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Pesquisadores da Universidade Federal do Rio Grande do Sul (UFRGS) desenvolvem

um estudo de pontos multicriticos em transicoes de fases presentes em compostos
de uranio.

Porto Alegre, 2 de junio 2022: O grupo tedrico de eléctrons correlacionados (CEG:
Correlated electrons group) da UFRGS, liderado pelo Prof. Sérgio G. Magalhdes, tem
desenvolvidos um novo enfoque no estudo de pontos multicriticos presentes em compostos de
Uranio. A idéia geral se concentra no fato de que os pontos multicriticos podem fornecer
informacgoes cruciais sobre a natureza das fases convencionais e nao convencionais
encontradas neste tipo de compostos. O Prof. Sergio G. Magalhaes, do Instituto de Fisica da
UFRGS juntamente com o Prof. Peter Riseborough da Temple University, EUA, propuseram
desde 2012 um modelo tedrico, chamado Underscreneed Anderson Lattice Model -em inglés-
para descrever a fisica presente nos compostos de uranio, especificamente no URu,Si,. Ao
longo dos anos, eles encontraram resultados muito interessantes, tais como fases magnéticas
bem definidas e um tipo de fase exética, que é um forte candidato a descrigdo da Hidden
Order presente no URu,Si,, um problema ainda em discussao desde os anos 80. Atualmente, o
modelo proposto tem servido como fonte de inspiracao para o estudo do surgimento de pontos
multicriticos entre diferentes fases encontradas nos atomos de uranio, sob os efeitos da
pressdo externa e/ou campos magnéticos, e foi proposto que o tipo de ponto critico pode
fornecer informagodes relevantes sobre a natureza fisica de cada uma das fases envolvidas,
como o comportamento da estrutura eletronica, até as simetrias presentes nesses compostos
Este tipo de abordagem de pontos multicriticos poderia dar uma imagem mais clara das
caracteristicas de cada fase, sem a necessidade de um estudo individual de cada uma delas e,
desta forma, incentivar o papel que certos pontos criticos desempenham nas caracteristicas
fisicas de cada uma das fases presentes. Estes novos resultados podem ser encontrados nas

revistas: Physica Review B, Journal of Physics: Condenser Matter e Journal of Magnetism and
Magnetic Materials.
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Fig. 1: Diagrama de fase de T (temperatura) versus W (pressao). AF; e AF, correspondem a
duas fases antiferromagnéticas, PM é uma fase paramagnética e IOSDW é uma fase exoética

nao magnética. BCP; e BCP; sdo dois pontos bicriticos, TCP é um ponto tricritico. Fonte: ]
Phys.: Condensed Matter, 33 295801 (2021).

Autor: Julian Faiundez, Doutorando em Fisica na Universidade Federal do Rio Grande do Sul
(UFRGS).
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ABSTRACT

UNIVERSIDADE FEDERAL DO R1I0 GRANDE DO SUL
Instituto de Fisica

Doctor of Natural Sciences

Multicritical points in a model for 5f-electron systems under pressure
and magnetic field
by Julian FAUNDEZ

We investigate the evolution of multicritical points under pressure and magnetic field
in a model described by two 5f-bands (labeled as a and () that hybridize with a single
itinerant conduction band. This model is called Underscreened Anderson Lattice Model
(UALM). The interaction is given by Coulomb and the Hund’s rule exchange terms, U and
J, respectively. We have three cases of study: i) two conventional Spin Density Waves
(SDWs) where the magnetic field is applied longitudinally to z-axis for cubic lattice, i7)
two conventional SDWs for both cubic and tetragonal lattices when the magnetic field is
applied in z-axis and #ii) two conventional SDWs and one exotic SDW for cubic lattice
when the magnetic field is applied in z-axis. The conventional SDWs, are characterized
by AF, (m? > m§ > 0) and AFy (m$ > m? > 0). The exotic SDW or Inter-Orbital
Spin Density Wave (IOSDW) is related to a band mixing given by the spin-flip part of
the Hund’s rule exchange interaction. As result, without magnetic field, in the cases 7)
and 1) the phase diagrams of temperature (T") versus pressure (given by the variation of
the bandwidth (W)) shows a first-order phase transition between AF; and AFy and for
the case iii) show a sequence of first-order phase transitions involving the three phases,
AFq, IOSDW and AF,. The application of I'y (magnetic field in z-axis) in the case i)
produce the separation of phases AF; and AF», acquiring a dome shape that is eventually
suppressed for large values of the applied field. For the case i) we found that H, (magnetic
field in z-axis) favours the phase AFy while the phase AF; is suppressed and specifically
in the tetragonal lattice, the phase AFy is even more favored when H, and c/a increases
continuously. For the case ii7) the presence of h, (magnetic field in z-axis) has drastic effects
on part of the phase diagram and the location of the multicritical points. We propose that

the study of multicritical points can provide relevant information on the conventional and
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unconventional phases present in uranium compounds.
KEYWORK: Multicritical points, 5f-electron systems, conventional SDWs and
exotic SDW.



RESUMO

UNIVERSIDADE FEDERAL DO R1I0 GRANDE DO SUL
Instituto de Fisica

Doutorado em Ciéncias Naturais

Pontos multicriticos em um modelo para sistemas de elétrons 5f sob
pressao e campo magnético
por Julian FAUNDEZ

Investigamos a evolugao de pontos multicriticos sob pressao e campo magnético em um
modelo descrito por duas bandas 5f (chamadas « e [3) que se hibridizam com uma tnica
banda de condugdo itinerante. Este modelo chama-se Underscreened Anderson Lattice
Model (UALM). A interacgao ¢ dada pelos termos de Coulomb e pelo termo de troca da
regra de hund, U e J, respectivamente. Temos trés casos de estudo: i) duas Spin Denisty
Wave (SDWs) convencionais onde o campo magnético é aplicado longitudinalmente ao eixo
x em uma rede cubica, ii) duas SDWs convencionais para as redes cubica e tetragonal,
quando o campo magnético é aplicado no eixo z e i) duas SDWs convencionais e um
SDW exo6tico em uma rede ciibica quando o campo magnético é aplicado ao longo do eixo
z. As fases convencionais SDWs, s@o caracterizadas por AF; (m? > m§ > 0) e AF
(m$ > m? > 0). O exotico SDW ou Inter-Orbital Spin Density Wave (IOSDW) esta
relacionada com uma mistura de bandas dada pela parte spin-flip da interac¢ao de troca
de regras do Hund. Como resultado, sem campo magnético, nos casos i) e ii) os diagramas
de fase de temperatura (7") versus pressao (variac@o da largura de banda (W)) mostram
uma transigao de fase de primeira ordem entre AF; e AF9 e para o caso 4ii) mostram uma
sequéncia de transigoes de fase de primeira ordem envolvendo as trés fases, AF;, IOSDW
e AFy. A aplicacao de I'y (campo magnético no eixo ) no caso i) produz a separagao das
fases AF; e AF5, adquirindo uma forma de cupula que é eventualmente suprimida para
grandes valores do I'y. Para o caso ii) descobrimos que H, (campo magnético no eixo z)
favorece a fase AFy enquanto a fase AF; é suprimida e especificamente na rede tetragonal,

a fase AF9 é ainda mais favorecida quando H, e ¢/a aumenta continuamente. Para o



caso iii) a presenga de h, (campo magnético no eixo z) tem efeitos drasticos sobre parte
do diagrama de fase e a localizacdo dos pontos multicriticos. Propomos que o estudo de
pontos multicriticos possa fornecer informacoes relevantes sobre as fases convencionais e
nao-convencionais presentes nos compostos de uranio.

PALAVRAS CLAVES: Pontos multicriticos, sistemas de elétrons 5 f, convencional
SDWs e exdtica SDW.
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Chapter 1
Introduction

The physics present in the 5f-electrons is quite intriguing, since a multiplicity
of quantum states of matter are found, from magnetism (localized and itinerant)
[1, 2], superconductivity [3, 4], to exotic and enigmatic states such as the Hidden
Order (HO), not yet understood, found in the URuySis compound [5, 6, 7, 8, 9,
10, 11]. These multiplicities of quantum states can be tuned by pressure variation
(hydrostatic or chemical) in addition to the application of external magnetic fields.
This means that any microscopic model oriented to the study of 5f-electrons must be
able to track these external perturbations, which could determine the emergence and
evolution of conventional, non-conventional or even exotic collective quantum states.
Thus the different types of ordering that uranium compounds host makes these
systems a natural ground for the emergence of classical and quantum multicritical

points.

Recently, there have been several observations in these electron systems indi-
cating classical tricritical points (TCP) as, for example, in the compounds USh,
[12], UN [13], UAusSis [14] and URuySis [15] when a magnetic field is applied. An-
other example is the presence of a classical bicritical point (BCP) that appears in
URuySis; when the hydrostatic pressure is varied and this point is entirely related
to the competition between the puzzling state HO and an AF phase [16], see sec-
tion (1.1). Thus, the presence of classical multicritical points allows an alternative
development to the study of 5f-electron systems.

These classical critical points may eventually evolve, by varying some intensive
parameter, e.g., by increasing the pressure, applying a magnetic field or driven
by thermal fluctuations, to become quantum critical points [17] and thus possibly
exhibit a behavior that deviates from the standard Fermi Liquid [18, 19]. Also,
the presence of a specific type of multicritical point could be useful to elucidate an

unconventional symmetry breaking that may exist in uranium compounds. Still, the



subject of classical multicritical points in the physics of 5f-electron systems has not
yet received due attention.

In general, at high temperatures, the 5f-electrons behave as localized magnetic
moments decoupled from the d-electrons. As the temperature decreases, the cou-
pling between the 5f-electrons and the d-electrons increases due to increased hy-
bridization, causing the 5f-electrons to lose their localized character and begin to
be itinerant. In other words, the formation of narrow bands appears with electrons
of higher effective mass. The presence of these narrow bands gives rise to strong
electronic correlation effects. Thus, depending on the itinerant or localized charac-
ter of the 5f-electrons, several theories have been proposed to explain, for example,
the nature of HO in URuySi,. Among them, there is one, proposed by Profs. Peter
Riseborough, Bernard Cogblin and Sergio G. Magalhaes [7], which is directly related
to the present PhD thesis. This theory utilizes the Underscreened Anderson' Lattice
Model (UALM).

The UALM has been introduced as a generalization of the Underscreened Kondo
Lattice Model (UKLM) that has successfully described the coexistence of the Kondo?
effect and magnetism found in uranium monochalcogenides [20, 21|. Furthermore,
the UALM can describe, not only the AF ordering observed in the uranium-pnictides,
[22, 23] and UlrSiz [24], but has also been proposed to describe the HO phase of
the URuySiy [7]. Since the UALM can be considered a generalization of the UKLM,
it might also be considered appropriate to describe some aspects of the 5 f-electron
systems.

The UALM has a direct hopping between distinct orbitals (y = o and /) which
gives rise to two quite narrow f-bands. These, by their turn, are hybridized with
a wide conduction band. Lastly, there are f-electron intra- and inter-orbitals in-
teractions. Remarkably, this model can host itinerant spins orderings where the
time-reversal symmetry (TRS) is broken or not [8, 25, 26]. This model consists
of two degenerate narrow 5f-bands (denoted by x = a, ), which acquire itiner-
ant character by direct hopping between neighboring 5 f —bands. The resulting two
narrow bands are also hybridized with a single itinerant conduction band. The in-
teraction is composed of the Coulomb interaction (U) between electrons in the same
5f-band and the Hund’s rule exchange interaction (J) between electrons in distinct
5f-orbitals. To know more about the UALM, see the chapter (2).

The UALM is also suited for the investigation of TRS breaking as source of

unfolding of phases and multicritical points. The Hund’s rule exchange interaction

!Philip Warren Anderson: Winner of Nobel Prize in Physics in 1977. Born on December 13,
1923, United states. Deceased on March 29, 2020, United Sates.
2Jun Kondo: Born on February 6, 1930, Japan. Deceased on March 11, 2022, Japan.
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term is essential to make the model spin-rotationally invariant [27] and opens distinct
routes to long-range ordering. As an example, a phase transition can be driven by
the spin-flip part of Hund’s rule exchange interaction, breaking spin-rotational and
space-translational symmetries but preserving the TRS. As a result, a novel ordered
state can be stabilized in which there is spontaneous 5f inter-orbital band mixing,
that does not involve magnetic order. This ordering exists due to a mixture of
electrons in different bands, with very special properties. It is an exotic type of
Spin Density Wave (SDW) with rotational and translational symmetry breaking,
but preserving the TRS and in other words, a non-magnetic SDW. This novel type
of long-ranged order has been proposed as describing the HO phase in URuySi,
[7]. The interaction terms can also produce conventional SDW long-range order in
the UALM. This convencional SDWs appears below a magnetic phase transition
at which spin-rotational, space-translational and TRS are broken. This transition
gives rise to not one but two distinct competing conventional SDWs which have spin
gaps at the same ordering wave-vector. Therefore, in the transition between the two
conventional SDW phases, no further symmetries are broken. In this PhD thesis,

we have three different case studies.

As the first case, we consider two conventional SDW phases their respective order
parameters (OPs) as found in some uranium compounds [28, 29, 30]. The magnetic
field is applied longitudinally in z-axis. In this case, we investigate the temperature
- pressure - magnetic field phase diagram of the SDW phases within a mean-field
approximation. We assume that the bandwidth W can be varied by the application
of pressure while the hybridization, the Coulomb and the Hund’s rule interactions
remain constant. We also make the following assumptions: (a) The hybridization
matrix elements are k-independent. As a consequence, one may transform the basis
of the 5 f-states into a new basis in which a linear combination of f-orbitals hybridize
and the remaining orthogonal states do not. This has been confirmed by the recent
observation of orbital selectivity of the Kondo effect in the uranium-dichalcogenide
USby, [31] in which the Kondo interaction is caused by the hybridization which
only involves a subset of the f-orbitals and orbital Kondo effect in UTey [32]. The
asymmetric hybridization breaks the symmetry between the 5 f-bands, so intra-band
nesting may occur simultaneously for both bands but, when W increases, one band
may become depart from the perfect nesting condition and, hence have a reduced
momentum. Ultimately, above some value W, both bands might not satisfy the
nesting condition and the material might become non-magnetic. (b) the conven-
cional SDWs has a OP which is fixed by an Ising-like anisotropy. This assumption

introduces a magnetic anisotropy which, in fact, is observed in some uranium com-



pounds [28, 29, 30]. As a consequence, there are two types of field effects in the
conventional SDW bands [8, 33|. For a field aligned with the easy axis, the Zeeman
splitting between the spin-up and spin-down SDW sub-bands increases as the field
increases. On the other hand, for a field along a perpendicular direction, there is
a spin-dependent momentum-shift of the conventional SDW bands. However, the
choice for a transverse field brings the possibility that classical multicritical points
can evolve into quantum multicritical points due to spin-flipping effects. In the spe-
cific case of two different conventional SDWs (denoted as AF; and AF,), each of the
magnetic phases are related to each 5 f-band (no band mixing). Therefore, the phase
transition AF; — AF, would necessarily imply that the two spins gaps abruptly in-
terchange their sizes. Eventually, as pointed out above, a further variation of W can
cause the complete suppression of the conventional SDW ordering. The sequence of
transitions AF; — AFy — PM should involve changes in the structure of the AF
bands and, therefore, should be accompanied by Fermi Surface (FS) reconstruction.
One may also expect that other sequences of phase transition involving conventional
SDW caused by increasing the magnetic fields in z-axis are also related to changes

in the electronic structure.

As second case of study, we have two conventional SDWs in the UALM under
simultaneous application of pressure and magnetic fields for both cubic and tetrag-
onal lattices when the magnetic field is applied in z-axis. The SDW is unfolded
into two types (with same nesting vectors) AF; and AF, which have finite distinct
staggered magnetization for each orbital label [10, 11|. Thus, the SDWs are charac-
terized by which orbital staggered magnetization is larger. For low pressure, there
is the onset of AF; at lower temperature and when the pressure is increased, AF,
starts to compete by the stability with AFs. As a consequence, of pressure and/or
magnetic field, the level of metallicity can be also affected. Therefore, an evolu-
tion of the F'S can be anticipated with some type of reconstruction as the combined
application of this two external parameters. We also highlight the possibility of
metamagnetic transitions |2, 34, 35, 36]. Since, the two SDWs are competing by
the stability when W is increased, the presence of the magnetic field modifying the
band structure can lead to transitions induced by the field [37, 38]. In addition,
one can expect that this particular aspect be highly sensitive to the specific lattice
structure, cubic or tetragonal. The occurrence of metamagnetic-like-transitions and
TCPs have been reported in different uranium compounds, for instance, USBy [40]
and U(Pd;_,Ni;)2Als [41]. Moreover, the compound UNiGe showed the presence of
an AF phase at low magnetic fields and an uncompensated AF phase at high mag-
netic fields [42, 43]. In addition, the compound UNiGa exhibits various AF phases
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below Ty = 39 K. Although the magnetic field along the c-axis induces phase tran-
sitions between the different AFM phases, a new AFM phase is induced at high
pressures |44, 45].

As as third case study, we highlight the role of the Hund’s rule exchange inter-
action in the UALM which gives a particular type of mixing of the two 5f-bands,
allowing the model to host a phase that break spin-rotational and space-translational
symmetry but invariant TRS. More precisely, this exotic SDW, which does not in-
volve magnetic moment formation, is specifically related to the spin-flip part of
Hund’s rule exchange interaction. Again we remark that this non-magnetic SDW
has been proposed to describe the HO in URuySis [7]. From now on, we refer to
this phase as an Inter-Orbital Spin Density Wave (IOSDW) or exotic SDW with
a single imaginary OP. In addition, we have within the mean field approximation,
the competition between the IOSDW and the conventional SDWs in phase diagrams
where pressure and magnetic field are applied simultaneously. For this purpose,
we explore a scenario where the instability of the paramagnetic phase towards to
conventional and non-conventional SDWs occurs at the same nesting vector. In this
case, we assume that the applied pressure changes the inter-atomic distances and,
thereby, changes W. Within UALM, these SDWs - in the three cases of interest- are
characterized by a staggered magnetization for each band (here called « or ) given
by m§ and m? . The first SDW, called AF;, occurs when m? > mf§, while in the
other one, called AFy, when m$ > m? . Indeed, the prediction of the existence of a
critical end point (CEP) has been confirmed in the UALM [46]. In the case where
IOSDW is also stabilized, the coupling among OPs is more complicated since they
have distinct parity properties under TRS [25]. Therefore, in terms of a Landau
free energy expansion, the competition among AF;, AFy; and IOSDW can lead to
a bicritical point (BCP) or a tetracritical point (TTC) [39]. For further variation
of pressure or field, the nesting condition may no longer be satisfied leading to the
suppression of the ordered phases. This last phase transition line can present a
TCP [46]. Lastly, because of the asymmetry between the bands, we remark that the
simultaneous effects of pressure the magnetic field on the phases AF;, AF5, IOSDW
and, consequently on the multicritical points, are closely connected with changes
in the electronic structure of the problem. Particularly, the effects of the magnetic
field on each of the phases can be traced directly from changes in the quasiparticle

dispersion relations [§].

Our goal in this work is to show how classical multicritical points can emerge
from the competition between conventional and non-conventional SDWs hosted in

the UALM. We also show that by means of type of critical point it is possible to
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know the physical nature of the multiple phases present, e.g., as electronic properties
or broken symmetries, without the need for an individual study of each of them. In

addition, we try to make an analogy between the exotic SDW phase and HO.

1.1 Motivation of study of URu,Sis

In 1984 an unprecedented discovery was made with the observation of a super-
conducting state at a critical temperature of 1.5 K in a heavy fermion magnetic
compound based on uranium, specifically URusSis. It is now known that that su-
perconducting state is unconventional with d-wave function type, in addition to a
TRS breaking. However, the antiferromagnetic state, initially thought in this com-
pound, was not of magnetic nature but of a new and unknown type of non-magnetic
order to which the term hidden order was dominated. The Hidden Order (HO)
has been a problem still under discussion and the true nature of the HO may reveal
new mechanisms capable of generating a state with peculiar electronic and magnetic
properties [47].

The heavy fermion compound URusSi; has a body-centered-tetragonal (BCT)
crystal structure at high temperatures, with lattice constants a = 0.4124 nm,
b = 0.4126 and ¢ = 0.9582 nm [48], see Fig. (1.1)(a). In Fig. (1.1)(b) on the
right side is the crystalline representation of only U atoms. These atoms have an
alignment on the ¢ axis of symmetry which through experimental evidence present
small localized antimagnetic moments of the order (=~ 0.03up), but the magnitude
of these localized antiferromagnet moments cannot give a crystal lattice stability,
therefore, the crystalline lattice cannot be defined with a definite magnetic order
[18, 19]. From developed experiments it is thought that the emergence of the HO is
due to the transformation of the URu5Si, crystal lattice as it lowers the temperature,
from a BCT lattice to a tetragonal lattice [20, 21, 23]. But it is also thought that
the emergence of the HO has nothing to do with the lattice (distortions, impurities)

but with a purely electronic effect.

In the URu»,Siy a specific heat peak was observed at Tyo ~ 17.5 K and below
this temperature a new transition to this superconducting phase appears at Tg =~ 1.5
K given by a new peak at C,. The initial interpretation for the state formed in the
temperature range between the two C, peaks is that this would be a conventional
antiferromagnetic manifestation that, at lower temperatures, would compete with
the superconducting phase. In the specific heat curve of the lower part there are

two peaks presented and between the temperature range [2 K - 17 K] the specific



1. Introduction 7

®U O©ORu @Si
0 I 1 L I L
(c) _
S
v
5 400 = =
= I -
£
E 500 / -
=
U -
1 | 1 | 1
00 10 20 30

T (K)

Figure 1.1: (a) Crystal structure of body-centered-tetragonal lattice
for URusSis and the corresponding space group is the Ij/mmm. (b)
Magnetic structure with only magnetic atoms and (c) specific heat as a
function of temperature. We have two specific heat peaks, the first at 2
K and the second at 17.5 K. The region between these two peaks has no
magnetic order and corresponds to the HO state region [22].

heat curve is given by the following:
C(T) =~T + AT? 4 be 2/7, (1.1)

where the values of v and A are given by the material characteristics, A corresponds
to an energy gap. The first two terms describe to free electrons as well as lattice
vibrations, and the third part represents electrons present in the HO phase [8, 33|.
Above temperature T= 17.5 K the C, curve is characterized only by the first two
terms of Eq. (1.1). Thus it can be said that these specific heat peaks clearly show
the presence of phase transitions: SC and HO, but the nature of the emergence of
the HO in URuySi, is not shown.
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1.2 Hidden Order: Experimental Evidence

In the Fig. (1.2)(a) is the phase diagram of temperature versus pressure. As the
temperature decreases and at low pressures a first-order transition from a normal
state to a HO state is shown. As the pressure begins to increase at low temperatures
a first-order transition from the HO state to an antiferromagnetic state occurs. For
higher values of pressure and as the temperature begins to increase a second-order
transition from the antiferromagnetic state to a normal state is again shown. These
transitions are reflections of the presence of a BCP. In Fig. (1.2)(b) the formation
of magnetic moments as a function of pressure is shown. At low pressures the HO
phase exists and the formation of magnetic moments is nonexistent, but as the
pressure increases there is a strong change in the formation of magnetic moments,
which are constant at high pressures, here the system is in the antiferromagnetic
phase. In Fig. (1.2)(c) we have a phase diagram of temperature versus magnetic
field, we can see that at low magnitudes of magnetic field and as the temperature
begins to decrease a second-order transition occurs from the normal state to HO,
but for low temperatures and as the magnetic field is increasing a first-order phase
transition occurs from the HO state to a normal state. The presence of a TCP is
also shown. In this manner, several experiments in recent years have shown that the
nature of the HO state is much more complex than previously thought [18, 20, 23|.
Experiments of inelastic neutron scattering measurements confirmed the existence
of localized magnetic moments. However, these magnetic moments are very small
on the order of magnitude (~ 1072up) as to ensure a conventional magnetic order
[18]. The strangeness of the situation was confirmed by the measured entropy value
which is completely incompatible with the entropy calculated from the measured
magnetic moments. In other words, these results clearly indicate that the origin
of the gap found for T<Tpyp = 17.5 K cannot be attributed to the presence of a
conventional magnetic state. Other experimental results complete the complexity
scenario of the problem, for example, finite pressure measurements showed a first-
order phase transition from the HO state to an antiferromagnetic phase (P = 0.75
GPA) with well-developed magnetic moments (0.4upg). Fig (1.2) (b) shows that as
the temperature goes down a new state arises but does not have a conventional
magnetic order. Also measured using the Haas-van Alphen effect showed that the
HO state and the antiferromagnetic phase have the same Fermi surface (FS) and
therefore the same nesting vector Q [20]. Finally, magnetic field measurements, see
Fig. (1.2)(c), showed that the HO state remains until a magnetic field value B = 35
T. The phase transition to HO state that was second-order in the absence of field

becomes first-order [8, 49]. Indications are strong that this anisotropy known as
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magnetic nematicity is one of the most important manifestations of the HO state in
URuySis. A crucial aspect of this problem is the role of spin-orbit interaction. It has
recently been shown that this coupling describes the giant magnetic anisotropy in the
antiferromagnetic phase of URu,Sis. This anisotropy is not the result of spontaneous

symmetry breaking, but a similar effect is found in both the paramagnetic phase
and the HO [50].
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Figure 1.2: (a) Phase diagram for URu,Si, of temperature versus pres-
sure. HO = Hidden Order and AF = Antiferromagnetic. At 17.5 K
there is a second-order phase transition from the HO to the paramag-
netic state and at 5 kbar there is a first-order transition from HO to
paramagnetic phase and for sufficiently high pressures and as the tem-
perature increases, a new second-order transition occurs. We can see
that at T'~ 17.5 K and P =~ 7.5 kbar there is a bicritical point (BCP).
(b) Behavior of magnetic moments as a function of pressure, both in
the HO and antiferromagnetic phases. (¢) Phase diagram of URusSis of
temperature versus magnetic field. We can see that at low magnitudes of
magnetic field and as the temperature begins to decrease a second-order
transition occurs from the normal state to HO, but for low temperatures
and as the magnetic field is increasing a first-order phase transition oc-
curs from the HO state to a normal state. The presence of a tricritical
point is also shown [22].

The difficulty in understanding the nature of the HO state in the URuySis
compound is strongly associated with the role of the 5f-electrons. As previously
mentioned at high temperature, 5f-electrons in heavy fermion compounds such as
URuySis behave as uncoupled localized magnetic moments of conduction electrons.

As the temperature decreases, coupling with conduction electrons due to hybridiza-
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tion increases, causing the 5 f-electrons to begin to lose their localized character by
becoming itinerant, forming narrow bands with increased effective mass electrons.
The presence of these narrow bands gives rise to effects of many complex bodies. On
the other hand, the discovery of superconductivity and heavy fermion behavior in
UBeys [51] and UPt3 [52] compounds led to the study of other uranium-based com-
pounds in order to find anomalous behaviors. HO is a problem that has been open
for over 30 years and with different explanatory theories, but it is not yet possible
to find the OP responsible for the transition. Within the theories that have been
proposed to explain the nature of the HO phase are the multipolar order [53], the
unconventional SDW [11], the modulated spin liquid [54], as examples. These theo-
ries are separated into two major groups according to the model used: localized and
itinerant 5 f-electrons, due to the dual nature of the 5 f-electrons present in uranium
compounds. The central question to be answered can be put in the following terms:
what is the OP capable of characterizing the state or state HO in URuySi; 7 what
are the symmetries that are broken? Some of these questions can be answered by

considering the HO phase as an analogy to the exotic SDW -present in this work-
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1.3 Thesis scope

This section is mainly dedicated to a brief introduction to each of the most

important points of this thesis.

e To begin with, in Chapter 2, we describe the UALM in two conventional SDWs
with their respective OPs, where the magnetic field is applied longitudinally
to x-axis for cubic lattice. The following is an extension of the study of two
conventional SDWs for both cubic and tetragonal lattices when the magnetic
field is applied in z-axis. Finally, we consider a competition between two con-
ventional SDWs and one exotic SDW, in cubic lattice, when the magnetic field

is applied in z-axis.

e In Chapter 3, we present the numerical results, for the three cases presented
above, when the pressure (variation of bandwidth (W)) and magnetic field are
applied. We show the respective phase diagrams, band structure and densities

of states.

e In Chapter 4, we present our general conclusions referring to the three case

studies carried out in this thesis work.
e In Chapter 5, we present possible future works.

e In Chapter 6, we present the articles published and in preparation during the

doctoral stage.

e Finally, in chapter 7, we thank the agencies that have provided financial sup-

port for the success of this work.



Chapter 2

Theory and Methodology

2.1 The Underscreened Anderson Lattice Model
(UALM)

The UALM Hamiltonian consists of three terms

~

H = Hy + Hy + Hyq (2.1)

The f-electron part of Hamiltonian, H ¢, is given by H F= H f0+ H f.int, Where the
non-interacting part Hy o describes two degenerate narrow f-bands and is expressed

as

Hio=) > Ef®) fh, (22)
X

k,o

The y-bands (y = « and ) in Eq. (2.2) obey the intraband and interband nesting
condition Ef(k + Q) = —E}‘l (k) where y = x’ (intraband) or y # x’ (interband).
The flia( fx.») are the creation (annihilation) f-operators with k-momentum depen-
dence and spin 0 = £1. Fundamentals of second quantization of fermions is found
in the Appendix (A). The vector Q is a commensurate momentum transfer in the

Brillouin zone. The interaction between the f-electrons is described by

R U—-J / /
Hf,int - (W) Z flil&)-(q,a fliia fT})j-q,aflf',a
k., k

K ,q,0,x#X
U / ,
" (ﬁ) Do e fle B 2.3)
k.k’,q,0,x,x’
J ) ,
T7X X T:X X
+(W) Z hfae feo hiia o T o
kK’ ,q,0,x#X’

12
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where U is the Coulomb interaction and J is the Hund’s rule exchange term. The

conduction electron Hamiltonian H, is expressed as

Hy =) (k) df, di, (2.4)

k,o

where €(k) describes the dispersion relation of conduction electrons labeled by the
Bloch wave vector k. The dLU (dx ) are the creation (annihilation) d-operators with
k-momentum dependence and spin ¢ = +1. The last term in Eq. (2.1) describes
the on-site hybridization process in the UALM by

iy =Y % (vx<k> X dew + VIR dL, FE ) (25)

k,oc x=apf

We include an applied magnetic field oriented along the z-axis which introduces an

additional term into the Hamiltonian H.,, = H! , + H d . where
Hly = =Ty D (fly fiev + Fiy fict) (2.6)
k
with
Ff = gf,uth' (27>

The term H¢, is the same of Eqs. (2.6) and (2.7), except that the f-operators
and the gyromagnetic factor g are replaced by d-operators and gq4, respectively. In
addition, we can consider the effects of a magnetic field applied parallel to the z-axis.

To include this field we must add an extra term in Eq. (2.1) given by

ey ==Y olHIfl  fo + Hid) dic,] (2.8)
k o=+
with
The value 0 = 1 and —1 correspond to the up and down spin projections,

respectively. The 5f band EF (k) = € +¢7(k) and the conduction one €4(k) refer to

a simple tetragonal lattice. Thus
ea(k) = =2t 4, cos(kya) — 2t 4, cos(kya) — 2t 4. cos(k,c) (2.10)

in which A = f or d, and a, b and ¢ are the lattice parameters. If a = b = ¢, we

have a cubic lattice and for a tetragonal lattice, we have that the lattice parameter
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are a = b # c.

d-band

Vi Va

a-band
I J(spin-fiipping)

B-band

U=Local Coulombian interaction
J= Hund’s rule exchange terms

Figure 2.1: Underscreened Anderson Lattice Model (UALM): two 5 f-
bands (o and () interacting with a single conduction band (d-band), by
means of the hybridization terms, V,, and Vz. Each of the 5f-bands
exhibits local Coulombian interactions and the interaction between the
5f-bands is given by the spin flipping part of the Hund’s rule of the
exchange term, U and J, respectively.

2.2  Two conventional SDWs with I'; in cubic lattice

From now on, we will focus on the two conventional SDWs with antiferromagentic
order (AF; and AF5) and their associated phase transitions using mean field theory
(see Appendix C). We shall chose a basis set for the f-orbitals such that V(k) = 0 in
Egs. (D.9)-(D.10) simply to avoid the transformation to a new basis set. The choice
of basis states should not change the main physical results, as is discussed in ref. [7].
The simplest possibility of a conventional SDW ordering with Ising anisotropy in the
cubic lattice can be introduced by assuming that the lattice is bipartite. Therefore,

we consider that N

X —

n
fao = jf 0q,0 +mj 1(0) g (2.11)

where n} = n¥, + n¥  (n} is the f-electron average occupation of the x-band),
n(t) =+1lorn(l) =—-1land Q = (7/a,n/a,7/a), is a commensurate nesting vector.
Therefore, the modulation of the expectation value of the z-component f-electron
spin density operator in real space for each orbital is (S§r3> = m}‘ e’Q@ % The
conventional SDW OP, i.e., the staggered magnetizations m} and m’ff are obtained

from

1
X X X
my = §(nf’Q’T —Niq.) (2.12)
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In the Appendix (D) we present the general formulation for find the OPs that

describe each antiferromagnetic phase.

2.2.1 Order parameters with I'y = 0

The conventional SDW OPs follow directly from the correlation functions n} g ,

(see Eq. (2.12)) which can be expressed as

"} Qo = Z j{ 5 (W) G (k k+Q,w). (2.13)

The contour of the path integral encircles the real axis without enclosing any poles
of of the Fermi-Dirac distribution. The correlations functions n}iQ?U are found from
the Green’s function given in Eqgs. (D.20)-(D.24). Therefore, from Eq. (2.12), one

can obtain:

m} = (Um} + Jm$) x77(Q,0) (2.14)
where
1 E-(k)) - f(ET(k

k

and where f(w) is the Fermi function.
The staggered magnetization of the a-bands can be derived in a similar manner
to Eq. (2.14). The result is

m§ = (Um§ + Jmf) x3%(Q,0) (2.16)
where x$(Q,0) is now given as
7(Q,0)

(w— ea(k))(w — ea(k + Q))
Z% 271’2 Da(wak) .

(2.17)

and where D*(k,w) is given in Eq. (D.25). The spin-independent quasiparticles
bands are given by the solutions of D®(k,w) = 0. Alternatively, one can formulate

the self-consistency equations in terms of the gaps A, since

%‘5) — T Aup) (2.18)
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in which
Anpy = Umj ) 4 Jmﬁ(a) (2.19)

The Hund’s rule interaction couples the gap of a given band to the staggered mag-

netization of the other band.

2.2.2 Order parameters with I'; # 0

For I'y # 0, the pole structure of the Green’s functions is much more complex.
For finite fields, the Green’s functions G??va(k,k + Q,w) and G$%,(k, k + Q,w)
shown in Egs. (D.12)-(D.16), can be used to obtain the OPs m§, mf and the
gaps following the same steps outlined in Appendix (D). We assume that the d-
conduction electron band is uncorrelated and wider than the correlated f-bands.
We note that the magnetic field on the d-electrons, I'y, affects the OPs m$ and m?
mainly through the effect of the hybridization V,,(k) and is small compared to the «
and 0 bandwidths. Therefore, it is reasonable to disregard the effects of I'y on m§

B
and my.

2.3 Exotic SDW or IOSDW with h. in cubic lattice

We apply a mean field approximation to the fluctuations of the f-electrons op-
erators that produces two possible instabilities of the normal-paramagnetic phase in
the UALM, i. e., the Exotic SDW phase or IOSDW and the itinerant antiferromag-

netic phase. Therefore, we consider the normalized operators below related to each

instability:

' 1

fae = Z filao fe (X #X) (2.20)
and

) 1

fgo = Z Krao fee (X=X (2.21)

Thus, the interaction term of the Hamiltonian given in the Eq. (2.4) is expanded

in powers of

/

sxx’ — axx/ XX
AZYC = 2505 — 255 (2.22)
and
AXX — HXX XX
ARy = ngk —ng. (2.23)

The general formulation to obtain the OPs is in the Appendix (E).
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2.3.1 Order parameters with h,

The exotic SDW OP is given by the expectation value zﬁfﬁf The staggered
magnetizations for each f-band, m$ and m? are obtained from Eq. (2.12). The
IOSDW OP is given by the expectation value of the non-hermitian operator given
in Eq. (2.20). Thus :

= ¥ 2 [ g (IGT I+ Q) 221

where f(w) is the Fermi function and G??U(k,k + Q,w) is given in Eq. (E.11).
The integration contour closes the real axis and does not include the poles of the

Fermi-Dirac distribution. We can re-write Eq. (2.24) as

0 = 1100 X10(Q) + 674,040 X20(Q) (2.25)

where

gﬁ(k, w)gl(k + Q,w) — |G, I
Xi0( 2.26
! N Z/ 2m Dq . (k,w) (2.26)
and
X 2.2

2(Q,0) = Z/2W2DQka) (2.27)

with Dq . (k,w) defined in Eq. (E.14). Moreover,
95 (w, k) = (w = Ej, (k) — £(k,w)) (2.28)

where {(k,w) is given in Eq. (E.8). From Egs. (E.9) and (2.25), one can see that
2P %70 and 2" 067_0 are coupled by the Hund’s rule exchange interaction. Actually,
the IOSDW solution implies that z” Qo = 2P Z.—o- Therefore, for IOSDW to be
time reversal invariant, which is the reason for its non-magnetic character, the OP
needs to be a purely imaginary quantity |7, 8].

The real staggered magnetizations m¥ (x = a and ) (see Eq. (2.12)) are
obtained from the Green’s function G¥f,(k,k + Q,w) given in Eqs. (E.12) and

(E.13). Therefore, the a and [-band staggered magnetizations are expressed as:

m¥ =Y 0[6X, Xso(Q) + kG, 2058, X20(Q)] (2:29)

g
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where x # X/, o =7, | corresponds to +— and

X30'

e (0 (e (4 Qo) — (08,

DQ J(k CU)

The Green function GY¥{(k,k + Q,w) is in Egs. (E.12) and (E.13), so the OP
for the S-band is obtained from Eq. (2.12) and expressed as

m? = (Um? + Jm?)xgﬂ(Q, k) (2.31)
where

Zf 1o (k)AL (K) (2.32)

and similarly for the a-band
m§ = (Um§ + Jm?)xﬁ,"a(Q, k) (2.33)

with

Zf o (k) A2 (k). (2.34)

In Egs. (2.26), (2.32) and (2.34), E;,(k) are the quasi-particles dispersion rela-
tions obtained from D, (k,Q,w) = 0 (see Eq. (E.14)), N? is its number and A%/
correspond to their respective spectral values which, together with E; ,(k), which
are the quasi-particle dispersion relations that depend on the gaps ¢2¢ ,, K Oéa
and gbé %70. are obtained numerically. It should be noticed that the three equations
for the order parameters are coupled through of quasi-particle dispersion relations

Ei,cr (k)

2.4 'Two conventional SDWs with H. in tetragonal

lattice

The general formalism when we have two conventional SDW with a magnetic
field applied on h, in a tetragonal lattice can be developed as in Appendix (E), but
considering that the order parameter describing the exotic SDW phase is null, i.e.
2° Cé = (. Furthermore, we have to consider that in the dispersion relation equation

( Eq. (2.10)) @ = b # ¢, which corresponds to a tetragonal lattice.
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2.4.1 Order parameters with H,

The Green’s function given in Eqgs. (E.12) and (E.13) form a closed set of equa-
tions, which can be solved exactly. Thus, the spin gap can be calculated directly
from in Eq. (E.10). Therefore, we can explore a scenario where the instability of
the paramagnetic phase towards to two distinct SDWs occurs at the same nesting
vector Q given by the spin gaps in distinct orbitals. However, it is important to be
noted that the spin gaps ¢2 and ¢? are, indeed, coupled. Moreover, the spin gaps

are proportional to the magnetic OPs and present exactly same behavior.



Chapter 3

Numerical Results

The numerical results presented in this section have been obtained assuming the
following numerical values and conditions. We have that the hybridization term
without k dependence and it exit only for the a-band, V, (k) =V, = 1/10 €V, the
total occupancy number is < nf > + < n? > 4 < ng >= 1.609, where < ng > is the
average occupation of the conduction electrons, < n, > and < ng > corresponds to
average occupation of 5f-electrons. This occupation number is chosen to enhance
the PM phase instability and does not refer to any specific real 5 f-electron system.
The nesting vector is Q = (7/a, 7/a, 7/a).

We have also chosen the following parameters: (i) the tight-binding parameters
are tg = Wq/6, ty = Wy/20 and Wy/W; = 0.3 where 2Wy(y) is the width of the
conduction band in order to be close to Ref. [46]. From here, we write W; = W
and we also assume that the bandwidth, W is sensitive to external pressure. Our
results are qualitatively robust to the numerical choice of parameters given above.
For the construction of OPs, phase diagrams (with and without magnetic field),
quasiparticle dispersion relation, density of states and study of multicritical points
we consider U=0.165 ¢V and J = U/5. The situation is more complicated when it
comes to choosing the J/U ratio and this point will be discussed also in this section.
The units of measurement of temperature are given in K (Kelvin), the kg7 factor
and the pressure in eV (electron-volt), since the latter corresponds to the bandwidth
variation and the applied magnetic fields are measured in T (Tesla). On another
hand, the green functions that help to obtain each of the OPs are described by
means of polynomials of different degrees and in which, the sum in the reciprocal
space (k-momentum space) is given by means of an integral considering a constant

density of states, dependent on the spatial dimension, see Appendix (B).

20
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3.1 Two conventional SDWs when the magnetic field
is applied longitudinally to I'; for cubic lattice

3.1.1 Hund’s rule exchange interaction (J)

Firstly, each of the conventional SDWs are called AF; and AF,, due to the
fact that they present a magnetic character. The phase AF; is characterized by
m? > m§ > 0, while the phase AFy occurs when m§ > m? > (. Phase diagrams
are constructed from the self-consistent solutions of Egs. (2.14) and (2.16) for the
OPs m}‘ (x = o, B) as function of W, T" and I'y. The effect of Hund’s rule exchange
interaction (J) on the boundaries of the phases AF;, AF; and PM, as W increases
and when T = 0, is shown in Fig. (3.1). In this phase diagram we present three
phases: two antiferromagnetic phases (AF; and AF;) and a single paramagnetic
phase (PM). Note that all the non-continuous lines shown in the phase diagram
J/U as a function of W correspond to first-order phase transitions. The first-order
line AF; — AF; ends at a quantum triple point (QTP) located at (J/U)ys = 0.07
and Wy,; =~ 0.85 where the AF;, AFy and PM phases coexist. For small values of
J/U, the asymmetry of the hybridization between the two bands affects the nesting
condition of both bands giving rise to re-entrant behaviour AF; — PM — AF, —
PM. For J/U > 0.1, the phases appear in the sequence AF; — AFy — PM as W is
increased. This indicates that above a certain threshold of J, the AF phases consist
of two magnetic coupled subsystems that describe the o or 3 bands. We remark
the role of the Hund’s rule exchange (.J) observed in this phase diagram. For J =0,
m$ and m? are completely independent (see Egs. (2.14) and (2.16)). In this case,
due to the asymmetry of hybridization, the nesting condition is satisfied for both
OPs in the region of W < 0.8, whereas for W 2 1.1 only the o band satisfies the
nesting condition. In other words, the phase AF, has only an a character, i. e.,
m§ > m?, where m/; = 0. In this case, it is the transition AF; — PM and PM —
AF5 as W is increased which corresponds the sequence of phases. For J finite but
small, m? and m? become finite in the AF, phase. However, the nesting condition
for both bands is not satisfied within of an interval of W. As J further increases,
the coupling between the two OPs also increases. Above a certain value of J, the
nesting condition for both a and 8 bands is fully recovered. This indicates that
there is a threshold of J, where the direct transition AF; — AF, starts to occur.
This region above the threshold is the focus of the present investigation. Therefore,

from now on, we use J = U/5 with U = 0.165 above mentioned.
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Figure 3.1: The phase diagram for J/U versus W at T = 0. the dotted
lines are first-order transitions. There are three phases, AF;, AF—2 and

PM. The blue point is a quantum triple point (QTP).

3.1.2 Behaviour of order parameters

The results for the magnetizations m$ and m? at finite 7" are shown in Figs.
(3.2)(a) and (3.2)(b), respectively. For kgT = 0, both OPs exhibit two disconti-
nuities, one at W =~ 1.05 and another at W ~ 1.65. These discontinuities indicate
the occurrence of first-order phase transitions. The first transition, occurring at
W = 1.05, is between two types of antiferromagnetic phases. The phase AF; is
characterized by m?>m;'é>0 while the AF, occurs when m§ > m? > 0. As kgT be-
gins to increase, those first-order transitions begin to decrease in magnitude (green

dome) until they disappear completely (¢ point) when kT = 0.004 and at the same
time it is shown that m§ and m[fj decay more rapidly as W is varied. With the
behaviour of the OPs m§ and m? is possible to construct the phase diagram shown

in Fig. (3.3).

3.1.3 Phase diagram without magnetic field

The phase diagram of kgT as function of W is in Fig. (3.3). In this phase
diagram there are three phases: two antiferromagnetic phases (AF; and AF,) and
a paramagnetic phase (PM). Firstly, there is a second-order transition at the Néel
temperature T which is marked by the opening up of the AF gaps, AF; — AF,,
respectively. Then, for 0.95 < W < 1.05, there is a direct first-order transition AF;
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Figure 3.2: (a) The behaviour of the magnetization m¢ as function of

W for different kpT values. (b) The magnetization m[;

for different kT values. There in a one C point where the discontinuities
disappear.

as function of W
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— AF, which ends at a CEP located at kgT-gp ~ 0.0038 and Wegp ~ 0.9826.
We remark that in the range Topp < T < Ty, the jump in the OPs becomes
smooth and the two AF phases can be continuously connected by a path which by
passes the CEP. The phase diagram is completed by a new line of transitions AF,
— PM which occurs for 1.6 < W < 1.7. The line of transitions changes from a

second-order to a first-order transition at a TCP located at kgTrcp = 0.0011 and

WTCP ~ 1.6410.
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Figure 3.3: The phase diagram for the kg1 versus W. The solid and the
dashed lines denote second-order and first-order transition, respectively.
The blue circle is a critical end point (CEP) and the red circle is a

tricritical point (TCP). We have two phases, AF; and AF,, with the
variation of KgT and W.

3.1.4 Partial density of states (p-DOS)

The a and f partial densities of states (p-DOS) are show in Fig. (3.4) for

different values of W at kgT' = 0 and kg1 = 0.004 in close proximity to the dashed

line, which separates the phases AF; and AF5. In the AF; phase, the $ band

specifically shows the absence of electronic states at the Fermi energy (Er) (dotted
black vertical line) despite the increase of kT (see Figs. (3.4(a)-(3.4)(e)), while the
« band in the AF; phase shows electronic states crossing the Er when kgT = 0 and
kT = 0.004 (see Figs. (3.4(c)-(3.4)(g))). In the AF, phase, both o and § bands are
shown to have electronic states crossing the Ep, see Figs. (3.4)(b)-(3.4)(d)-(3.4)(f)
and (3.4)(h). These results, for a and § p-DOS, indicate that in the AF; ground
state there is a mixed localized-itinerant character while AF, only has an itinerant

character. The dashed line in the phase diagram of Fig. (3.3) denoted the locus
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where FS reconstruction occurs.
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Figure 3.4: The panels show the « (red) and g (gray) p-DOS for values
of W close to the dashed line (Ep) of the phase diagram (see Fig. 3.3).
The left panel represents the phase AF; phase and the right panel to
phase AF5 phase.

3.1.5 Phase diagram with magnetic field

The zero field magnetic phase diagram changes drastically when a transverse
field h, is applied. The resulting kg1 versus W phase diagram is shown in Fig.
(3.5) where the values of I'y are directly proportional to h, (see Eq. (2.7)). The
main effect of I'y is to separate the phases AF; and AF, creating a dome-shaped
region for this phase with two TCPs. As I'; increases, the AFy domed-shaped region
decreases until its complete suppression. We remark that mf is less affected by I'y in
the region of W < 1 than in the region of W 2 1. For I'y = 0.035, m§ is completely
suppressed for W 2 1. In fact, the behaviour of the OPs m§$ and m? are closely
related to the nesting condition for the o and g bands. The magnetic field produces
a k-dependent shift which depends on the spin o. Also, the Er is shifted to higher
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energies. Therefore, for sufficiently high values of I'y, the FS is no longer nested.
Nevertheless, the electronic characters of the AF; and AF5 phases, are un-changed.
It has been considered u = Er at T'= 0. The evolution of the phase diagram of Fig.
(3.5) can be better understood in terms of the nesting condition between the 8 and
a bands. For I'y = 0, the 3 sheet of the FS is nested when E?(k) = E?(k+ Q) = .

The presence of h, produces a k-dependent spin splitting of the dispersion relation
which and can result in a shift of p.
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Figure 3.5: The phase diagram of the T versus W for different values
of I'y. The solid lines denote second-order transitions while the dashed
lines denote first-order transitions. The red points are tricritical points
(TCPs). There are three phases, AF;, AF5 and PM, respectively.
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3.1.6 Quasi-particles dispersion relations

The evolution of the gapped regions of 8 and a bands with increasing I'¢ is shown
in Figs. (3.6) and (3.7). The a bands involve the hybridization V,,, which also affects
the band’s dispersion relation. In Fig. (3.6), the dispersion relation is calculated
for a W = 0.9, which places the system in the AF; phase (see Fig. (3.5)). The
Er (dotted line) is positioned within the gap in the S-band dispersion relation for
all values of I'y. Meanwhile, at the gapped region, the extent to which the a-band
dispersion relation dips below the Er decreases with increasing I'y. Consequently,
the nesting of the o band is affected more strongly than the g band. The results
show that the AF phases are more stable than the paramagnetic phase, if the Eg
(or p) is inside of both, or either one or other of the a or 8 gaps. These results

indicate that in the AF; ground state there is a mixed localized-itinerant character.

B W=0.9 o

1;=0.015

0.2 k

-0.6 -0.5 -0.4 -0.6 -0.5 -0.4
k k

Figure 3.6: The electronic dispersion relations for W = 0.9, T = 0
and different values of I'y in the AF, phase. The blue and black colors
represent the up and down spin sub-bands, respectively. The dashed
black line is the Ef.
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For W = 1.5 (AF; region), we find a different situation, shown in Fig. (3.7).
The gap in the g band is always below the Ep, whereas the Ep lies within the gap
of the a band. However, as I'y increases, the Ep tends to move to the bottom of
the a gap, until for I'y = 0.035 (not shown here), the Ep falls below the gap as in
the 8 band case. When both gaps are below Er the bands are not nested, and the
paramagnetic phase is more stable. These results indicate that in the AF, ground

state has an itinerant character.
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Figure 3.7: The dispersion relations for W = 1.5, T' = 0 and different
values of I'y in the AF, phase. The blue and black colors represent the
bands with spin-up and spin-down sub-bands respectively.

3.1.7 Summary on this topic

We have investigated the emergence of multicritical points due to the competition
between two conventional SDWs (antiferromagnetic phases) that appear in a multi-
orbital model suitable to describe uranium compounds. We use the UALM which
describes two narrow 5f-bands (« and () hybridize asymmetrically with a single
conduction band. Besides the direct Coulomb interaction between electrons in the
same f-band, there is a Hund’s rule exchange interaction between electrons in the
different 5 f-bands. We also consider that there is an asymmetry in the hybridization
between the f-bands and the conduction band. As result, we find a competition be-
tween two types of antiferromagnetic phases, AF; and AF,. In absence of magnetic
field there is a CEP and a TCP, respectively, in the phase transitions AF; — AF,
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and AF, — PM. The presence of the CEP in our phase diagram is in accordance
with the description based on the generic two OPs Landau Free energy described in
ref. [57], where the OPs were assumed to present a TRS break.

As W increase, our results show that the g-band goes through an insulator —
metal transition while the a-band maintain its itinerant character. The scenario
for small W resembles the scenario describing half-metallic magnets [55] used in
spintronics. Here, the two spin directions are replaced by the two f-bands. Thus,
our electronic structure can be described in terms of a transition between half to
full metallicity. Below the CEP, this transition exactly coincides with the AF; —
AF, first-order transition. Therefore, our results indicate that the transitions in the
electronic structure are directly coupled with magnetic transitions.

For finite magnetic transverse field I'¢, the nesting condition has a peculiar be-
haviour, which is lost and then recovered when the W increases. As a consequence,
the direct transition between the AF phases is replaced by a re-entrant sequence
of transitions AF; — PM — AF,; — PM. The AF; phase acquires a dome shape.
While the AF; line transition has one TCP, the dome shaped AF; line transition
has two TCPs. All TCPs are effected relatively weakly by further increases of I'y. In
fact, the dome is gradually suppressed by the field until its complete disappearance.
In contrast to the drastic changes in the magnetic phase diagram, the electronic
characters of the AF; and AF, phases are unaffected. They, respectively, remain of
mixed insulator-itinerant and itinerant characters. The data and analysis discussed
here were published in Phys. Rev. B 101, 064407 (2020).

3.2 Two conventional SDWs phases for both cubic
and tetragonal lattices when the magnetic field

is applied in z-axis

Firstly, we present results for a simple cubic lattice, for which a = c and t4,. =

a4, in the dispersion equation relation given in Eq. (2.10).

3.2.1 Behavior of order parameters of cubic lattice

The behavior of gaps ¢ and ¢° as a function of H, at T= 0, under different
values of W are shown in Fig. (3.8). This gaps are proportional to OPs. Both gaps
exhibit discontinuities which indicate the occurrence of first-order phase transitions.

The discontinuities denoted by the dotted lines mark first-order transitions between
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two competing antiferromagnetic phases, AF; and AF,, or, at higher magnetic fields,

between a antiferromagnetic and a paramagnetic phase (PM).
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Figure 3.8: Behavior of gaps ¢® and ¢ for the simple cubic lattice
as a function of H, for T = 0 under different values of W. The dotted
lines denote the AF{-AF5 and AF,-PM first-order transitions while the
dashed lines are associated with metamagnetic-like transitions.

The phase AF; is characterized by ¢® > ¢® > 0, while AF, denotes the phase
where ¢® > ¢° > 0 and when the system evolves to the PM phase we have ¢*= ¢°—=
0. The discontinuities marked by the dashed lines, at lower magnetic field, suggests
metamagnetic-like transitions which resemble transitions reported in antiferromag-

netic systems [34].

Now, in the Fig. (3.9) displays the gaps as a function of the magnetic field H,,
for a fixed W = 1.00 under different values of temperatures. These results show that
the effect of increasing of the T' is to suppress the discontinues found at low magnetic
fields. For kgT = 0.004, the transition between the phases AF, and PM change its
nature from first-order to second-order transition. On the other hand, the nature
of the transition AF;-AF5, is unaffected. Nevertheless, at higher temperature, for
kgT = 0.008, the AF;3) — PM phase transition becomes a first-order transition
again. This behavior suggest the existence of TCPs.
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Figure 3.9: Behavior of the gaps ¢ and ¢” for the simple cubic lattice
as a function of H, for W = 1.00 and different values of T'. The dotted
and the dashed lines play the same role as in Fig. (3.8).

3.2.2 Phase diagram with H, of cubic lattice

The effect of the temperature on the boundary of the phases AF;, AF5, and PM,
is summarized in the phase diagrams shown in Fig. (3.10). The dotted lines indicate
first-order transitions while the solid lines represent second-order transitions. In the
panel (3.10)(a), it can be seen that the phase AF; occurs mainly for low values of
W while the AF5 phase is predominant found at higher values of H,. However, the
combination of high values of W and H,, favors the AF; phase. For T" = 0, we
observe two lines representing transitions between the phases AF; and AF, which
end at two CPs localized at the region of W =~ 1.6, between H, = 0.03 and H, =
0.04. The CPs are denoted by black solid circles. For finite temperatures, the AF,
phase is restricted to a small portion of the phase diagram at high magnetic fields
and low W, as shown in Figs. (3.10)(b) and (3.10)(c). On the other hand, the AF,
phase is much more robust to the effect of 7. With increasing 7', there are regions
where the first-order AF,p) — PM phase transitions are replaced by second-order
phase transitions, in agreement with the results presented in Fig. (3.9). The red
solid circles indicate the positions of the TCP. In addition, the dashed lines denote

metamagnetic-like transitions. Such transitions can be observed in both AF phases,
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however for kg1 = 0.004, the transitions occur only for low values of W. The
inset in Fig. (3.10)(b) highlights the region where the metamagnetic-like transitions
occurs. For kgT = 0.008 the metamagnetic-like transitions no longer appear in the

range of parameters considered.

PM TCPs PM

L AF JdL AF, el .
L ! ﬂ L 1 L I1 L .s‘,Ai
0 001 0.02 0.03 004 0 001 002 0.03 0.04 0 001 002 0.03 0.04
H, H, H,

Figure 3.10: The phase diagram for a simple cubic lattice with W
versus H, for several temperatures. The solid and the dotted lines denote
second-order and first-order transition, respectively. The dashed lines
mark metamagnetic-like transitions. The black points are critical points
(CPs) and the red points are tricritical points (TCPs).

3.2.3 Partial density of states (p-DOS) in cubic lattice

In general, the discontinuities in the gaps as a function of H, (see Fig. (3.8)), are
related to the position of the Er relative to the gaps in the partial densities of states
(p-DOS). In Fig. (3.11), the p-DOS associated with the sequence of transitions AF,
—AFy —PM, are shown for T"= 0 and W = 1.20. The vertical dashed red lines
indicate the position of the Eg, for each case. The first and second columns of
the panels shown the p-DOS for the AF; and AF, phases, respectively. The third
column shown the p-DOS in the PM phase of the system. When H, increases from
0.030 to 0.032, the Er moves out of the gap of the S-band p-DOS, p?, resulting in
a discontinuity in the gap (see Fig. (3.8)) what gives rise to the AF; —AF, phase
transition. The positions of Ep in both cases, are shown in Figs. (3.11)(g) and
(3.11)(h). In general, every time that Er moves out of a gap in the p-DOS, due to
an increase of either H, or W, the gaps change discontinuously (see Fig. (3.8)) and
are accompanied by a phase transition or a metamagnetic-like transition. We can
see that both the character of the phase AF; and AF, is isolated-itinerant.
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Figure 3.11: The « (green) and S (magenta) p-DOS for W = 1.20,
T = 0, and different values of H,. The values of H, have been chosen
in order to show the p-DOS behavior inside each phase (AF; and AF5)
of the diagram presented in the Fig. (3.10). The red dashed line is the
Ep.

Now, we present results for the tetragonal lattice, i.e., a # c and r = ta./ta,.
The crystalline symmetry lifts the degeneracy of the dispersion relations given in Eq.
(2.10). In order to stay relatively close to the cubic lattice case, most of the results

presented in this section were obtained using the next parameters: ¢/a = 1.10, and

r = 0.90.

3.2.4 Behavior of order parameters in tetragonal lattice

In Fig. (3.12), it is seen that behavior of the gaps for W = 0.80 and W = 1.00,
is very similar to the behavior observed for the cubic lattice in Fig. (3.8). However,
in the tetragonal case, a higher magnetic field is required to close the gaps. For
W = 1.20, with an increase of H., the system leaves the phase AF; and enters in
the PM phase in which the gaps are zero, for small values of H,. If the magnetic
field and therefore H, is further increased, the system reaches the AF; phase again.
When the magnetic field is increased to higher values, the system undergoes a first-
order transition to AF, phase at H, ~ 0.028 and another first-order transition is

found at H, ~ 0.05 where the system enters the PM phase.
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Figure 3.12: Behavior of gaps ¢® and ¢” for the tetragonal lattice
as a function of H, for T = 0 and different values of W. The regions
with dashed lines denotes the AF; — AF3 and AFy; — PM first-order
transitions.

3.2.5 Phase diagram in tetragonal lattice

The W versus H, phase diagrams and their evolution with 7" are shown in Fig.
(3.13). For T' = 0, the region where the AF; phase occurs is similar to that of
the cubic lattice. However, the AF5 phase is concentrated in the region of higher
magnetic field while in the cubic lattice the AF, phase also occurs for intermediate
values of H,. Indeed, the S-DOS for the tetragonal lattice is asymmetric relative to
w = 0 which results in the phase AF5 being favored. The asymmetry can be seen,
for example, in Fig. (3.14)(1). As in the case of the cubic lattice, two CPs (black
solid circles) are present in the 7' = 0 phase diagram. For kgT = 0.004, we observe
the presence of four TCPs (red solid circles) while in the cubic lattice the four TCPs
first occur at kg1 = 0.008. Furthermore, the CP observed for kg1 = 0.004 is still
present for kT = 0.008. These facts indicate that the existence of CP and TCPs
are favored in the tetragonal lattice. On the other hand, the metamagnetic-like
transitions represented by the dashed lines in Fig. (3.13)(a), are less favored than

in the cubic lattice.
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Figure 3.13: The phase diagram for a tetragonal lattice with W versus
H,, for different temperatures. The solid and the dashed lines denote
second-order and first-order transition, respectively. The black points are
crititcal points (CPs) and the red points are tricritical points (TCPs).
The parameters of the dispersion relation are ¢/a = 1.10 and r = 0.90.

3.2.6 Partial density of states in tetragonal lattice

The o and B p-DOS, p® and p?, are shown in Fig. (3.14) for T = 0, W = 1.0 and
different values of H,. The values of H, in the AF; and AF, phases, were chosen in
order to be close to the AF; — AF5 phase transition. The behavior of the gaps for

this set of parameters has been shown in Fig. (3.12).
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Figure 3.14: The « (green) and 5 (magenta) p-DOS for W= 1.0, T' = 0,
and different values of H,. The values of H, have been chosen in order
to show the DOS behavior inside each phase of the diagram presented
in Fig. (3.13). The red dashed line is the Ep.
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By comparing the results in Fig. (3.14) with those for the cubic lattice shown in
Fig. (3.8), it is possible to see that the results are slightly different, mainly for plj o
For the phase AF; with H,=0.033, the position of the Er, which is represented by
the vertical dashed red line in Fig. (3.14), is found inside the gap for both p? and
péa, while for the cubic lattice the Ep is found inside the gap only for p? (see Figs.
(3.11)(g) and (3.11)(j)). This feature is related to the asymmetry of the p-DOS for
the tetragonal lattice. For instance, in Fig. (3.14)(j), the area of the p’éa below the
EF (colored in red) is slightly larger than the area above the Eg. In order to keep the
total occupation of the bands constant, the Er has been moved to lower energies,
i.e. into the gap of the pg »» which results in a phase AF; that is less itinerant when

compared with the cubic case shown in Fig. (3.11), for which the pf, is symmetric.

3.2.7 Phase diagram of tetragonal lattice for c/a

The results presented so far in this section have been obtained considering small
deviations from the cubic lattice, for the parameters ¢/a and r. Now, we investigate
how the boundaries of the phases AF;, AFy and PM behave when the parameters
¢/a and r, are changed. Fig. (3.15)(a) exhibit the phase diagram with H, versus
c¢/a, for fixed W and r, while Fig. (3.15)(c) exhibit the phase diagram with W versus
¢/a, for H,=0.0 and r fixed. While the phase AF; is robust to the effects of H, and
W when c¢/a is enhanced, the phase AF is significantly affected by the increasing
of H, or W, in this same situation. Nevertheless, while the phase AF; is favored
by the increasing of ¢/a when H, is enhanced, the same phase is suppressed by the
increasing of ¢/a, when W is enhanced. Such feature is related to the way that H,
and W affect the p-DOS, maily the pig. While H., shifts p? to lower energies and
plia to higher energies, the main effect of W is to increases the width of the bands.
Therefore, the effects of H, combined with the asymmetry of the DOS pia, relative
to the gap (see Fig. (3.14)), are the main reasons for the features present in the phase
diagrams of Figs. (3.15)(a) and (3.15)(c). In Figs. (3.15)(b) and (3.15)(d) it can
be noted that the effect of increasing r keeping c¢/a fixed, is similar to tthe effect of
keeping r while ¢/a varies. However, the effects of varying r are much less intense.
The dashed lines in Figs. (3.15)(a) and (3.15)(b) indicate the metamagnetic-like

transitions.
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Figure 3.15: Phase diagram for the tetragonal lattice with H, and W
versus ¢/a in the first column and versus r in the second column. All
the transitions shown in the phase diagrams, have first order nature.

3.2.8 Summary on this topic

We have investigated the effects of pressure and magnetic field in z-axes on two
distinct itinerant phases using the UALM. We are assuming that pressure is asso-
ciated with bandwidth variation (W) and the magnetic field is considered parallel
to this anisotropy direction. The Hund’s rule exchange interaction (J) couples the
gaps ¢* and @7 in different bands and gives rise to two competing antiferromagnetic
phases AF; and AF,. The nature between such phases has first-order transition at
low W. In addition, in this section we analysed the UALM model for two cases, the

cubic and the tetragonal lattices.

In order to investigate the effects of H, for different W, we constructed phase
diagrams with W versus H, at different temperatures. The results show rich phase
diagrams for both lattices, mainly at 7' = 0. In a previous section (3.1), we investi-
gated the effects of a magnetic field oriented transverse to the z-axis with the same
UALM model. In that case, for a cubic lattice, the results showed that the increas-
ing of the transverse magnetic field suppresses the phase AF, while the phase AF;
persist even at higher magnetic fields. In this section, we note an opposite situation,
i. e., the AF; phase is replaced by the AF; phase at higher magnetic fields H,, while
the phase AF; occurs for lower values of W and lower and intermediate values of
H,. This dissemblance is related to the fact that the transverse field produces a

spin-dependent momentum shift of the quasi-particles bands. On the other hand,
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H., splits the bands generating a spin-up and a spin-down sub-band [8]. The increas-
ing in H, shifts the spin-up and the spin-down sub-bands, to opposite sides, in the
energy axis. The analysis of p¢_ and pfw at T' = 0, helps us better understand how
the field H, favors the phase AF;. We demonstrated in Fig. (3.11) that in the phase
AF, the Ep is inside the gaps of p®, and p?, at least. On the other hand, if the Ex
is out of the gaps of pia, but is still inside the gap of p®_, the system is found in
the phase AF5. Considering the fact that H, shifts the spin-up and the spin-down
sub-bands in opposite sides in the energy axis, the configuration in which the Er is
out of the gaps of both péa and p?, is favored when H, increases. Moreover, due
to the hybridization gap present in p%_, the gap ¢ is less affected by the magnetic

field (see Fig. (3.8)), allowing the Ep to stay inside the gap of p®_, until higher

values of H,. Indeed, these are the main reasons for which the AF, phase is favored
by the magnetic field H,. The data and analysis discussed here were published in J.

Magn. Magn. Mater. 560, 169531 (2022).

3.3 Competition between conventional and uncon-
ventional SDWs, in cubic lattice, when the mag-

netic field is applied in z-axis

3.3.1 Effect of Hund’s rule exchange interaction (J)

In Fig. (3.16), the phase diagram J/U vs the bandwidth W at T"= 0 is shown.
B

and m? (see Egs. (2.25) and (2.31)). Although the AF; and AF, phases appear for
certain W ranges, the IOSDW phase does not exist for any W. When J/U is finite

but very small, the OPs re-couple weakly. As a consequence, besides phases AF;

For J = 0, there is a complete decoupling between z (é , and 2P Oé _, as well as m}

and AF, the IOSDW phase begin to appear within a very small range of W. As
J/U increases, the width of the PM region within the phase diagram decreases. This
behavior is accentuated until for a certain J/U threshold, the PM phase disappears
completely. This situation generates a PM dome, where above it there is a direct

transition AF; — IOSDW — AF,.


https://doi.org/10.1016/j.jmmm.2022.169531
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Figure 3.16: The phase diagram for J/U versus W for T'= 0. The red
point represents a quantum triple point (QTP). AF; and AF, are two

antiferromagnetic phases, IOSDW is a exotic inter-orbital spin density

wave and PM is a paramagnetic phase.

In Fig. (3.17) is shown the behaviour of the OPs illustrating the evolution of
the phase diagram in Fig. (3.16). It should be noted that for J = 0 (see Fig.
(3.17-a)) the intermediate PM solution is more stable, although, m’fc > m§ = 0.
We remark that the presence of multicritical points in finite T phase diagrams is
entirely dependent on direct transitions between phases AF; — IOSDW — AF, at
T = 0. Therefore, for finite 7" diagrams, we will choose values of J/U where the

direct transition AF; — IOSDW — AF, appears at T' = 0.

3.3.2 Behavior of order parameters

First, the following results are described in the simple three-dimensional cubic

lattice, where the lattice parameters are equal in all spatial dimensions. For this
case, the dispersion relation is described in Eq. (2.10). The OPs m$, m? and 2” Q0

as a function of W at different values of 7" and without the presence of h, are shown

in Fig. (3.18).
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Figure 3.18: Behavior of the OPs as a function of W for different values
of T with h, = 0.

We can also see that at T" = 3 and T = 8 the presence of m?, m? and zé %U

is shown, and at 7' = 15 the existence of the three OPs, m$, m'?a and zf‘ég is
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observed only for values of W < 1.02. For values of T = 25 a clear existence
of the OPs m§, m? at low values of W is shown. As the temperature starts to
increase and at low magnitudes of W, only the presence of the OPs m¢ and m? is
manifested. On the other hand, it is easy to see in Fig. (3.18) that the three gaps are
exhibited continuously and discontinuously in certain regions of W, which indicates
the occurrence of first-order transitions (dashed lines) and second-order transitions
(continuous lines). The behavior of the OPs for low magnitudes of W shows that
the existence of only mf, mf while 2” QJ = 0. As the intensity of W begins to

increase the OPs m§ = =m/ 7 = 0 and the OP 2° s = 0. If W continues to increase

Q7 ﬁa

we show the existence again of m$ and m” ; and again z”q = 0. Thus, for extremely

high intensities of W there is no existence of any of the OPs, Le., m§ = m? and

2P Cé » = 0. These transitions reflect the existence of two conventional phases and a
single exotic phase under different magnitudes of W. The two conventional phases
are denoted, AF; and AF, while the exotic phase is called IOSDW. The AF; phase
is characterized by m? > mf§ and 2P Oé,U = 0, while the AFy phase occurs when
mf > mf and z° Q = 0. The IOSDW phase is presented when m? =m$ =0 and

7Q7U # 0. Finally the PM phase is found when m’? =m§ =0 and zfoé’g = 0.

3.3.3 Phases diagram without magnetic field

In this section we present the phase diagram of T' versus W resulting from the
compositions of the OPs presented in the previous section. The phases diagrams
are constructed from the coupled equations for m§, m?, 2P “qQo and 2P cé’_g (see Eqgs.
(2.25) and (2.31)) which must be solved self-consistently. In terms of OPs; AF,
and AF, appears when m? > mf} and m§ > m?, respectively Both phases have
ZBQG = zéoé _» = 0. The IOSDW phase has zfoéw =27 Q » 7 0 with m$= mf =0
and the PM appears when z?‘ag = —2’83 =m$ = mf = 0.

Fig. (3.19) displays the phase diagram T vs W. When the temperature is
lowered, there are a second-order phase transitions from PM to any of phases AFy,
AF5 or IOSDW. Moreover, when W increases at lower 7', the two magnetic phases
AF; and AF,, i.e., phases with time reversal symmetry breaking, are separated by
the non-magnetic IOSDW phases. It appears the phase transitions sequence AF; —
IOSDW — AF,, with first order line transitions separating the phases. To complete
the sequence of phase transitions, there is a first order transition AF, — PM. In
the transition AF; — IOSDW both m? and m$ (with m? > m§) collapse and the
IOSDW becomes finite. In the transition [OSDW — AF5 the opposite happens. The
IOSDW OP collapses and m? and m§ are abruptly finite. But now with m? < mf.

Note that for T' = 25, there is only a second order transition AF; — PM.
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3.3.4 Phase diagrams with magnetic field

In this section we present the evolution of the phase diagram under the presence
of an external magnetic field. In Fig. (3.20), the 7" vs W phase diagrams are shown
with increasing values of h,. The first significant effect is the lowering the critical
temperatures corresponding to the three transitions PM — AF;, PM — IOSDW
and PM — AF,. This lowering of critical temperatures is more pronounced for the
IOSDW and AF; phases. Also, the locations of the first-order lines in the phase
transitions AF; — IOSDW — AF; and AFy — PM are displaced to larger values

of the W. These two effects compose what we will call from now on, flattening
of phases. As consequence, there is a slight enlargement in the phase diagram of
the AF; region at the expense of IOSDW one. The IOSDW and AF; regions also
enlarge slight at the expense of AF, and PM ones, respectively. We emphasize that

there is a different size of these effects for each of the phases. Therefore, the AF,
phases are subjected to greater flattening.
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Figure 3.20: Phase diagram T under W for several values of h,. The
continuous line (black color) shows a second-order transition while the
discontinuous lines show a first-order transition. There are three phases,
AF;, AF; and IOSDW. The green points are bicritical points (BCPs)
and the red point is a Tricritical point (TCP).
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In Fig. (3.21), we fix the values of W in such way that we can evaluate the
evolution of phases AF;, IOSDW and AF, when h, is varied (proportional to H,).
We find that the three phases are completely suppressed above a certain value of
h.. However, there is a difference in the value of the suppression value of h, for
each phase, i. e., the [IOSDW and AF, phases have almost the same suppression h,
value while for AFy, the value is clearly smaller. Interestingly, our results indicate
the same process of flattening observed in the T" vs W surface occurs in the T vs h,

one. Again, the IOSDW and AF, phases are more affected by process than AF;.
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Figure 3.21: Phase diagram T versus h, for different W values. At
W = 0.98 only exit the AF; phase, for W = 1.03 exit the IOSDW phase
and at W = 0.996 exit only the AF5 phase.

3.3.5 Quasiparticles dispersion relations

The quasiparticle dispersion relations Effg(k) for the bands o and 3 are obtained
from D, (k,w) = 0 (see (E.14)). In absence of h., the evolution of E}, (k) for different
W at T'= 0 K is shown in Fig. (3.22). The case of the AF; phase is shown in Fig.
(3.22 a)). Here, the double arrows indicate approximately the locus of the § and «
gaps. Notice that the Ep crosses both o and 3 gaps. However, as an effect of the V,
hybridization, the o band crosses the Er near the gap, giving a isolated-itinerant
character for the AF; phase. In other words, the isolated-itinerant refers to the

situation where FS is reconstructed in only one of the bands. The same isolated-
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Figure 3.22: Quasi-particle dispersion relations for: a) W = 1.00
(AFy), b) W = 1.04 (IOSDW), ¢) W = 1.08 (AFs3), d) W = 1.14
(PM) in the absence of the magnetic field h, = 0. The dashed red line
indicates the position of the Er while the black and the blue lines show
the o and B bands, respectively.

itinerant character is observed in the band structure of the IOSDW phase shown
in Fig. (3.22)) b). In contrast, the band structure for the AF, (see Fig. (3.22) c))

phase indicates a itinerant character.

Fig. (3.23) displays E},(k) with increasing h.. Due to the spin dependence,
o = %1, the number of bands is doubled. The isolated-itinerant nature of the AF;
phase, Fig. (3.23) a), and the metallic nature of the AF, phase, Fig. (3.23) c), are
maintained despite the increase in the h,. On the other hand, in the IOSDW phase,
Fig. (3.23) b), the increasing of the h, leads the system to a purely itinerant state
(isolated-itinerant — itinerant). In general, as the h, increases, the system enhances
its itinerant electronic character, redistributing the F'S, mainly due to the evolution

from isolated-itinerant — itinerant character of the IOSDW phase.
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Figure 3.23: Quasi-particles dispersion relations at 7' = 0 for two
distinct values of h,. The purple and green lines represent the spin up
(o = 1) and spin down (0 = —1), respectively. Results are shown for
the three phases AF; a), IOSDW b) and AF5 ¢). The dashed red line is
the EF.
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3.3.6 Multicritical points

The sequence of first and second order phase transitions, that place the non-
magnetic IOSDW phase between the AF; and AF, phases shown in Fig. (3.19)
gives rise to two bicritical points (BCPs). The BCP; is the meeting point of the
second order transitions PM — AF; and PM — IOSDW with the first order one
AF; — IOSDW. While the second bicritical point BCP, involve AF, instead of AF;.
Moreover, there is also a TCP in the transition AFy — PM.

The locations of BCP;, BCP, and TCP in Figs. (3.20)(a)-(c)) when h, increases,
reflects the process of flattening of the phases mentioned above. The effects of such
process in the location of these multicritical points can be seen in the details in
Fig. (3.24). The mentioned process appears in the shift of the positions of the
multicritical points in W as h, increases. It can be seen that the BCP; is less shifted
as compared to the BCP,y and the TCP. On the other hand, the displacement of the
TCP is even more pronounced than that of BCPs.

In Fig. (3.21), the phase transition lines feature three TCPs, TCP,, TCP, and
TCP3 which are related to the transition lines AF; — PM, IOSDW — PM and
AFy; — PM, respectively. The process of flattening of the phases AF;, IOSDW
and AF, appears clearly in the ordering in 7" and h, of each of the TCP’s since

TTCP1 > TTcp2 > TTC’P3 while h’ZTCPl < hZTcP2 < hZTCPg'
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Figure 3.24: Evolution of the bicriticals points (BCPs) and tricritical
point (TCPs) when h. increases.
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3.3.7 Summary about this topic

This section has described, within a mean field approximation, the emergence of
multicritical points coming from the competition among phases with different OPs,
which have distinct parity properties. Again we have used the UALM and we obtain
three distinct types of long-range order: (a) two conventional SDWs (AF; and AF5)
and, (b) the non-magnetic inter-orbital spin density wave (IOSDW). This exotic
SDW is described by a purely imaginary OP that mixes the o and  bands. The
conventional SDWs are described by the real magnetization of each band m§ and
m? , where AF; and AF, are defined by m? > mf$ and m§ > m? , respectively. It is
worth mentioning that the existence of a non-magnetic SDW has been suggested in
other context such as iron superconductors [56].

The competition among phases takes place with the variation of the W and h,.
In the absence of h,, the phase diagram 7" vs W displays at low 1" a sequence of
first-order phase transitions AF; — IOSDW — AF,;. We also found two BCP. The
first one, called BCPy, is the intersection of the second-order line transitions PM —
AF; and PM — IOSDW with the first order one AF; — IOSDW. For the second
BCP, called BCP,, AF is replaced by AF,. Lastly, there is a TCP in the transition
AF5 — PM. The location of the BCPs indicates that their existence is a direct result
of the distinct parity property under TRS of the phases AF;, AF5 and IOSDW. This
is in agreement with general arguments based on a Landau free energy expansion.

When h, is turned on, there are important changes in the IOSDW phase and
more markedly in the AF, one. These two phases flatten out which means that
they stabilize at lower 7' but with higher W values as compared to the situation
without h,. This is reflected in the location of BCPy and TCP. The evolution
of their locations with the field shows the tendency for these multicritical points
to disappear because of the flattening process of AF, and IOSDW. The different
behavior of the phases when applying h. is related to the very nature of each one.
The AF; is isolated-itinerant and the AF5 is totally itinerant. These two phases
retain the same nature when the h, is applied. Nevertheless, the IOSDW phase
change its nature when the field is applied. While one of the bands always has the
same F'S and the other band has a totally constructed. The gradual change from
isolated to itinerant is the ultimate cause that leads the IOSDW phase to have the
flattening process more accentuated than AF; phase, although not as much as the
AF,5 one. The data and analysis discussed here were published in J. Phys.: Condens.
Matter 33, 295801 (2021).
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Chapter 4
(General conclusions

To conclude, we have shown that the Underscreened Anderson Lattice Model
(UALM) has a varied number of phase diagrams, which exhibit multiple critical
points. The model shows that, although the 5f-bands hybridize asymmetrically
with the conduction band, the Hund’s rule interaction directly couples the two
independent 5f-bands. We have shown that the UALM is a microscopic realization
of the situation envisaged in Ref. [57] that considers a Landau-Ginzburg free energy
containing a linear coupling between two AF order parameters, in the case i) with
two conventional SDWs (AF; and AF5) when the magnetic field is applied in z-axis.

As a result, for the case i) we observed that for a tetragonal lattice, there is
the presence of metamagnetic-like transitions which occurs in both AF phases under
the application of a magnetic field H,. We highlight that such phenomelogy, the
metamagnetic-like transitions inside the antferromagnetic phases have been reported
in some antiferromagnetic heavy fermions [34] which also present a competition
between two distinct antiferromagnetic phases.

For the case iii) we believe that our results with two conventional SDWs and one
exotic SDW, the evolution of multicritical points with W and h, as described here
may be more general. For instance, motivated by the concept of adiabatic continuity
[58], one may suggest the possibility that the present problem with three OPs (two
of them real and one purely imaginary) can be described in a unified way in a single
OP. That would be similar to the interesting proposal made by Haule and Kotliar
that a complex OP accounts for the behavior of URusSiy under W and h, [49]. In
such scenario, it would be necessary to re-interpret the multicritical points. We are
currently investigating this possibility, in another work in progress. We propose the
IOSDW phase, which mixes bands, as an alternative in the study of the HO problem
present in URu,Siy, due to the fact that it does not exhibit magnetic momentum

formation. Finally, we highlight that our results show a detailed evolution of multi-
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critical points when pressure and magnetic field are applied simultaneously. As far
as we know, there are few theoretical results in the literature showing this particu-
lar evolution. Although our results refer to a specific model of two 5f degenerate
narrow bands, they can shed light on the growing field of the multicritical (classical
and quantum) points in the physics of uranium compounds. In general terms, we
emphasize that the identification of multicritical can provide relevant information

on the conventional and unconventional phases present in uranium compounds.



Chapter 5
Future works

e To study the possibility of describing the two conventional SDWs and the

non-conventional SDW phase by means of a single real-complex OP.

e Verify the possible solutions with conventional SDW and unconventional SDW

when spin-orbit coupling is included in the UALM.

e Specifically testing the UALM with spin-orbit coupling is able to describe
the superconducting phase present in URuySis through fluctuations of the

unconventional SDW phase.

e Specifically testing the UALM with spin-orbit coupling is able to describe the

multiple superconducting phases in UTe, via magnetic fluctuations.

e Investigate the effects of hybridization, Coulomb interactions, Hund’s rule, and
spin-orbit coupling using the tetragonal lattice (URuySiz) and a symmetric

orthorbombic central structure (UTes).

e Verify the effects of varying pressure and/or magnetic field on the phases
eventually found in the UALM with SOC.

52



Chapter 6

Articles

6.1 Articles published during doctoral studies (un-
til: May, 24 2022)

Julidn Faundez, S. G . Magalhaes, J. E. Calegari and P. S. Riseborough,
J. Phys.: Condens. Matter 33, 295801 (2021).

e A. C. Lausmann, E. J. Calegari, Julidn Faiundez, P. S. Riseborough, and S.
G. Magalhaes. J. Magn. Magn. Mater. 560, 169531 (2022).

S. G. Magalhaes, Julian Faundez, J. E. Calegari, and P. S. Riseborough,

Real-complex order parameter in a three band model for uranium

compounds, (2022). Status: in Preparation.

e S. G. Magalhaes, Julidn Faiundez, Christopher Thomas, E. J. Calegari,
P. S. Riseborough, C. Lacroix, and B. Coqblin, Itinerant-localized duality
in a model for 5f-electrons beyond mean field approximation, (2022).

Status: in preparation.

93


https://doi.org/10.1088/1361-648X/abe476
https://doi.org/10.1016/j.jmmm.2022.169531

Chapter 7
Ackowledgements

The present work was supported by the Brazilian agencies Conselho Nacional
de Desenvolvimento Cientifico e Tecnologico (CNPq) and Fundagao de Amparo a
pesquisa do Estado do RS (FAPERGS).

o4



Appendix A

Second quantization formalism

The second quantization formalism was initiated by Paul M. Dirac! for bosons,
and was extended to fermions by Eugene Wigner” and Pascual Jordan® with the
transformation that bears his name. When working with a fairly large number of
particles it is indispensable to introduce the second quantization formalism, which
is able to greatly simplify manipulations of multi-particle states. Thus, we begin by
defining a convenient way of specifying multi-particle states of identical particles,
called the occupation number representation. We define a set of single-particle
states, {|1),|2),]3),---} that form a complete orthonormal basis for the single-
particle Hilbert space s#. Next, we construct multi-particle states by defining
the number of particles that are present in the |1) state denoted n; and so on. In
this way,

Ini, ng,ns3, . ..) (A.1)

is defined as the appropriate multi-particle state.

A.1 Fock space

The second quantization formalism allows us to interpret quantum fields in terms
of particles. Each quantum state can be interpreted as a vector in Fock space. We
can make the representation of the occupation number more convenient to work with
by defining an "extended" Hilbert space, called Fock space, which is the space of

bosonic/fermionic states for an arbitrary number of particles. In the formal language

'Paul Adrien Maurice Dirac: Born on August 8, 1902, England. Deceased on October 20, 1984,
U.S.

2Eugene Wigner: Born on November 17, 1902, Austria-Hungary. Deceased on January 1, 1995,
U.S.

3Pascual Jordan: Born on October 18, 1902, German Empire. Deceased on July 1, 1980, West
Germany.
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56 A.2. Second quantization for fermions

of linear algebra, the Fock space can be written as
Ay = A0 & A & A S A DA D (A.2)

where, @ represents the direct sum operation, which combines vector spaces
by directly grouping their basis vectors into a larger basis set. The subscript S/A
depends on whether we are dealing with bosons (S) or fermions (A). If J# has
dimension d; and 7% has dimension ds, then J7 & 74 has dimension d; + d».

As a result any multiparticle state written in the occupancy number representa-
tion |nq,ng, ng, ... ) is present in the Fock space, %’; 1» forming a complete basis for
%’gj 4 Also, in the Eq. (A.2) the first term 77 ©) is the "0-particle Hilbert space",

which contains only one state vector given as
|@) =10,0,0,0,...). (A.3)

The last Eq. (A.3) is the vacuum state, in which has no particles and follows
the standard normalization (&|&) = 1.

A.2 Second quantization for fermions

The creation operator for fermions can be defined as:

(—1)mtnettnu—ting ny .. ny_1,1,...) ifn,=0

(_1)n1+n2+---+nu—1 56Lu

éL|n1,n2,...,nu,...):

|n1,n2,...,nu_1,1,...>.

e If state u is unoccupied, then ¢! increments the occupation number to 1, and
multiply the state by a factor of magnitude (—1)"*"2%+u-1 (e +1 if there
is an even number of occupied states preceding u, and —1 if there is an odd
number). Note that this definition requires that the states of a single particle

be ordered in order to be able to speak of states "prior” to w.

e If u is occupied, applying ¢! yields a zero vector and according to the Pauli

exclusion principle, there can be no occupancy greater than 1,

The annihilation operator for fermions is the conjugate operator, ¢,. We proceed

to take the Hermitian conjugate of the creation operator:

<n17n27 Myttt ’éu - (_1)n1+n2+-~-+nu71561u<n17 Ng, -+ 5 Ny—1, ]-7 e | (A5>
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Now, multiplying by |n],n,,...) we have that

<n17n27 e Tl |éu|n/1,n/2 > _ (71)n1+-.~+nu,15n/1 . 6nu 1(5nu51 )5nu+1 . (A6)
’ ny Ny—1 u' My

deducing finally that

0 ifn/, =0
(=)t +aand, L ooonl ,0,..0) il =1, (A7)

u—1>
_ (_1)n’1+...+nu71 5711& ;_17 0,... >

S n

e if the state u is occupied, applying ¢, decreases the occupancy number to 0,

and multiplies the status by the factor of £1.
e If the state u is unoccupied, then applying ¢, gives the zero vector.

With the definitions of creation/annihilation operators already established, we

can demonstrate the following anticommutation relations.

{éw, 0} = {C:ru Al (A.8)

and

{eu, e} = bun (A.9)
where, {-, -} denotes an anticommutator defined by
{A, B} — AB + BA. (A.10)

This anticommutation relations can be derived by taking matrix elements with
occupation number states. We will demonstrate that {éu,é:g} = dyp. Thus, we
consider creation/annihilation operators acting on the same single-particle state u

(oo feadh |l ) = (e () e g0,
X (i, .one—1, 1,010y (AL
0
=0p - 525525525,

using a similar calculation,

~

Cal ooyl ) = Gy OO B (A.12)

wr

ot
Cu

Now, adding these two previous Eqs. and using that §°, + 4!, = 1 we have
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<,nu,}{éu,él}|,n;,>:<,nu, ) (A.13)

Therefore,
{é,,el} =1. (A.14)

The next step is to prove that {éu, 6;5} = 0 for u # u. Thus, by taking elements

of the matrix:

A A / / _ N1+t nj+-4n! _ sny 50
< I P P cuc:r) ...,nu,...,nv,...>—(—1) ! ul(—=1)™m o1 00" Oy
/
><<...,1,...,nv,...‘...,nu,...,l,...>
i n 4-4n’ . eni sna Ny 51 Ny $0
= (—1)" w1 67 5n/2"‘(50“5%)“'(51”5%)'“
— (1) Frutittne—r gnign2 (50 g1 0 (50 g1
= (~1) o 317 (5%5%) (5%5%)
At A / / _ ni++ny— nf+-4n! . sngy sl
< STy« e oy Ny cicu ..,nu,...,nv,...>—(—1) 1 vei(=1)™ u 151”6%
!/
><<...,nu,...,0,...‘...,0,...,nv,...>

(—1)rut o 5;2 5;05 . (56%571%) .. (5?7152;)

A A R R G
(A.15)

The two equations differ by a factor of —1, so adding them gives zero, checking
{cu, CL} = 04y as stated in (A.9). We emphasize that due to the definitions of the cre-
ation and annihilation operators, the derivation of the fermionic anti-commutation
relations is rather tedious because of the (—1)) factors. Finally, we note that in
our work, the creation/annihilation operators can exhibit k-momentum, i site and
spin ¢ = £1 dependence. This appendix can be viewed at Ref. [65] as a free access

textbook and in the Refs. [66, 67].



Appendix B

Density of states (DOS)

Before making a study for high spatial dimensions, we will investigate the be-
havior of the €,(k) dispersion relation and its effects, depending on the spatial
dimension. The dispersion relation ¢, (k) for a d-dimensional simple cubic lattice is

formally presented as:

e (k) = 2t, Z cos(knpa), (B.1)

where a is the distance between the sites of lattice. If k, is independent of
each other, it implies that €, corresponds to an independent sum of 2t, cos(k,,).
This independent behavior can be seen in Fig. (B.1), where we show different DOS
from a 1-dimensional to 5-dimensional simple cubic lattice. In these dimensions the
dispersion relation is given by Eq. (B.1). In the case of d < 3, we can see that the
DOS is governed by van Hove’s singularities and its configuration is very different
from the Gaussian distribution obtained in d — co. Now if we look at the case of
lattice with spatial dimensions higher than three (d > 3) we can see that the DOS
is closer to a well-defined Gaussian dispersion. The fact that in a spatial dimension
lattice five (d = 5) has a Gaussian type DOS allows us to approximate all other
remaining dimensions greater than five (d > 5) , such as infinite spatial dimension

lattice (d — o0).
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Figure B.1: DOS as function of w of free electrons in a simple lattice
from one dimension to d — oo.

The limit of infinite spatial dimension (d — o0), that is, the limit where the
coordination number Z tends to infinity, allows the construction of a dynamic mean
field theory, where the propagator G(w), the > (w) self-energy and partition function
are the most important quantities to obtain. Since the self-energies are dynamic,
the results in d — oo are also, thus allowing to write the effects of correlations such
as metal-insulator transitions, effect of temperatures on transport properties, dy-
namic excitations particle-hole in optical conductivity, and others interesting physic
problems [59, 60, 61, 62, 63].

When we are in a high spatial dimension (d — oo) we can transform the sum

of momentum into an integral, where the DOS becomes a constant of integration.
This DOS is given as

1

- B.2
P=5p (B.2)

where D correspond to the spatial dimension and the f(d)-bands become inte-

gration variables so we can define the following.

e The conduction band is given by
ca(k) = €. (B.3)
e When include the nesting term Q, the conduction band is
ek +Q) = —e (B.4)

e We also have to find the relations between the f-bands (o and 5 ). First

there is a band-centering term called ey = 0.3. So each of the bands can be
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written as,

E}((k) = €f + Ef(k) (B5)
where e = —0.3e. Therefore, the o and 8 bands are given by
E¢(k) = 0.3 —0.3¢ (B.6)

and
E{ (k) = 0.3 — 0.3e. (B.7)

e When we include the nesting term the dispersion relations are
Ef(k+Q)=0,3+0,3¢ (B.8)

and
E{(k+Q)=0,3+0,3e. (B.9)

Finality, the bands are represented by terms that do not have k-momentum

dependence, lowering the complexity of system.



Appendix C

Mean Field Approximation

A study of particle interactions can often be very complicated, because the in-
dividual motion of a particle depends on the spatial positions of the surrounding
particles, which form a system, for example, in charged particle systems that have
interaction between them through the Coulombian forces. However, being a very
complicated problem, today we have solutions to problems that do not include corre-
lation between electrons, which allows us to develop good approximations to various
physical systems of interest. In certain case studies, we can consider average cor-
relations between electrons, thus allowing the effects of one particle on another to
be described by an average density or medium field, thus creating a problem of a
particle embedded in a effective mean field. The Fig. (C.1) shows the general idea of
a particle immersed in an effective mean field. However, there are a wide variety of
examples using this mean field method and its applications allow us to show various

physical phenomena.

Motivated by the nesting effects found on the Fermi surface (FS) in the HO state
in the composite URu,Si; and by the type of symmetry that can be broken in the
proposed model to describe this system, the suggested OP to characterize the HO

state is given by the correlation function as,

2% NZ X o). (C.1)

In order to describe the exotic SDW state in 5 f electron systems, we can consider

explicitly the nesting effect of the F'S found experimentally, so

2K = 2% 504 (C.2)
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L
T
-

Figure C.1: Representation of the mean field idea. On the left we show
a real physical system in which it has correlation between all particles.
In the right figure we show a particle (black color) which is in interaction
with the rest of the particles (gray color) through an effective field.

If it were nonzero, it would represent a special kind of inter-orbital spin wave
density (IOSDW) or exotic SDW. An mean field approximation consists in consid-
ering that the deviations of the values assumed by a variable in relation to its mean
value are small. This consideration serves to "uncouple" product from operators.
Generally given two operators A;, we can write A; = (A4;) + JA;, this allows we to

make a problem self-consistent when we have two operators

A1 Ay = (A1) As + (A) Ay — (Ay) (Ao) . (C.3)

Then, the mean values of the operators appear in the Hamiltonian itself, which
must be calculated. The general representation of Green’s functions for two bands

X, X of itinerant f-electrons with spin o are given as,

WGSY, (K, w) = GG (£, H; X)) (C.4)

or also

CL)G?‘);‘:UO'/(ky kK w)= (Sk,k’(sggl(SXX/ + <<[ffég, ﬁl] >>w + ({ [flfﬁ, ﬁg} ) 4. (Ch)

w

With mean field theory we can find the various OP of both the conventional
SDW states and the exotic SDW.



Appendix D

(zeneral formulation of two

conventional SDWs

We include an applied magnetic field oriented to the z-axis, which introduce an

additional term into the Hamiltonian H.,, = H!, + H d ., where
Hly = =T Y (Flyfies + flyfies) (D.1)
k
with
Ff = gf,uBhI. (DQ)

The term H d . is the same as Eq. (D.1), except that the f operators and the

e

gyromagnetic factor gy are replaced by doperators and g4, respectively. The temporal
and spatial Fourier transform of the single-electron f-f Green’s function, within the

Hartree-Fock approximation, satisfy the equations of motion given by:
[w = BF(k) ] GF (kK w) = 6% Gp0 G

+ Val(k) G oo (kK w) — Ty G (kK w)
+03 GIY i (k+ QK w)

(D.3)
and
[ w = E}/é)(k) ] G?}i{;,a&k? k/,UJ) - 5/87X/ 6k,k’ 50',0’
+ V() G;‘}jo_,a,(k, K, w)— Ty Gj};ﬁf’_w,(k, K w)
+ol GTX L (k+ QK w).
(D.4)
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The spin-independent Hartree-Fock dispersion relation E}‘ (k) is given by

X X n}C/ XX n}(l
EX(k) = Ef(k) + Y (U= )y (1= 0%) + U~ (D.5)
X/
where the real function ¢X is given by

ox = Z (Umxln(—a) + (U = J)mX(1 — 6X’X/)77(0)). (D.6)

X/

The mixed f-d Green’s function satisfies the equation below

[w — e(k) ] G ook K, w) = Va(k) G3X (k. K, w)

f7U7U’

+ Va(k)* G (kK w) =Ty G, (kK w). (D.7)

We will choose a basis set for the f orbitals, such that Vz(k) = 0 and V, (k) =
V, simply to avoid the transformation to a new basis set. The choice of basis
states should not change the main physical results, as discussed in ref. [7]. The
Green’s function equation of motions given in Eqs. (F.44)-(F.46) form a closed set
of equations, which can be solved exactly. The equations can be expressed in the

matrix form

(k) O (k K, 0) = 8V (k. ) (D.8)
where /
C{}(}C,UJ’ (k7 k’7 w)
, XX , k k’
G (k K, w) = fo;jxfi (et Q’, )
N Glff,fcm/(k’ k', w)
G?}i—aa’(k + Q? k,7 w)
I (k,w) =
w- By -k ey 7 (k) 0
—05 w—Ef(k+Q) - &N (k+ Q) 0 7 (k+Q)
7 (k) 0 w— Ef(k) - &(k) i —¢X, /
0 7(k+Q) —¢X, w-Ef(k+Q) - &k +Q)
and
6XX/ 5k,k’5aa’

!
X Okt k000
!
OXX 5k,k’57cro"

N i Q0o

éx (k7 k7) =
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with £X(k) = E4(k) (e + (1 — 05)), (k) = 3 (k) (Oya + (1 — dys)) where

X _ (w — €ea(k)) |Vx|2
W= a0y 12

(D.9)

and )
L'y |Vx |

(w—ea(k))? = TG

(k) =Ty - (D.10)

Now, when V3 = 0, by using Eq. (D.8), the Green’s function can be explicitly

written as
G (kK W) = 6%V B 100,00 %
[Dg_o(w, k) (w— Ef (k+Q)) — T%(w — E{ (k))]
, (D.11)
| AP
Bx’ ) Bx’ [F%Qslia + ngpgfa (wv k)]
fo,UO'/(k + Q? k ,CL)) =0 5k+Q,k’5cro’ X |A5| (D12>
where
Dg,(w,k) = (w— E{(k + Q))(w — E} (k) — () (D.13)
and
|A%] = Dg,(w, k)Dg_, (w, k) + T — 2¢7¢7,]
—I'#(w— B} (k) + (w— E{(k+ Q). (D.14)
Moreover K
G?;{O_(j/(k, k’, W) = 5axlék,ka5aal%fl?{7(w, k), (D15)
o , o N w—ek))(w—ek+Q
Gf}iao’(k—i_cb k >w) = o™ 5k+Q,k’5aa/A2a(w7 k) X ( ( ))(|Aa| ( )) (D16>

where

AL (w, k) = D§(w,k)(D§ (w.k+ Q))* — (1 (k + Q))°
x D (w,k)(w — e(k +Q))* = (¢2,)°Dg (w, k + Q)
x (w—ek+Q))(w—ek)) (D.17)



D. General formulation of two conventional SDWs 67

and

A3, (w, k) = ¢3[Df (w, k) Df (w, k + Q) = (¢2,)*(w — €(k))
X (w—ek+ Q)]+ o2 r" (k) (k + Q)(w —e(k))
x (w—ek+Q)) (D.18)

with

A% = [Dg (w, k) Df (w, k + Q) — (62,)*(w — e(k + Q))(w — e(k))]
[D§ (w, k) DG (w, k + Q) = (65)* x (w — e(k + Q))(w — e(k))]
+[(0* (k) (7 (k + Q))* — 2850 1 (K)r* (k + Q)] x
(w—e(k)*(w — e(k + Q))* = (4" (k)*(Dg (w, k + Q))*(w — e(k))*
— (1 (k + Q))*(Df (w, k))*(w — e(k + Q))* (D.19)

where ¢X, 7*(k) and D§(w,k) are defined in Egs. (E.10), (??) and (D.26), re-
spectively. From the equations |A”| = 0 and |A%| = 0, the spin independent quasi-
particles energies E7 where 7 is the number of solutions. For ~¢(k) ~ I'y and
&k) = (w“/e#( the equation |A?| = 0 has v = 1...4 while |A%| = 0 has v =1...8.
Thus, the Green’s function G??U(k, k + Q,w) with h, = 0 acquires a simple form

given by: N N
Br*&)P* | |B (k)]
0k k — g (- D.2
fo,o‘( ) +Q7w) ¢a’ (W—E+(k) +W—E_(k) ( 0)
where the spin-independent quasi-particle bands F. (k) are
Ef (k) + Ef(k +
Ey (k) = ( (k) 2f( Q)) + X (D.21)
with
EY (k) — B (k +
Xy = \/ (k) 2f< Q + (Um? + Jm$)? (D.22)
and the spectral weights |B*(k)|2 in Eq. (D.20) found as
~ 9 1 1
|B=(k)|* = £ ) (D.23)

2

2 [ Eta0-5°
\/—Ef O L Uml + Tms)?

Meanwhile, the a-band has no simple form for the Green’s function G%% ¢ (kk+



Q,w),
o  alw—ei(k)(w—ek +Q))
GSro(kk+Q,w) = g5 Do(w k)
with
D(k,w) = D%(w,k) DS (w, k+ Q)
—(Um§ + Jm})*(w — eq(k)) (w — ea(k + Q))
and

Dj(k,w) = (w— E7(k)) (w—ea(k)) - Vol

The equation of motion for Green’s function are in Appendix (F).

(D.24)

(D.25)

(D.26)



Appendix E

Formulation of two conventional
SDWs and one Exotic SDW

We assume the intra-orbital spin density wave (for both y-orbitals) and the spin-
dependent inter-orbital density wave instabilities occur at the same nesting vector
Q of the cubic lattice. Therefore, for the correlations functions give in Eqgs. (2.22)

and (2.23), we make the ansatz:

2% = 25%04q (B.1)
and
nXs = ng‘xéq,g—l-nggéq@. (E.2)

In order to describe the system we must use Green’s function theory (see Ap-
pendix (F) and Appendix (F.2)). Thus, the complete set is given by the spatial
and temporal Fourier transform of the single electron Green function to x = a and

X = (8 by the equation of motion of the form

W — B, (k)]G (kK w) = 6%V b o
HVak)GX (kK w) + 57 GTY (k+ QK w) (E.3)
+0°Q . GHS (k + Q. K, w)
and

w— B ()]G (kK w) = 6% f 1o

ffo
+Va(K)GY, (kK w) + w1 GTY (k- QK \w) (E.4)
+¢g€aG?}>§g (k - Q7 k,a W),
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[w—&k)] G, (kK w) =

w A (E.5)
Vo (k)G (kK w) + Va(k)* G (kK w),

The temporal and spatial Fourier transform of the single-electron f-f Green’s
functions is completed with the mixed f-d Green’s function equation of motion (see

Eq. (?7?)) given a closed set which can be solved within a matricial formalism. Thus,
one has

Gk, K, w) = (I(k,w)) ik, k) (E.6)
where G(k, k’,w) is describe by

G;‘;{U(k, K, w)
Gk K. w) = Gafi?}‘,a(k, K, Cf)
trok+ QK w)
GHY,(k+QK,w)
and d(k, k') as
5N i xe
5Bx’5k’k,
0 Dy
X S que

é(ka k/) =

The term I7(k,w) is a matrix given by

w = B9, (k) - £ (k) o ~0°Q.0 —Kp
0 w— Ej, (k) - (k) K0 —¢77
—0%G, (9. w- B, ktQ-8k+Q U
—(Kgy)" —074., 0 w—E(k+Q) - (k+Q)

In the matrix I1(k,w) the mean field dispersion relation EJ)f(k) is given by

EY,(k) = EY(k)—oH!+

One also has

VAl®

fx(k,W) = W — Eda(k)

[Oxa + (1 = 0yp)] (E.8)
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with €4, (k) = e(k) — o H?. The gaps m’j/éﬂ and oY  in the matrix I1(k,w) are

Nea

given as
KX Sy =T 285, — (U —J) 258 (E.9)
and
YO =NT(U X+ (U= J) ndX (1 — 69X, (E.10)
—Qo Q,—0o Q,o0
Xl

The Green functions necessary to obtain the IOSDW and AF order parameters can
be obtained directly from the Eq. (E.6). Therefore, G?z(k, k + Q,w) is given as

Gk k+ Qw) = D, (k,Q,w) x [|x%% >~
(w— B}, (k+Q)|s’G,l(w—Ef,(k+ Q) — & (k+ Q))
+ ‘ g%,o‘”'%éta,aHQSéﬁ 7o‘|]' (Ell)

While G54 (k, k + Q,w) and G?i(k, k + Q,w) are:

% (k,k + Qu) = D; ' (k, Q,w) x [|674,, *10°%.,]
— (w— B} (k+Q))|¢*q. | (w — EY, (k)
— K% Pl070,)] (E.12)

and

G+ Quw) = D, Q) x 6,167,
— (W — B3, (k) — £(k))|0"%,|(w — B3, (k+ Q) — £k + Q))
— k%% 12167, 1] (E13)
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The term D, (k,Q,w) in Egs. (E.11)-(E.12) and (E.13) is explicitly given as:

D,(k,Qw) = [(w — E}, (k) — £*(k))(w — E, (k))x
(w—Ef,(k+Q) - &k +Q))(w— Ej,(k+ Q)]
— [0 P (w = B, (k) — £(K)(w — B/, (k+ Q)
— kg (w = B, (k) (w — Ef, (k+ Q) — £*(k + Q))—
(0740) (w — Ef, (k) — £ (k) (w — EF, (k+ Q) — *(k + Q)
— (0°4,0) (w — B, (k) (w — Ef, (k+ Q)+
(0740 (070..)" = (0°4.) (067G ) (15G 1" + K9G ,7)
+ kg Pt g.l% (E.14)

The equation of motion for Green’s function are in Appendix (F).



Appendix F

Equations of motion of Green’s

function

F.1 Coulombian (U) and Exchange (/) interactions

We can describe by the theory of Zubarev’s Green equations of motion that the
Hamiltonian of Coulombian and Exchange interactions in Hartree-Fock approxima-

tion theory can be expressed as

H—z( )ZZZ X R R kX ) (F)

kk/ q,0 x=x'

Introducing the property
néa = nXdo.q (F.2)

in the previous Hamiltonian we have after that

~ U
Hy it = <§> Z Z an fk —o T
k.o x=x'
U /
(5) 2 ian, = (5) San
k,o x=x’'
now, by assembling the equations with the fy, operator,
X o U X/ X U X// X
|:fk,o" Hl,int:| = 5 Z Z Ny |:fk,<77 k'’ —a’fk’ —o' :| 5 Z Z n_ g |:fk,cr’ k/, —U’fk’ —0':| :
k/70', X/Xl/ kl’o./ X/X//
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depreciating the last additive term because it does not affect the system. Like this

[fff,m I:Il,int] = % Z Z ”§;5k,k'5a,—o’5xxu flf//,/fa’ + % Z Z ng;’(sk’k'(s”’”/(SXX/ flg"’/'

k/7o-/ X/X// k/,O'l X/X//
therefore

2 U ! U "
] = 5 w5 D s,
x=x"

X'=x
X Y] = U ST f, (F.4)
X'=x

The second term of the interacting Hamiltonian is given by

A~ U —_— J 2 ’ / /
ais = (U5 ) E 5 S oY oot fao R ¥asl (£

kk’ q,0 x#x’

and using the property (F.2) again we can write that

= (5SS it + (1) T3 s

k.o x#x’ ko x#X'
2
Like this,
2 U - J / " 1"
[flio‘aHl,int] = <—2 ) Z Z ng, |:f1§70, i?falf1§701:| +
k/ 0—/ X’#X"
Uu—-J " /
(Y52 S o [ s o

what is equal to

- Uu—-J / "y
[flf,mHl,im] = (T) Z Z n;(’ék,k’éaa"(sxx fffgo/—k

k/ ,O'l X/;éxll

_U —J " / ’
( 2 ) Z Z n;([ 51(,#’500’5)0( fl)f/’a-/ (FS)

k/70'/ X/¢X//
then, the bracket is describe as

[fﬁig,ﬁl,mt} = (%) Z nffifﬁ(lg‘i‘ (%) Z ni-‘”fﬁ‘,a-

X#X X' #x"
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Finally, we have that

[f]iguﬁl,int] =U—-1J) Z nf,(/flfp.

X#X

The third term of the Hamiltonian is written as

i = (3) 5 oo K Bt o (£

kk/ qo

and again using the property (F.2) we have to

Hg,mt = ( ) Z Z nx O’fk Y (%) Z Z fiﬁféan’fg n?nf(,, (F].O)
ko x

S0,

N J /
[fl)émHg,mt] = <§> Z Zn?, [flf,m o X _U}
K., X
J , .
(5) ZZ“KU’ |:fl>{(,o'7 liafo'lfli</7o—/ 5 (F.ll)

k/ 7o—/ X/

what is equal to

- J / /
[fli(,aa HS,int] = (5) Z Z 7/1‘37(’(sk,k’éa,fa’éxx f]i(ﬁ‘i‘

k' ,o' X'
J , ,
ko' X'
hence
(R By = IR, (F.13)

For our fourth term we need the following property

2 = Z Caohio) (F.14)
in which it is realized that
zgfg* zfé}o. (F.15)
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The previous property allow the [ﬂ,mt Hamiltonian to be written as

. U-J
Hyint = (T) Z Z Z Zéxa k'— Qafk’ fk+Q Ufkcr Qo o zé"ngé o)

kk’ Q.0 x#X’
(F.16)
equal to
Uu—-1J Uu—-1J
= (57 ) DX f( )zz S faefie
k Qo x#X k Qo x#X
()X "7
Q.0 x#x'
like this
2 U (] / //
|:f1§7J7H4,znt - ( > ZQU |:ka7 Qa’ fk’ ’i| (F18)
k/ 0./ X/ X//
(LT T [lariind]
k/ Q 0—/ X’#X"
so, we have
U J / // 1" /
e i) = (S5 ) > 2 et f, (F9)
k/ #x"
U J // /
< ) Z—Q o 5k k/+Q(50'0"5 fk’ /. (FQO)
k' Q.o x'#xX"
hence
- Uu—-1J Uu—J
|:f1§7ng47int:| = (—2 )Zxxfk+QU+ (—2 ) ZXX fk Qo (F.21)
Finally

o Hind| = (U = NZE5 s (F.22)

the end term is given by

H=( )zzzz RS R R XXX (F23)

kk’ qo x#x’
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and using the property (F.2)

H5,int:( )ZZZZXX Q o'fk U+ZZZ +QO' k/U fé—a

k Qo x#x' k Qo x#X
— zéiﬁz’fé - (F.24)

which can be written as

Z Z§Q><7—a'/ [fl)éo-a f K+Q,o’ flic/ﬁ/] , (F25)

this is equal to

[fk o) 47,nt:| = (%) Z Z Z Zé:ﬁlllék,k’—Qda,—a(SXX”ff{‘,:_cr/

k' Q.o x'#x"

ZZ Z ZKHQX’/,U/6k,k’+Q50,06XX/f1><<’/:a" (F26>

Once we have done each of the bracket calculations joining only one interaction

Hamiltonian we finally have to

J ’ ’ J ’ ’
R Fan] = 5282 o Frqo + 5780 aur (F.27)

With the previous bracket we can write our Green functions for the y = a bands,
W5 [0} = g 0™ 4+ (U = T) > ¥ (s f5,0)), +
X/
U 0 (s Fio ), + 0, ((iloi Reo)), +
X/

(U —J) Zz (rqoi o)+ T28 0 (e FS o))

SO

waf oo’ (k7 k/7w) = 5k7k’500'5ax U J ZnBfo oo’ k kluw)+

UZnX G o (kK W) + T ,GY 0 (K, K w)—
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(U = D)2y, G (k+ QK w) + J25 GH (kK w),

joining terms

G?}(UU (k, k', w)+

w—(U=0Y nf-U> n’, +Jn%,
B B

|:<U - J)chfg - JZSé—U] Gﬁx (k + QJ kl? (,4)) - 5k,k’6oa’5aX/

ffoo!

Now, introducing

ﬁf,O—ZZEX fko’?

therefore, the Green function is

w—[EfK)+ (U =) nf-UY n?,]- Jna/}] GFY o (kK w)+
B

(U = DZG = T4 Gk QK w) = Sirodrgrd™

In the last equation for any x band, we can define that

Ef, (k)= |w—[Efk)+ (U—=T)> nf-UY n’,]- 2Jn2ﬂ] (F.28)
B B
and
KJQU [(U J)ZQU — ng?ﬂ,} : (F.29)

The previous equations allow to write a set of matrix-coupled Green’s function,

as in Cap. 2.

F.2 External magnetic field H,

The magnetic field Hamiltonian, H?

ext?

a:, =T, ZZ e (F.30)

where I', = —g.upo.h.. We considerate y = a and x’ = [ and after we have that

for f-electrons is in Eq. (2.8) and this is
the given by

o Hoy) =T ZZ o B 1 ] (F.31)
X’
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g H) =T ) 0% 0r0use S o (F.32)
k/ Xl

[fk o) ext] r fka (FSS)
after we can to write that
<<[fl?,o? e:vt] fk/ />>w = FZG?}(,O'U’<k7 kl? (,U) (F34>

thus
<<[fka7 emt] fk’ ’>> =T G?}Cag (k7k/>w)‘ (F35)

Therefore, we can describe the dispersion relation for y = «, 8 us,

E} (k) = B}, (k) = T. — pu. (F.36)

F.3 External magnetic field H,

The magnetic field Hamiltonian, HZ,, for f-electrons is in Eq. (2.6) and this is

ext)

given by
_ T T
Hy=T0 ) Y ANR +Ta ) YRR (F.37)
k x k X

where ', = —g,uph,, thus

[fko’ ext F ZZ fka? Tfk’

(F.38)
+1% Z Z Jeo ¢fk/
[fka’ ext F 225 X(SUTékk'fk’

(F.39)

+Fz Z Z 0 X 50,¢5k,k’fk/¢7

k/ X,

[fios o, =T 0ot fie, + Taloy iy (F.40)
(o HEtd FS o)), = D00t (fitys F5000) F1)

20 (o FS ) -
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Finally we have that

(fieos Bl 8 o)), = Dob01 G} o (K K )

; (F.42)
+Fz50’¢G?}<’TJ/ (k, k/, w)

or
(fito Hlatl: S o)), = TG} (kK ). (F.43)

We assume the intra-orbital SDW instabilities (for both y-orbitals) and the spin-
dependent inter-orbital density wave occur at the same nesting vector Q. As conse-
quence, the temporal and spatial Fourier transform of the single-electron f-f Green’s

function satisfy the equations of motion given by:

[w - Eg,f(k)]G?})f;U’ (k7 kl: CO) = 6a7x,6k,k’ 50’,0’
+Va(K) G o (k K w) + 678 G (k+ QK w) (F.44)

+0,G5 (kK w) + 699 G0 (k+ QK w)

and

w— B2 W))GHS (kK w) = 67X 81065,
+Va(K) Gy o (kK w) + 6% ,GEX L (k+ QK w) (F.45)

DG (kK w) + 67 G (k+ QK w).

when the I', is increasing. To complete the set of Green’s functions, the mixed

f — d Green’s function is found to satisfy the equation given below

[w — Ek)] Gy (kK w) =

Va(k)*G?}’f;a, (k,K,w) + Vg(k)*G’?f’iM, (k, K, w).

(F.46)

Now we can to write that,

[w - Eg,f(k) - Nl?,?f]G(;ﬁ(t;a’(ka k/a (.d) = 5Q7X/6k,k’ 50,0’
+e02 GO (K w) + K7 G (k+ QK w) (F.47)
+F$G?,f)f/*fﬂ7/ (k’ kl’ w) + g%’aG?}(,/aJ’ (k + Q> k/’ w)

with k — k + Q in the Eq. (F.47)

w—EZ;(k+Q) = &LqolGifoe (k+ QK w) =
0N S Qe + Gt o0 oo (k + QK w)
7% GG o (kK w) + TG, (k+ QK w)

098 0 G o (K K, ),

(F.48)
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doing 0 — —o in Eq. (F.47),

w— B2, (k) = 62,165, (kK w) =

5N s Voo + G G g (K K )
k+QK,w)
k+Q,k,w)

’

Ba Byx
T2q, oG,

—a'a’(

’

+FmG?}),<O'U’ (k7 kl? w) + ¢3%170G?}<7_‘70/(

and with k -+ k 4+ Q and ¢ — —o we have that

w— B, p(k+ Q) — &G,k + QK w) =
N s Quedoo + 65 q oG oo (K+ QK. w)
67 Gl g (kK w)

.G o (k+ QK w) + 624 oG5 0 (kK w).

For -band we have the next Green function

[w - Efvf(k) - ~£7BU]G?J}7<;U’ (k7 kl7 UJ) = 6B7X/§k,k’6o',a’
+£ﬁf7G?}C7U<T’ (k’ k/’ w) + "{(iﬂQ,aG?ﬁaa’ (k + Qv k/’ W)

LG (kK w) + 0P G (k+ QK w)
also with k — k + Q in the Eq. (F.50)

[OJ — Eg,f(k + Q) - gﬁﬁQ,o—]G?})ﬁJo" (k + Q’ k/’ OJ) =
5’6’X/($k+Q,k’ 66,0/ + ggﬁQ,aG?}(,aa’ (k +Q, kl’ w)
TG 0 O o (e K 0) + T2 G (k4 QUK )
+¢€%,UG?X (k, K, w)

froo’

we can do that 0 — —o in Eq. (F.50),

’

[W - Eég,f(k) - ~1§7B—U]G?;’)f kv k/,UJ) =

0PN G + &7 LGYY o (kK w)

R G (k + QK w)

y—o ff,—oo’

+FZG?’f>f;U, (k, K, w) + (b/i%:—aG?}(:,go'(k +Q.kl,w)

—00/(

withk > k+Qand 0 - —0o

W= Bk +Q) ~ g G (k+ QK w) =
07X Sy Quedgor + fﬁfQ,aG?}iw/(k +QKw)
R Gk K W) + TG (k4 QK w)
SO )

(F.49)

(F.50)

(F.51)

(F.52)

(F.53)

(F.54)

The Green’s function equation of motion given in Eqs. (F.44)-(F.46) form a closed

set which can be solved within a matricial formalism.
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