara frequencies, our results
will not depend on this. In Chapter. |4, we will show that there are cases where one must also
apply a cutoff for the Matsubara frequencies, for example when the elastic collective modes
are damped. The sum does not converge due to a damping term linear in w and a cutoff is
required; here we encounter no such difficulty.

Before solving the RG equations, analysing the propagator for the altermagnon-like polaron
already hints towards how the phase boundary will be altered by the coupling. The effective

action is
3 [e@x o0 +u fo@ (3.49

where x is given is given in Eq. (3.18). By integrating out the phonons, we are able to consider
a theory in just ¢ but with the effects from the phonons now included in a renormalisation of
the propagator. Considering first w > vy, |g|

2
q
Aq,w) ~1— 62)\(2)?. (3.46)

We see that the coupling renormalises the coefficient of ¢? in the altermagnetic propagator.
Given that ¢? is proportional to the inverse squared correlation length, suppressing this term
then suggests that spatial fluctuations are enhanced. This enhancement is of course mediated
by the coupling Ag. On the other hand, when w < vy, 7 |g| we find

2A2

A(Q»‘U) ~ o1+ —5, qx = qy, (3-47)
”T
2\2

Alqw) ~ 1 UTO’ ¢z = 0. (3.48)
L

In this regime, it is the altermagnon velocity ¢ that is renormalized by the coupling, which
suppresses quantum fluctuations. This also mirrors the already observed hardening and soft-
ening of the magnon and phonon-like spectra respectively. We now expect, given the role
fluctuations play in the phase diagram, to see this behaviour represented in the RG calcula-
tion.

We aim to create a phase diagram for finite temperatures, to do so we implement the
crossover method already outlined for the generic ¢* theory in Sec. The key point
of contrast between the two cases is that now our propagator is anisotropic and so we have
angular variables to integrate over in order to average over these effects. The shell equations
then become

% /q >x6" (9 = d Z X0 ( (3.49)

dl Ae*l<‘ |<A 27r e

_ Z /27r/ dfdg¢sin (0) xg" ( ), (3.50)

n=—oo

where we suppress the dependency of xg on wy, ¢ and 0. The flow equations at one-loop level
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are then
d
777 = 2m+ gAcFy (T) — gmc® A3 Fy (T)
% = eg—3¢°N’CFR (T),
dT
ar - _ 3.51
- , (3.51)

where € = 3 — d and we defined the dimensionless quantities

r 3ucA?—3
m=-_, g="_ 3.52
and - )
F(T)=T Y / / dodg sin (0) x5' (A, wn,0,0) (3.53)
n=—o0 "0 0

A quantum critical point occurs when the transition temperature T, is suppressed to zero,
hence we can solve the flow equations in the limit 7" — 0. Calculating the point at which m
and g stop scaling gives the unstable Gaussian fixed point (0,0) and the relevant fixed point

* % 1 Fy (O) €
B .54
(m*.s) ( 6 F (0) 2A2’ BA3CF, (0)>’ (3.54)
to first order in e. This implies m§ = —bgo where
A
b= %Fl 0). (3.55)

This allows us to define a distance, ¢, from the critical point |\

A
t=m+ %Fl (0) g. (3.56)

We plot the phase diagram in both two and three dimensions in Fig. for ¢ > v and for
¢ < v in two dimensions in Fig. the parametrisations of the phonon frequencies, for the
case ¢ > vy, T, that we use throughout this section are given by

’UT(Q) 1 9
=—\/-+= 2
p 6 2+ cos 20,
w(®) 1[5 1
. —3\3 + 5 €O 26. (3.57)

9 1
”TC( ) _ /450 + 350 cos 20,
) 1
”LC( ) _ 5 V/150 + 50 cos 20. (3.58)
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Figure 3.7: Ground-state (i.e. T = 0) phase diagram of altermagnetic order as a function of
the control parameter mg = r9/A? and the coupling constant \g with ¢ > v 7, Eq. (3.57)
for the cases (a) 2D and (b) 3D. We see that at zero temperature, the formation of a dynamic
altermagnon-polaron expands the ordered state (shaded region), since the altermagnetic transition
occurs for higher values of mg. (Figure reprinted from Ref. , Copyright American Physical
Society (2023))

We see that in all cases at 1" = 0 the ordered regime is increased upon increasing the dynamic
coupling A\g. The coupling reinforcing long range altermagnetic order is entirely consistent
with the results obtained above. We found from an analysis of the propagator that the
renormalisation of ¢ suppresses quantum fluctuations and hence a smaller |mg| is necessary
to transition from the disordered paramagnetic state to the altermagnetically ordered state.

We can also solve the flow equations for the case that T is small but still finite, in this case
we can employ a crossover calculation, with the method outlined in Ref. . This crossover
regime is relevant when gy = g(l = 0) < 1 and T' < cA. In this regime, to first-order in go, it
is sufficient to simply use the 7' = 0 solution for ¢ (I) [124]

_ 90
90 = 13505 ©) 9ol (3.59)

As in the generic case, thermal fluctuations only enter at O (g%). To solve for m we consider

the ansatz
m =moefWn (). (3.60)

This ansatz solves our flow equations when
!
l:21—A33/ U)Fy (I')dl,
= x [ o(1) 7 (1)
Ac ! —£(U
hl:1+—/ SV p (1) g (1) ar'.
) e R () (1)

Substituting these expressions into the flow equation for m and integrating by parts, we can
find a transcendental equation for T, to first order in gg. At the critical point we can, by

(3.61)
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Figure 3.8: (a) Ground state phase diagram for a 2D system. (b) Altermagnetic transition
temperature T, as a function of the dynamic strain coupling constant A\ for different values of the
bare altermagnon mass mg = ro/A2. (c) Altermagnetic T, as a function of mg for different values
of Ag. These plots correspond to the case of a 2D system with ¢ < v, Eq. . Compared
with Fig which refers to the case ¢ > vp 1, the dynamic coupling to phonons has a weakened
impact in the thermal regime, but still a significant impact in the quantum regime. The former
is the result of a lack of softened phonons, whereas the latter is a consequence of the hardened
altermagnon. (Figure reprinted from Ref. , Copyright American Physical Society (2023))

definition, scale infinitely and so [ — oo. This gives the expression for T,

c AcgU o . 3 A; 5 [T 27 ‘ 2
mg + 5 /0 /0 dOd¢ sin (9)2 SF; +90ACTC/O /0 dpdf sin (0) ' 114z 67EZ3

=1 =

1 _EB 1 _. _EB
+ﬁ10g 1—e Tc — F?L12 e Tc = 0,

(3.62)

where Ej; is the energy for each mode and A; the corresponding weight for the three branches.

This is the calculation in three dimensions, however we can also carry out the calculation
in two dimensions. To do so we use an epsilon expansion with ¢ = 3 —d = 1 (we also use
such an expansion in Chapter. |4/ and so a more detailed explanation can be found there).
This calculation is very similar to the three dimensional case taken at 6 = § and the only
angular integration being over ¢. The motivation for doing this calculation in two dimensions
in addition to three is the existence of two dimensional altermagnetic candidates such
as the quasi-2D oxide insulator VoSeoO and semimetal CryO .

The equation for T, is not solvable analytically, we therefore result to numerical methods.
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3 Dynamic magnetoelastic coupling in altermagnetic materials

We plot the phase diagrams for ¢ > vy, r (using Eq. ) in both two and three dimensions
in Fig. We see that in two dimensions, in general, increasing the coupling to phonons
suppresses the transition temperature. This is consistent with the above results, including
in Fig. where we see the coupling increases the population of soft phonons, which in
turn suppresses order in the system through thermal fluctuations. At T = 0, this is not the
dominant effect as no phonon modes are occupied at zero temperature. In this case, the
suppressed quantum fluctuations are the dominant effect and order is reinforced in all cases
considered here. We can compare Fig. and Fig. to see that for a given value of Ag,
unless the value of mg puts the system in the ordered regime at T" = 0, the transition does
not occur. Increasing \o increases the magnitude of m§ and at the point mg < mg ()\0), a
transition can occur; this heavily implies that while the coupling does suppress order at finite
temperatures, it also induces transitions. After this point the initial rise in the transition
temperature is most likely due to being in the regime where the dominant effect is the quantum
one. In three dimensions, the behaviour at T" = 0 remains qualitatively identical but at
finite temperature the results differ. Increasing the coupling leads to a slight increase in the
transition temperature as thermal fluctuations are less relevant, leaving quantum fluctuations
as the dominant effect. One could expect there to be a high enough temperature such that
we cross over into a regime where the thermal fluctuations are again relevant, however the
transition temperature begins to plateau. The reason for this is that once the system is at a
high enough temperature it reaches the classical regime, this is equivalent to taking the zeroth
Matsubara frequency. The coupling to phonons is proportional to the Matsubara frequency
and so in this regime there is no coupling to phonons, leaving little to no effect on T,.. These
results are all for the case ¢ > vr 7, we consider the other regime in Fig. . In this case
we see that the suppression of the transition temperature is somewhat diminished, this is a
result of the very minor phonon softening shown in Fig. We only considered this in two
dimensions as this is where the thermal fluctuations are interesting and the level repulsion
shows these fluctuations to be the major point of contrast with the ¢ > vr r case.

3.5 Conclusion and discussion

In summary, we showed that it is possible, just through symmetry considerations, to construct
a term in the action which constitutes a dynamic coupling between strain and fluctuations of
a magnetic multipolar order parameter. These results are applicable for the case of altermag-
netic systems in which the magnetisation order parameter can be described as having d-wave,
g-wave, and i-wave symmetries. These are order parameters which, by symmetry, have a net
zero dipole moment and are therefore purely multipolar states of order. We chose to focus on
a By order parameter within a system described by a Dy, point group (relevant for instance
for the altermagnet candidate MnF3) but this does not suggest that these results are not
applicable more generally, we have also commented on crystals in the O point group. We
show that a dynamic coupling allows the possibility to probe altermagnons directly through
the phonon spectrum. This significantly reduces the difficulty that one would otherwise face
in measuring these states with a zero net-magnetisation through the magnetic spectrum.
This coupling corresponds to an internal, fluctuation-induced non-dissipative response. This
induces a stress o;; induced by a time-varying strain in the presence of the collective mode.
This is analogous to the case where a strain occurs due to a finite Hall viscosity. The coupling
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3.5 Conclusion and discussion

induces the creation of altermagnon-polarons, the phonon and magnetic collective modes hy-
bridise, softening the former and hardening the latter. This has a significant effect on the
strength of fluctuations and, by extension, the phase boundary between the disordered para-
magnetic phase and the altermagnetically ordered phase. In two and three dimensions at
T = 0, the suppression of quantum fluctuations reinforces order and increases the altermag-
netic regime. In three dimensions at finite temperatures, the effect is the same, order is
reinforced and the transition temperature, T, rises. The reason for this is that thermal fluc-
tuations are not the dominant force deciding when the system transitions. In two dimensions,
thermal fluctuations are stronger and we see that increasing the coupling leads to a high oc-
cupation of soft phonons which suppress order. This effect diminishes for the case v > c.
The results in two dimensions are not only relevant for certain quasi-2D systems but also for
highly anisotropic three dimensional systems.

This chapter focused on altermagnets, however there is no reason for the coupling discussed
here not to be applicable to ferromagnetic systems, in very much the same way as the piezo-
magnetic coupling considered in Chapter. 2l The condition for dynamic coupling is that the
magnetisation order parameter and at least one of the strain components transform according
to the same irreducible representation of the point group, with the magnetic degree of freedom
being odd under time-reversal and the strain degree of freedom being even. In tetragonal (Dyy)
and hexagonal (Dgp,) systems, the in-plane moments (E, and E1, respectively) can couple to
the out of plane shear strain doublet (512,53,2) as this transforms according to the corre-
sponding in-plane magnetic degrees of freedom. Additionally, in Dyp each component of the
magnetisation transforms as one of the one-dimensional irreducible representations B, with
t = 1,2,3 with the shear strains e, €;2, and €, transforming the same way. This also holds
for the orthorhombic point groups Dy and Cs,. The effects discussed in this chapter hence
hold for any orthorhombic ferromagnet. A promising family of materials to search for this
effect are the ferromagnetic Mott insulating perovskites ATiOs, with appropriate rare-earth
A . We will next consider one of the ferromagnetic cases, although not one mentioned in
this section. We will investigate the effect of dynamic coupling on an almost purely orbital
ferromagnet in twisted bilayer graphene which couples to a damped collective mode.
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Chapter 4

Orbital ferromagnetism-twist phason
coupling in TBG

In twisted bilayer graphene the two layers combine to form a moiré pattern, an incommensu-
rate superlattice. This creates an additional degree of freedom in the elastic theory, in addition
to those degrees of freedom contained in commensurate lattices. This degree of freedom is a
fluctuation of the relative twist angle between the two graphene layers, the collective mode of
which is a damped phason due to no associated conservation law. In TBG the twist angle has a
profound effect on the electronic structure of the material, leading to flat bands at the so-called
magic angle . When this occurs, the flat bands imply that the energy of electrons is dom-
inated by interactions, making this an important material for the study of strongly correlated
systems. Strong correlations can lead to the emergence of an orbital ferromagnetic state, which
through a group theoretic analysis can be shown to couple to the twist-angle fluctuations, in
analogy with the coupling of altermagnetic fluctuations and a symmetry breaking strain. One
would expect that given the nature of the effect of the twist angle on electronic structure, that
the twist degrees of freedom strongly couple to ferromagnetism. Here we show that, as for a
2D altermagnet, a dynamic magnetoelastic coupling suppresses the ordered regime at finite
temperatures and reinforces it at zero temperature. One must however, also consider the pha-
son damping, which we show suppresses order in both regimes. This section is based on and
in some cases directly quotes from Ref. .

4.1 Introduction

To briefly reiterate elements discussed in Sec. at a relative twist angle of § ~ 1.05°, flat
bands emerge , giving the electrons an infinite effective mass and hence highly localised
orbitals. The kinetic energy of these states is reduced to such a degree that electron-electron
interactions dominate over the kinetic energy. This leads to the emergence of a catalogue
of strongly correlated effects (see Sec. [1.2), including the focus of this chapter, orbital
ferromagnetism.

Partially aligning twisted bilayer graphene with hexagonal boron-nitride at 3/4 reveals an
anomalous Hall effect , detected experimentally through a large magnetic hys-
teresis and chiral edge conduction [23]. This anomalous Hall effect is reliant on a
spontaneous time-reversal symmetry breaking as a result of ordering of the orbital magnetic
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4 Orbital ferromagnetism-twist phason coupling in TBG

moments, which form due to an imbalance of the p; and p_ orbital occupation numbers of
states localised on the superlattice points. This AHE hence acts as a clear indicator of time-
reversal symmetry breaking, which when coupled with a low spin-orbit coupling and the
nontrivial topology of the flat bands, suggests that this symmetry breaking is due to orbital
ordering [85]. This ferromagnetic ordering has itself been observed using SQUID’s to measure
stray fields .

It has been shown that only a small current is necessary in order for the magnetisation
to switch direction, this is due to a large magnetoelectric effect which suggests that much
like altermagnets, these systems could be used in the construction of low-power memory
devices [4].

While we have so far only discussed the effect of the magic-angle on the electronic bands,
this twist angle will neither be static, nor homogeneous in an experimental situation where
slight variations in the precise value are commonplace. It is therefore to be expected that
dynamic fluctuations of this twist angle are a low-energy degree of freedom which impact
the moiré structure . These are phason modes which correspond to acoustic
branches of the incommensurate lattice and dominate lattice vibrations on the scale of the
moiré period. If one were to ignore the structural relaxation of the lattice these modes are
directly related to the relative displacement of the two layers . If the displacement field
describing the relative motion of carbon atoms in the two layers is denoted u (r, 7) then if we
consider an antisymmetric counterpart to the elasticity tensor in commensurate systems

Qop = % (8au5 — Gﬁua) , (4.1)
1 = Qg describes the rotation of the two layers with respect to one another. The source of
finite stiffness for €2 is the adhesion potential between the two layers. These collective modes
are clearly unrelated to any conservation laws of the system and are therefore subjected to
damping introduced via anharmonic terms in the adhesion potential .

It is clear from the nature of the impact that the twist angle has on the system that one
should expect a strong coupling to electronic excitations. A crucial aspect of this for our
purposes is the two component spinor structure in orbital space which characterises either a
positive or negative chirality. We will show in this chapter that a dynamic coupling between
the two degrees of freedom is symmetry, allowed such that twist fluctuations induce fluctua-
tions in orbital Ising-type ferromagnetism. We will also show that the damping present in the
phason modes then causes damping in the magnetic collective modes, which in turn affects the
phase boundary between the ferromagnetically ordered and paramagnetic disordered states.

4.2 Field theory of dynamic magnetoelastic coupling

We construct an order parameter along the same lines as was carried out in the altermagnet
chapters, i.e.

1
6 (r) = yeloacr), (42)
where the Pauli matrix now acts in orbital space. This order parameter calculates the dif-
ference in occupation number of the p; = p, + ip, and p_ = p, — ip, orbitals. When an

imbalance occurs, this is manifested physically through a finite magnetic moment. Note that
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4.2 Field theory of dynamic magnetoelastic coupling

this is now clearly a magnetic dipole, due to a lack of form factor transforming under a
non-trivial irreducible representation.

Given the orbital structure we consider here, the order parameter is a ferromagnet with
the dipole moment aligned along the z-axis, it therefore transforms according to the As
irreducible representation in Dg . We know that the ferromagnet aligned along z must also
transform like a rotation around the z-axis, it is therefore plain to see that we can construct
a coupling term for fluctuations of the orbital ferromagnetism and the twist angle, with the
same structure as for an altermagnetic order parameter coupled to symmetry breaking strain
of the same irreducible representation

Horblatt = )\2062/(11‘(1’7'9 (r,7) 7 (r,7), (4.3)

where, as before, c is the velocity of the magnon associated with the orbital magnetism, 7 is
imaginary time, \g is a dimensionless coupling constant and 7 is the conjugate momentum to

the order parameter, such that {qﬁ (r),m (r’ )} = iho (r -1 ) Expressed in the language of

an action, this becomes

Sorbatt = % [ drir (v,7) 0. (7). (4.4)

If we convert the equation for the twist fluctuations to momentum space, we can then see
that it is related to transverse displacements via

0 (a) = 4 [a] ur (a) (4.5)

With this, the coupling is then
Sontiats = A (a) [ ur (@) ¢ (~a). (16)
q

with the coupling, which is now non-local in both space and time

A(q,wy) = %wn lq] - (4.7)

For the sake of brevity, we have used the notation ¢ = (q,wy,).

Due to the strong electron-electron correlations in magic-angle TBG, it has been reported
that the system undergoes a transition to a Mott insulating state (see Sec. at 3/4 filling,
i.e. under the same conditions needed for the QAHE to materialise [216]. Analysing a model
which represents an insulating state, close to the critical point, yields the regime where the
dynamics of the order parameter are most important, with the action

Sy = ;/drdT (ro -Vvi- c—zaf) ¢ (r)® + u/drdrqﬁ (r)*, (4.8)

i.e. the Ising-type action for insulating systems.
The twist fluctuations can be split in two parts, the aforementioned phason modes and
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4 Orbital ferromagnetism-twist phason coupling in TBG

spatially homogeneous twists

Eap (r,7) = 535 (1) + eagﬁo (1) + / iqaug (7, T) el (4.9)
q

where &,3 = Oyug, i.e. the non-symmetrised strain, 535 is the homogeneous symmetrised

strain and €,z is the Levi-Civita tensor. We can then discuss the role of uniform displacement

0
fields ug ) (r,7) = (5%7 - Qoem) z~, where x, denotes spacial coordinates. We can insert

2
0 0ul (1
this into the lattice kinetic energy Slgin) = [d*rdr Y 3 (W) . The homogeneous twist

contribution for a region of size L is given by

2
SIS(L) ~ gL4/dT (85];(7)> . (4.10)

T

We then see that for a macroscopic, clean system, this term is penalised by the L* coefficient
and the dynamics of the q = 0 component are suppressed, i.e. Q° (wy,) o dn0- Given that the
coupling A (¢) o wy, it is clear that homogeneous twists do not impact the orbital moment
dynamics. We would expect these terms to be relevant in finite systems, for example in the
presence of disorder.

For a generic twist angle, the lattice is incommensurate, leading to the emergence of phason
modes which in the limit of small lattice relaxation can be rationalised as a twist fluctua-
tion [22]. The incommensurate nature of the lattice allows a term in the action

_K

Sq = 5 / Q(r,wp) Q(r, —wy), (4.11)

which would otherwise vanish by rotation symmetry. Here K is a finite rotational stiffness
which follows as a consequence of the adhesion potential between the two layers . For
the field theory related to symmetrised strain, we consider the usual action [217], with the
addition of a damping term

sym 1 2 . 2
Slgt}; ) [ul =5 - (‘Wz ‘U (Taw)’ — oW ‘U (r,w)‘ + Cijrigij (1, w) e (7, —w)) , (412)

where €;; = % (@-uj + 6jui> with

Cijklfijfkl =C11 (6396 + e’:“;y) + 2C12622Eyy + 2 (011 — 012) 2

oy (4.13)

(sym)

where we have suppressed the space and Matsubara frequency dependency. S, ’ is hence
characterised by two distinct elastic constants. We can convert this to the imaginary axis via
a Kramers-Kronig transformation

£ (iw) = —/Oo @Im(ﬂ. (4.14)

oo T —€+ 1w
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4.2 Field theory of dynamic magnetoelastic coupling

When carried out on the action above, this yields

1

2 van

Sl(a;c ) [u]

2 2
(wa ‘U (ﬁwn)’ +7 |wn| ‘U (T,wn)‘ + C'z‘jsz:‘ij (T7wn) Ekl (7‘7 —wn)> )
(4.15)

Following a transformation to momentum space, the combined lattice action arising from
symmetric and antisymmetric elasticity is then

1 .
Statt = 5/ <(W721 + 7 |Wn‘) Ug - U—g +ug- D(q) ‘uq> ) (4.16)
q
on the imaginary axis, with dynamic matrix

A Cr1¢? + Cq? 6Cqzq
D = r Y Y . 4.17

(@) ( 6Cqrqy  Cugy +Cq; (4.17)
Here we used C = % (CH —Cia + %K) and 0C = % (011 + Cla — %K) The resulting eigen-
modes are longitudinal with e; 4 = g and transverse, ey = 2 xq, with frequencies wq,, = v,4,

[Cyr— 1
where p = L, T, vy = +/C11 and v = W One of the implications of the twist

fluctuation’s finite rotational stiffness is the fact that the transverse velocity can become
larger than the longitudinal velocity: vy > vy. Expanding the displacement in terms of the

longitudinal and transverse modes, uq = —@3_,_1, 7 €qulUqyu, it follows
G = 2 2,2 4.18
latt = 55 Z Wy [wn| + 07 ) vquu—qu- (4.18)
p=L,T "4

We see that the longitudinal phonons decouple and can be integrated out.
The relevant field theory for coupled phason-orbital magnon modes is therefore

1

slour] = 5[ (ora+ed) oo (-0

Ao
+ufo@'+ [ Fonlalur (@) ¢ (—a) (1.19)
z q
1
+ 5 [ (@R vlwal + 03a?) ur (q) ur (~q)
q
By integrating out the transverse phonons we obtain the effective theory:

S =73 [ X016 @) 6 (~) +u [ 00" (420)

with ]
x(q) = 7 (4.21)
ro+q® + A (q,wy) ﬁ—g
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4 Orbital ferromagnetism-twist phason coupling in TBG

where

w2 + 7 |wn| + U%q2

132,242
A (q,wn) = (1 4 1% d ) . (4.22)

4.3 Spectra of coupled modes

Analysing the propagator provides some intuition for the effects of magnetoelastic coupling
and phason damping. Considering first the limit v < w,, reveals effectively the same results
as for the altermagnet coupled dynamically to strain and so we only review them briefly.
If we consider the almost-static, low frequency limit of Eq. , where w, < vr |q|, we have
the usual ¢* model, yet with a renormalized strength of quantum fluctuations

1.,c?
22 (1 + A32> : (4.23)
4 vz

This reduces ¢ and thus suppresses quantum fluctuations. On the other hand, for frequencies
Wy, > UT ‘q‘, we find that

1
P —q° (1 + 4A3> . (4.24)

Such that spacial fluctuations are renormalised, giving rise to an enhanced correlation length.
The new parameter in this system is, of course, the damping. To gain some insight into how
damping effects fluctuations, we consider a mean-field theory which renormalises  and gives
the condition for a phase transition (i.e. at r = 0):

Ao A
e = —u/ / qx (g, wn) dgdwn, (4.25)
o Jo

where we have now introduced a cutoff for the frequency A, in addition to the momentum
cutoff A. This is necessary due to the fact that the term linear in w, stops the Matsubara sum
from converging. We can extract the effect of damping on the integrand with a density plot
of gx (7) — gx (0). We see from Fig that higher damping produces a larger integrand and
hence a much larger absolute value of rg is needed to transition, this implies that quantum
fluctuations are strengthened by damping.

Having renormalised rg — r due to higher order interactions, we can analytically continue
the propagator to the real axis with iw, — w + 0"

q) = . - (4.26)

r+q>—A(q,w) %

with

14222
IAgc°q
Alq,w)=[1+ 470 . 4.27
(q,w) ( —w2—i’mu)+v%q2) (427

We can plot the spectral function of the effective magnon propagator, we do so in Fig.
If we first consider the case that the modes are undamped, the phason-like polaron is soft-
ened and the magnon-like polaron is hardened. We anticipated this following our analysis of
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0.2 0.4 0.6

Figure 4.1: The density plot of gx (7) —qx (0) shows that for lower values of damping (panel (a)),
the integrand is smaller when compared to higher values (panel (b)), this becomes even clearer
when plotting along lines of constant w. The integrand is again much smaller for lower damping

(panel(c)) than for higher damping (panel (d)). (Figure from Ref. )
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4 Orbital ferromagnetism-twist phason coupling in TBG

altermagnetic systems . If we now include the damping, we see that due to a non-zero
imaginary element in the propagator, the definite modes are lost. Due to finite coupling,
despite the fact that the damping is in the phason part, both modes are now damped.

q
0.5 A-1.0 -0.5 0.5 A

Figure 4.2: We plot the spectral functions at 79 = 0 and A = 0.5(a) and v = 0 and A =5 (b).
The phonon-like polaron is softened while the magnon-like polaron is hardened by coupling Ag.

Introducing a finite damping 7o leads to the loss of well defined modes and the spectrum spreads
over a finite width (c) and (d). These are plotted at 2 = % and 3 = 0.5. (Figure from Ref. )

In order to get a clearer picture of the spectra when damping is present, we plot a cut
of the spectral function against frequency along constant q. We clearly see that while the
coupled modes are both affected by the damping, the effect is naturally more prevalent for
the phason-like polaron.

4.4 Ferromagnetic phase boundary in coupled systems

Much like the analysis for the altermagnets, we can carry out an analysis of the phase boundary
between the ordered ferromagnet phase and the disordered paramagnetic phase. The one-loop
RG equations are the same as previously (albeit with a new propagator), we restate them here
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0.5 1.0 . cN

Figure 4.3: A 2D cut along { = 3 of the spectral function at A\g = 3 for different values of
damping. We also use 15z = % and ¢ = % We see that the well defined modes become spread
over a finite width due to damping. (Figure from Ref. [21])

o el

for convenience

du od >
= eu — Yu dl/q xo0(9)7,

dT

— = T 4.28
dl ’ (4.28)

Here, ¢ = 3 — d, | determines the running upper cut off scale A(l) = Ae~' and A, () =
Ay e?, where we choose z = 1 and / q> .-+ stands for the integral over the shell in momentum
and frequency space. Power counting would initially suggest that damping would allow for
the choice z = 2, while this would put the system at the upper critical dimension, it also
renormalises ¢ such that it diverges with [ and the problem becomes static.

While the method here is almost the same as for the altermagnetic case, we must adjust
the method used to calculate the shell integrals, due to the fact that the integral is also a shell
in frequency space. We use a tilde to denote variables written in dimensionless units ¢ = 1,

w=x,T= %, 4 = & and ¥ = ¥. In terms of these variables, the propagator xo = YoAZ.
For the Matsubara sums we use
T i A (iwy) = / Mrdode o (w/ (27)) mA (w +407), (4.29)
W 0o T T

and the fact that to leading order in [

ALb?
/A T A () = 2hud (A)1+0(2). (4.30)

such that the leading order in [ of the shell integrals is

F (1) = /Au dcoth | =2 ) Tmyo™ (1,@) + Ay coth | — /ldqu—llmxm (@A)
m B 2T ’ w 2T B 0 ) Llw .

(4.31)
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We then use the dimensionless variables

r

Pa
3KdCAd_3

=

m =

(4.32)

such that the flow equations are now

dm S _
o 2m + gFy (T, v) — gmky (T, 7) ;
dg (4.33)
- — — 2 Iy
dl—eg 39 FQ(T,'y).
Taking the limit 7" — 0 and solving the flow equations yields an expression for the distance
to the critical point

1
t=m+ §F1 (0,7) g. (4.34)

The phase diagram the above expression yields is displayed in Fig. The results show,
as expected from our analysis of the propagator, that quantum fluctuations are diminished
through coupling to phasons, leading to a lower |mg| needed to transition. In contrast, damp-
ing enhances quantum fluctuations, leading to a reduced-size ordered regime.

mg
@ T 5 N
-0.3
-0.4 70 = 0.5

-0.5
-0.6 Aromagnetic ordered regime

-07 / —0.75} Ferromagnetic ordered regime
0.8 -0.80

Figure 4.4: At the QCP, increasing \g leads to a larger ordered regime due to the suppression
of quantum fluctuations. Increasing the damping 7y causes a decrease in the ordered regime as
expected from Fig. Here, £ = 1. (Figure from Ref. )

¢

Carrying out the calculation in the crossover regime as before (Ref. [124]) yields the tran-
scendental equation for T,

t0+/ 9 / i 23”{ Imyo (1,@)

20T, _;_ 5
1 d 1ImX0 (q7 1) (435)

T?
CImXO (1,@) + A, / dq
T2
+76qd—11mxg (g, 1))) dz = 0.

Solving this equation numerically yields the phase diagram shown in Figl/4.5l Tt is not possible
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to have a transition until we reach a value of Ag and =y such that our chosen value of mg <
m§ (Ao,70). This suggests that coupling can induce a ferromagnetic transition, we can also
see that the coupling leads to a reduction in the transition temperature, this is due to the
enhanced thermal fluctuations. At 7' = 0 there are no phonons and so the dominant effect
is the suppression of quantum fluctuations and hence an enhanced ordered regime emerges,
consistent with the results of a 2D altermagnet . The damping -y suppresses order and
increasing this drives the system towards the QCP. This is consistent with the T' = 0 case in
which order is also suppressed.

.
@ - ) I
cA
2 =05 _mp=-1.2 A
0.08_ A S Ao=3 _ my=-08
\\\\ my=-0.9 N C mp=-07
0.06 \\\\ mg=-0.7 0.015 \\\ - 06
S ™ o=~V
0.04 T 0.010f \, e
N T \ —e—
0.025= _ T 0005
Ao L Yo
0 2 4 6 8 5 10 15 cA

Figure 4.5: Magnetoelastic coupling (panel (a)) is able to induce a transition to the ferromagnetic
state, however at higher temperatures, the dominant effect is a high occupation of soft phasons
and the transition temperature is reduced. Increased damping (panel (b)) is able to drive the
system to the QCP for lower values of mg and the transition temperature is still diminished for
all values of mg. Both phase diagrams are plotted for ¥ = 3. (Figure from Ref. )

4.5 Conclusion and discussion

Here we have analysed interactions between damped phason modes, which emerge as a result
of the relative motion of the upper and lower layers in TBG, and orbital ferromagnetism. The
fact that both degrees of freedom transform according to the same irreducible representation
implies a symmetry allowed coupling in which orbital magnetism induces fluctuations of the
twist angle.

Orbital magnetism with a huge magnetoelectric effect implies uses for low energy memory
devices [4], it is therefore important to understand how these interactions affect the magnons
which act as the collective modes of orbital magnetism.

We already know from Chapter. [3|that a dynamic magnetoelastic coupling in two dimensions
lowers the transition temperature, such that this ferromagnetic state becomes more difficult
to reach, the additional degree of freedom which one must include in such an incommensurate
system is a damping to the phason modes. This arises as the collective modes have no
associated conservation law. As a result of coupling, the magnon modes inherit this damping
and the sharp spectral peak which would ordinarily categorise the magnons is lost.

The introduction of damping also has a profound effect on the phase diagram, not only
is the transition temperature reduced for increased levels of damping, but it also increases
quantum fluctuations, such that even in the quantum critical regime T = 0, the ordered
regime is significantly diminished. A consequence of this is, in opposition to the results for
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the coupling, increasing damping is not able to induce the ferromagnetic transition but rather
drives the system towards the QCP. This damping is therefore detrimental to the use of
twisted bilayer graphene in commercial memory devices and so a method to reduce disorder
would be beneficial.
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Chapter 5

Summary and outlook

5.1 Summary

The nature of magnetic moments situated on a lattice suggests there must be some coupling
to strain, as the modification of the lattice constant must also come with a modification to
the exchange interaction. In this thesis we have shown that there exists many such couplings
which manifest themselves in ways both interesting from a phenomenological perspective
but which also allow for the probing and tuning of such states, leveraging the attributes of
complex magnetic structures. Understanding these properties is crucial to their potential use
in devices.

In Chapter. 2| we showed that there exists a piezomagnetic coupling to symmetry breaking
strain, which can be used to identify the symmetries of an altermagnetic order parameter
by straining a system and measuring the induced magnetisation. This coupling also has a
profound effect on the phase diagram of altermagnets. The critical point is shifted in such
a way that a magnetic field can be used to induce a transition. An elastic QC regime also
emerges above the critical point in which the logarithmic NFL behaviour of the heat capacity
saturates at a crossover temperature, giving a leading order FL behaviour of the heat capacity.
A calculation of the elastocaloric effect showed that this region is however, not a true Fermi
liquid, this effect is sensitive to gapless modes which emerge along particular directions which,
while producing a less singular result than that exhibited in the bare QC regime, is still not a
Fermi liquid. This crossover temperature can be tuned with a magnetic field, meaning that,
provided the system has a high enough piezomagnetic coupling, the effects of altermagnetism
are evident through observable quantities of the system. The field-dependent coupling also
allows for a region of NFL behaviour which is not accessible in nematic systems.

In Chapter [3] we analysed a symmetry allowed coupling of strain to the dynamics of an
altermagnetic order parameter, provided that the product of the two degrees of freedom con-
tains the trivial irreducible representation. This creates a coupling, anisotropic in momentum
space, which should be visible through observations of the phonon spectra. The phonon-like
polarons are softened by this coupling, however these phonon modes decouple in certain ar-
eas of momentum space. Measurements of the phonon spectra could then also allow for the
identification of the presence and symmetry of altermagnetic states. This coupling effects the
phase diagram, reinforcing order in the ground state, it can induce an altermagnetic transi-
tion, in 3D it also raises the transition temperature, however in 2D, phonon softening increases
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thermal fluctuations to such a degree that the transition temperature is lowered.

In Chapter. [4, we applied this same dynamic magnetoelastic coupling to the case that
the magnetic order parameter is a purely orbital ferromagnetic state of a moiré superlattice.
In this case the character of the elastic modes is very different. The modes are associated
with the relative displacement of two graphene layers and are therefore not associated with
a conservation law. This leads to damped modes ; this damping is then inherited by the
magnon modes. This changes the phase diagram by increasing quantum fluctuations of the
order parameter, such that the area of the ground state ordered phase is diminished and the
system can be driven towards the QCP for systems which transition at finite temperature at
zero damping.

5.2 Outlook

While this thesis has sought to lay theoretical foundations for the understanding of magne-
toelastic coupling on the ordered magnetic phases of twisted bilayer graphene and altermag-
netism, there remains much work to be done with regards to experimental verification.

Experimental techniques such as the elastocaloric effect, which has already proven its worth
in the field of nematics, being used to rule out order parameter symmetries and identify phase
transitions , could also be used to identify the behaviour which we discuss in Chapter
for altermagnetic systems. Provided the piezomagnetic coupling is high enough, it should also
be possible to observe the structural transition which takes place due to the elastic constant
softening at the transition.

Measurements of phonon spectra in altermagnetic candidates could identify the anisotropic
softening behaviour, we would expect following the calculation presented in Chapter. 3. Mea-
suring phonon spectra in different regions of momentum space and plotting their dispersions
would hopefully reveal an anisotropic sound velocity which could be attributed to hybridisa-
tion with altermagnon modes.

If one could find a way to tune the damping of phason modes, perhaps through adjustments
to disorder in the system, then it would also be possible to plot and potentially confirm the
phase diagram of Chapter |4, where we would see the transition temperature driven to zero.

The future does however, not only stand on the side of experiment. It would be interesting
to see if similar calculations to those carried out in Chapter [4|could also be applied to other
twisted heterostructures.

In all cases we have also only considered single-component order parameters, however it
also stands to reason that we can investigate coupled modes with two or three component
order parameters where the field theories and the RG calculations are more complex.

It would also be interesting to study further the theoretical aspects related to the elas-
tocaloric effect, for example, we considered the elastocaloric effect in the classical regime with
an applied symmetry breaking strain, but what of the quantum regime? This was not consid-
ered in this thesis but would also likely yield interesting insights into what one should expect
from experiment and elucidate the mechanisms behind results already obtained, for example
for the large doping dependence of the elastocaloric effect presented in Ref. [78].

The theory of Chapter 3| could also be expanded to include a much larger list of order
parameters, in order to produce a more complete understanding of how phonon spectra should
be influenced by coupling. This would expand the number of candidate materials this theory
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could be applied to and aid in the identification of altermagnetic materials.

Hopefully following the identification of altermagnetic materials, we will begin to see the
production of commercial devices which consume significantly less power than the current
generation. This could surely be seen as a resounding success for the field which I hope this
thesis has made a small contribution towards.
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Appendix A

Additional material for Chapter 1

A.1 Product rules for important point groups

We can create a set of product rules for the irreducible representations, which in turn allows
us to deduce the piezomagnetic couplings for crystals transforming according to various point
groups. In this section, we will outline the method used to calculate the product for E, in
Dy, as the product of 2D irreducible representations was not covered in detail in the main
text. This method can then be extended for representations of even higher dimension through
an analogous method.

We first need the representations of the generators of the group for E,. These can be derived
by considering the effect of the following rotations on an object which transforms with F, and

gives
oo <c4z)—((f }f)mEg (%)—(é _Ol)mEg (@@—(‘f 5)7 (A1)

where d denotes a rotation around the diagonal axis x = y in the z = 0 plane. The outline
for the method was already discussed, we just show here how we find the change of basis
matrix M which simultaneously diagonalises p¥ (Cy,) @ p¥ (Cy2), pP (Coz) ® p¥ (Coy) and
p¥ (Caq) ® pP (Cag).
The eigenvalues and eigenvectors of p¥ (Cy.) ® p¥ (Cy) are

-1:(-1,0,0,1), -1:(0,1,1,0), 1:(1,0,0,1), 1:(0,—1,1,0). (A.2)

Likewise for p¥ (Caz) ® pP (Cay)
-1:(0,0,1,0), —1:(0,1,0,0), 1:(0,0,0,1), 1:(1,0,0,0), (A.3)

and finally, for p¥ (Caq) @ pP (C24)

-1:(-1,0,0,1), —=1:(0,-1,1,0), 1:(1,0,0,1), 1:(0,1,1,0). (A4)

We then look for matching eigenvectors (where superpositions of eigenvectors with degenerate
eigenvalues can be taken, which we must do for the Cy, product). Doing so and using the
eigenvalue to match the character table of the irreducible representations under the rotations
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given, gives the corresponding vectors

1 0 —1 0
0 —1 0 1

UAlg = O ’ UAQg = 1 9 UBlg = O 9 UBQg - 1 (A5)
1 0 1 0

These vectors then form the columns of the change of basis matrix M. We then see for example
allowing vp,, to act on the object (gf)lel, P1€9, P2c1, gbgel) gives the object ¢161 — ¢oeg as the
combination of objects from the product of two objects transforming according to E,; which
transforms like By,. This method of using the eigenvectors of the product representations of
the generators of the group can be expanded to higher dimensional irreducible representations
to calculate a full set of product rules (tables which are then used to calculate the

coupling terms in table [2.2|and tables

® A (B) | 4,(B) | B (B) | B:(B) E (B1|B,)

A (¢) | A1(eB) | 4> (6B) | Bi(¢B) | B2 (¢B) | E(¢BiloBy)
Az (¢) A1 (6B) | B2 (B) | Bi(6B) | E(¢Ba| - ¢B1)
By () A1 (¢B) | A5 (6B) | E(¢B1] - ¢Bs)

By (¢) A1 (¢B) | E(6BaloBi)
Ai (¢1B1 + ¢2Bs)
E (¢1]62) A5 (¢1B2 — 62 B1)
Bi (¢1B1 — ¢2Bs)
By (¢1B2 + ¢2B1)

Table A.1: All possible products of the irreducible representations of D, and Do

s aw [aw (e (e | AEE ] EEE
Ai(¢) | Ai(9B) | A2 (B) | Bi(6B) | B2 (6B) | En (¢Bi]¢B:) E> (¢B1|0B))
Az (¢) A1 (#B) | B2(éB) | Bi(éB) | Er <<Z5B2| - ¢B1> Ey (¢Bz\ - <Z5B1)
By (¢) A1 (#B) | A2 (¢B) | E» <¢Bl| - ¢B2> Ey (¢B1\ - ¢32)
By (¢) A1 (6B) | B> (sBsloB:) Er (¢Ba|oB1)

A1 (¢1By + ¢2Bo) B (¢1B1 — ¢2Bs)

Ey (¢>1|¢2> As (¢1 B2 — ¢2By) By (¢1 B2 + ¢2Bs)
By <¢181 - ¢5232> <¢1Bl + ¢232>

$1B2 + ¢2B1 $1 By — ¢2B1

Ay (¢1B1 + ¢2Bs)

E, <¢1|¢2> As (¢1 By — ¢2B1)
By < $1B1 — ¢2Bo )

—¢1Ba — ¢2 By

Table A.2: All possible products of the irreducible representations of Dg
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A.1 Product rules for important point groups

® | 4 (B) | 4:(B) | E (Bi[Bs) 11 (Bi|Ba|Bs) 13 (Bi|Ba| By ) |
Ai(¢) || Ai(@B) | A2(9B) | E(6Bi[eBs) Ty (¢B1[¢B2|¢Bs) 13 (¢B1|¢Bs|¢Bs )
A (9) Ai(¢B) | E(¢Bal - 9By) Ty (9B1[9 B2 |9 s ) Ty (9B1|9Ba|9Bs )
d1+V3¢2) By (\/§¢1 - ¢52> By
E (¢1|¢2) A1 (9181 + ¢2B2) T (¢1 — V3¢2) By - (\/34)1 + ¢2) By
—2¢1Bs 2¢2Bs
(V3ér - 62) By (61+V302) B1
Az (¢1B2 = $2B1) |- (\/§¢1 + ¢2) B; T (\/§¢1 - \/§¢2> By
2¢9B3 —2¢1B3
B $1B1 — ¢2B2
—¢1By — $2 By
Ty (¢>1 |<332\¢3) Ay (91B1 + ¢2Ba + ¢3B3) | Ay (¢1B1 + ¢2Ba + ¢3B3)
g (@181 + 6282 — 26383 | . —V3 (¢1B1 — ¢2B3)
V3 (¢1B1 — ¢2Bo) ¢1B1 + ¢2Ba — 2¢3B3
$2B3 — ¢3B2 283 + ¢3B2
Ty | ¢3B1 — ¢1B3 Ty | ¢3B1 + ¢1Bs
¢1B2 — ¢2By ¢1B2 + p2B1
¢2B3 + ¢3B2 ¢2B3 — ¢3B2
Ty | ¢3B1 + ¢1B3 Ti | p3B1 — ¢1B3
$1B2 + ¢2Bi $1 By — p2 By
Tz (¢1|¢2\¢3) Ay (¢1B1 + ¢2Bs + ¢3B3)

B 0181 + ¢2By — 20383
V3 (¢1B1 — ¢2Ba)
¢2B3 — ¢3B2
¢3B1 — ¢1B3
¢1B2 — ¢2B;

¢2B3 + ¢3B3
¢3B1 + ¢1B3
¢1B2 + ¢2 By

T

Ty

Table A.3: All possible products of the irreducible representations of Oy
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Appendix B

Additional material for Chapter 2

B.1 Irreducible representation products to create coupling terms

We use the product rules given in Appendix. to construct piezomagnetic couplings of the
type i jk,aHi€ji¢a, where we deduce which coupling coefficients are zero and which ones are
related to one another. We also calculate the coupling to fermions. In this case the coupling
takes the form g; ;i o H;iorkik;jp, where o are Pauli matrices. These couplings are calculated
analogously and both are given in Tab. and Tabs.

B.2 Piezomagnetism of a system with a cylindrical Fermi surface

Here we consider the cylindrical Fermi surface characterised by &, = l;—%f — p. The Fermi
surface therefore has a different symmetry to the spherical case, in particular along the z
direction. For this reason we consider a magnetic field aligned along z in order to create
a soft direction along z. Keeping H = Hé, produces the same results as for the spherical
Fermi surface as the symmetries are identical in the & — y plane. For the dispersion of the
boson, velocity along the z-direction is assumed to be much smaller than the velocity along

the xy-plane.

B.2.1 Landau damping

Proceeding as in the main text

2 dk? dk, 1
AD,(q) = Di(Sq) ~ Dil0.q) = — [ 2 [ CER2(0)6 ko — ) — (B
VR (27T) 2 1 — iUFq%gl'de
Using the explicit expression of h(q), we obtain
9 2 w/a; . 2 _
AD,(q) = — / d kQ‘; / dk <cos2 kya — cos® k:ya) Ok kF)
vp ) (2m)% Jorja, 27 1 —ivpdaq - k2d/ 2
(kpa)4kp { ‘Q’ QQ :|
~-——|(1+cos4 —4cosddg———7>|, B.2
2mURa; ( %)UFIQQUN ¢qu\QQd!2 (B2)
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Dy, (mmm) point group

AM irrep | coupling to fermions | piezomagnetic coupling
gokyk.0o4 Agey. Hy
T g Pkok.oy Noe,.H,
g Dk N'er, H,

FM irrep

AD€E A 1g H,
By, 9o N ey Hy
X' gey. H,
Apea,, Hy
Bs, gooy, N ¢ezyHy
)\//q"‘)ﬁ,,ZHZ
e, Hy
B, 9pos N gy Hy
N e H,

Table B.1: The coupling of altermagnetic (AM) and ferromagnetic (FM) order parameters ¢ to
fermions and to simultaneous magnetic and strain fields (piezomagnetism) for the orthorhombic
point group Dy, (mmm). The first column indicates the irrep of ¢. ¢ and A are coupling
constants, k, is the momentum, o, are Pauli matrices, €, is the strain tensor, and H, is the
magnetic field. The possibility of having g" # g and A" # X reflects magnetic anisotropy. e4,,
are the trivially transforming strain components. The coupling to lattice fermions is deduced by
replacing kq kg with sin k, sin kg. In contrast to the tetragonal case (Table , now there is only
one altermagnetic state which is a combination of a magnetic dipole with a charge quadrupole. All
other representations correspond to ferromagnetic orders along the crystalline axes, but display
the same piezomagnetic behavior for field directions orthogonal to the easy axis. (Table reprinted

from Ref. )
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B.2 Piezomagnetism of a system with a cylindrical Fermi surface

Degp, (6/mmm) point group

AM irrep coupling to fermions piezomagnetic coupling
Ar, g0k- (kyoo — kuoy) A (eyoHo — €02 H, )
By, g0 ((kl ~k2) o, - Qk‘zkyoy> A6 (eg2ypHo — 260y Hy)
By, 90 <2kmkyof, + (k2= k2) 0y> A6 (2eyHo + €22 Hy)
5 gk <¢51 (ky% + k.rffy) —¢2 <kx0x - ky"y)) A (¢1 (EyzH.T + eIZHy) — ¢ (EIZHT - eyZHy)>
g (200kk, — 02 (12 - ) ) o X (26160, - deso_ o) H
FM irrep
Aj, goo, Avea,, H
’ ‘ No (eoHy + e Hy)
eay, (o1H, + oo H,)
Ey, g <um‘,. | (‘)gfr,/> N ((}l (F‘Iz,,/z H, + 2?1,/H;,> t o <25,.1/H;1. Evl,gil/gH’u)>
N <(»)1(,r',: + U‘ZQ/:) H,

Table B.2: The coupling of altermagnetic (AM) and ferromagnetic (FM) order parameters ¢ to
fermions and to simultaneous magnetic and strain fields (piezomagnetism) for the hexagonal point
group Dgp, (6/mmm). Note that the hexagonal a axis is parallel to the y axis Table 10.1] so
23 — 3zy? € By, and 322y — y> € By,. The first column indicates the irrep of ¢. g and X are
coupling constants, k, is the momentum, o, are Pauli matrices, €,z is the strain tensor, and H,
is the magnetic field. The possibility of having ¢’ # g and A\ # X reflects magnetic anisotropy.
€4,, are the trivially transforming strain components. (Table reprinted from Ref. )

where a and a, are lattice constants and qaq = |qa24|(cos ¢4 + sin ¢, 2).

Similarly,
(kpa)?kp [ Q| 0 ]
AD ~-— 0s 2 + 2cos 2 B.3
y(Q) Anvpa, (1- ¢q) 0r|qad] 53 2|q2d|2 ( )
(kra)?kp [ €| 02 ]
AD,(q) ~ ~——|(1+cos?2 2cos2 B.4
(a) 4mvpa, ( ¢q)UF|Q2d| % ol v |(12d|2 ( )

Note that the angle dependent terms of AD, and AD, have opposite signs and so they
cancel each other.
Combining the above results, we can get

dq 1 g3k (kpa)* 1 0? g3 (kpa)?kp  |Q|
ASS z/ — A | sin? 26 + 2 cos 40 + 22
¢ (27T)42¢() TURG VR |qad| T 02| qaql? 2mvpa,  vr|qad|
(B.5)

where 0, is the angle between qg4 and the unit vector ky = L;“y and 0, = ¢4 —
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B Additional material for Chapter

Oy, (m—3m) point group

AM irrep coupling to fermions piezomagnetic coupling
2 2 . 2 2
A3, 90 (kyk=00 + kokz0y + ko) A (eyeHo + o Hy + ey Hz)
. 9(01V3h. (kyor — hyo,) A\ ( 013 (e — eraH, ) — b (6 Hy + cauH, — 261, Hz))
= 62 (kykoos + kykeoy — 2kokyo-) )
g ((Mcz (kyay - kzaz)
— poky (koo — k20%) A (¢1 (EzyHy - szHZ) —¢2 (ezsz - EWHZ) +és (e’”sz B E”ZH”D
Ty + Pk (kz% - ky”y) )
o (6 (12— 12) 0 — 60 (2~ 12) o, N (#1622 Ho = dae,2_2Hy + aepa_ o H. )
+3 (k2 2) 0.
FM irrep
Aeay, (@1Ho + ¢2Hy + 93H. )
T}, 9 (6102 + daoy + 630 N (cn (ayHy + e Hz) + 0 (eay Ho + €y H) + 65 (e Ho + FW//,,))
N (01(,,—’+;—’72J—’HJ: + P2es2 12 g2 Hy + (‘)3(134»4/3—‘_);—’}[:)

Table B.3: The coupling of altermagnetic (AM) and ferromagnetic (FM) order parameters ¢
to fermions and to simultaneous magnetic and strain fields (piezomagnetism) for the cubic point
group Oy, (m—3m). The first column indicates the irrep of ¢. g and A are coupling constants, k,
is the momentum, o, are Pauli matrices, €,z is the strain tensor, and H, is the magnetic field.
The possibility of having g’ # g and A" # A reflects magnetic anisotropy. e4,, are the trivially
transforming strain components. The coupling to lattice fermions is deduced by replacing k. with

sin k. Notice how the coupling for the altermagnetic order of Ay , which forms a dotricontapolar
or 32-polar state, is possible only at high order in momentum and strains. (Table reprinted from

Ref. )
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B.2 Piezomagnetism of a system with a cylindrical Fermi surface

B.2.2 Elastocaloric effect

We expand the mass near the new critical directions

G2+q2 .
BE(3) |ga] > gyl o

=2 ~ G2+q2 ..

@) = EE () (g > |l o (B.6)
1, (i) |qy| > | el ||

Using the spherical coordinates, setting the largest momentum to be gcosf, we obtain

following expressions for Eq. (2.102)):

o 2m 3 /T — 02 cos? da2esch?
N2/ dac/ dq/o dqﬁ 0q° /1 — 62 cos? px“csch?(z/2) i ’
2[1 — 62 cos? qﬁ]( 2[1 — (1 = c2)62cos? 9] + 92> + 2272
(B.7)
i o0 o 00 2.3 ,2csch (2 /2
f) z47r/ d:v/ Ode/ dg 0 g a"csch”(x/2) , (B.8)
0 0

2
q2g2 <q292 + ng2(1 _ 92) + 92) + $2T2

27 0 9 ) 2.3 1 — 62 2 h2 9
f(m)%2/ dqf)/odO/ dq/ dr— x%q°0 62 cos? pesch?(x/2) -
0 0 0 0 @2(1 = 02cos? ¢)(q2[1 — (1 — c2)02 cos? ¢] + 1)2 + 22T2
(B.9)

At finite temperatures one finds,
fUD T2/, (B.10)

To evaluate the f(9 and £ we first use Taylor expansion with respect to 62 cos? ¢ and
consider only zeroth order terms (Higher order terms give sub-leading contributions). Then,

) 0o 2w 3.2 h2 9
~ 2/ d:z:/ dq/ ap— T @/2) (B.11)
( +02) + 2T2

2 % 36?csch2 (z/2)
() 9 d / do / d / d B.12
/ ¢ v 2 4 272 ( )

We can get following qualitative behaviour of the f(*) and f():

- —logT T<1 const, T < 1.
(7) ~ ~ s ’ [€223) ~d 7 ’ - B.13
f {T2/3 T>1" ! {T2/3, T>1 (B.13)

Combining the contributions from (7), (¢7) and (éii) gives the following elastocaloric change:

(T/T )1/3

Ty

n ~ —144nbl’, o T
log 7

(B.14)
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Such that the % behaviour is evident not only at the high temperature regime but also at
the low energy regime. This is a result of a soft mode along the broken symmetry found when
one goes from a spherical to a cylindrical Fermi surface.
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