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Rabi-resonant behavior of periodically-driven correlated fermion systems
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4.3 Description of the scientific achievement

4.3.1 Introduction

The emergent behavior of correlated fermions leading to the appearance of various complex phases,
e.g. magnetism or superconductivity, focuses attention of physicists, both experimentalists and the-
orists, for decades. Despite the increasingly precise investigations of materials under extreme condi-
tions of low temperatures, high pressures, controllable doping as well as non-equilibrium excitation,
a complete theoretical understanding of the microscopic mechanisms governing phase formation is
still, to say the least, incomplete. The difficulties begin at the stage of phase definition. Many phase
transitions can be described in the language of the well-established Landau theory and concepts
such as spontaneous symmetry breaking and the order parameter. However, it has recently become
clear that it is important to extend apparatus for the phase transition analysis to include topological
order[1] as well as non-equilibrium phenomena [2].

Phase transitions occurring in systems close to the equilibrium state are subject to certain uni-
versal laws in the vicinity of special points on the phase diagram. The situation changes dramatically
when we study systems in non-equilibrium conditions. The analysis of strongly interacting systems
is then particularly difficult. Additional issues arise when interacting systems with topological or-
der are studied. Therefore, the investigation of emergent phenomena in quantum matter, such as
the formation of phases, the characterization of transformations between them, and predicting their
properties in response to nonequilibrium perturbations, often requires special models and adequate
methods of their analysis. For these reasons, in the research constituting the basis of the scientific
achievement Phases and phase transitions in correlated fermion systems at and out of equilibrium, I
propose a theoretical insight into the nature of selected phases (also topological) and phase transi-
tions (also dynamic) observed experimentally or realized by simplified many-body models in systems
of correlated fermions in and out of equilibrium.

According to the logic of usually consecutive research stages, the research areas of the scien-
tific achievement can be divided into three groups presented in Fig. 1. For natural reasons, the
implementation of particular stages listed in Fig. 1 (e.g. model selection/construction) is somehow
automatically known in some works from the subject literature (e.g. the choice of the Hubbard model
in order to address Mott physics in [p5-p7]), and in others it is a key achievement (e.g. proposing
the d-p model to describe itinerant ferromagnetism in metallic magnetic compounds in [p1]). On the
other hand, a clearer picture of my scientific achievement can be obtained by following the motivation
of the research carried out in the works [p1-p7].

Research in [p1-p3] was motivated by ongoing experiments suggesting phase transitions induced
by pressure change between ferromagnetic (FM) and antiferromagnetic (AFM) phases (or, in general,
spatially modulated magnetic phase) in LaCrGe3 [3], USb2 [4] and La5Co2Ge3 [5]. Aim of these works
was to provide a convincing microscopic understanding of the observed phenomena. In achieving this
goal, it turned out to be crucial to define the minimum set of elements characterizing the behavior
of correlated electrons in the d or f shells in the mentioned compounds, as well as to prove that the

Selection/construction of models realizing
studied phases and transitions, and their

analysis [p1-p7]


Selection of known and/or development of
new many-body tools for specific problems

[p4-p6]


Interpretation and description of
the properties of quantum matter

[p1, p2, p3, p5]

Investigations of phases and phase
transitions in correlated fermion systems

Figure 1: Schematic division of consecutive research stages concerning my investigations on phases
and phase transitions in correlated fermion systems constituting the presented scientific achievement.
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models constructed on this basis lead to a consistent interpretation of the experimental results.
Next, a partial motivation of the research undertaken in the works [p4-p6] was the development of

new, numerically efficient many-body methods that can capture detailed description of selected phases
and phase transitions in models of correlated fermions. The most accurate many-body methods for
describing correlated fermions usually require enormous computing power to capture the properties
of only the simplest systems[6]. The problem is even more complicated in the case of dynamic
phenomena. This is because many-body tools, numerically accessible for description of equilibrium
systems, in case of nonequilibrium conditions allow only for very short simulation times of correlated
fermions (e.g. dynamic mean field theory [7]). For these reasons, it is very important to develop
alternative tools that allow for numerically efficient analysis of the properties of many-body models
with an accuracy close to recognized rigorous methods.

Finally, the research in [p4-p7] was motivated by the challenge of understanding the unique
properties of selected correlated fermion systems under both equilibrium and non-equilibrium con-
ditions that can be attributed to specific features of many-body interactions. In this perspective, in
the work [p4] I focused on phenomena related to non-local correlation effects 1. On the other hand,
in [p5-p7] my research focused on understanding the behavior of high-energy quantum fluctuations
2 (leading to the exchange spin interaction [8]) in connection with Mott physics in both equilibrium
and non-equilibrium situations.

Following detailed description of scientific achievement is organized as follows. Chapter 4.3.2
discusses the minimal many-body models analyzed in the works [p1, p3-p7] for the description of
particular phases and phase transitions in correlated fermion systems. Chapter 4.3.3 introduces the
classification of many-body numerical methods on the level of the single-particle Green’s function.
This classification is useful for describing the methods developed, generalized, or used in [p1, p3-p6].
Chapter 4.3.4 provides a detailed description of the results of works [p1-p7]. The description of the
achievement ends with a summary in Chapter 4.3.5.

1Non-local correlation effects are manifested as the dependence of self-energy on momentum in a single-particle
Green’s function - for details see Section 4.3.3

2Their effect on the single-particle level is incorporated in the self-energy via full dependence on frequency - for
details see Section 4.3.3
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4.3.2 Models of correlated fermions

An important example of correlated fermion systems on a lattice are compounds with electrons
on partially filled d or f shells. The localized nature of these orbitals provides that the leading
effect of the Coulomb repulsion between electrons is a strong onsite interaction called the Hubbard
interaction. In the Hamiltonian, describing the system in the language of the second quantization,
this interaction takes a following form

Hint = U
∑
i

ni↑αni↓α, (1)

where niσα is a number operator of fermions with spin σ = {↑, ↓} on the α orbital and i lattice site,
and U parametrizes the amplitude of interaction.

The presence of strong interaction of this type is a challenge for the theoretical description. This
is because the popular and effective methods of the density functional theory (DFT), which allow to
capture the complex crystal and orbital structure of chemical compounds, do not handle well the full
effects of strong interaction. Even the combination of the DFT approach with many-body method
that takes into account the complex effects of interactions (such as, for example, the spin exchange
interaction) for the price of involving huge computational resources, suffer from the infamous, still
unsolved problem of double counting of correlation effects [9]. At the same time, it should be noted
that, despite some problems, DFT methods provide valuable insight into understanding of correlated
fermions systems, e.g. as it is the case in the work [p2].

For these reasons, often, in order to understand the properties of d or f electron materials, it
is important to study minimal, but accounting for Hubbard interaction, models that capture the
essential features of the particular system. Limiting the number of degrees of freedom in a given
situation allows for a relatively accurate and transparent theoretical analysis of the mechanisms
leading to a particular behavior. The simplest model, which describes the repulsive d electrons
moving on the crystal lattice, is the single orbital Hubbard model:

HHM = HT +Hint =
∑
ijσ

tijc
†
iσcjσ + U

∑
i

ni↑ni↓ (2)

where operators c†iσ and ciσ, respectively, create and annihilate fermion with a spin σ on i lattice
site (hence niσ ≡ c†iσciσ), and tij is the hopping integral. Although, this model has a relatively
simple structure, there is no exact solution in arbitrary number of dimensions. Nevertheless, many
approximate (and even accurate in the limit of the infinite number of dimensions [10]) numerical
many-body methods have been developed allowing for fairly precise prediction of the properties of
the Hubbard model [6] (see Chapter 4.3.3), in particular regarding the realized Mott insulator state
and emergent broken symmetry states such as magnetism or superconductivity. Worth mentioning is
that phase diagram obtained for this model allows for semi-quantitative interpretation of observation
of all mentioned phases in hole-doped high temperature copper-based superconductors (e.g. [11]).

Experiments with cold fermion atomic gases trapped in optical lattices showing that these can
simulate Hubbard model opened up a completely new perspective for research. Namely, high control
over microscopic parameters such as e.g. interaction strength opened the possibility to study non-
equilibrium properties of the system in response to time-dependent changes. As a result, many
studies are focused on the experimental implementation of driven fermion systems [12, 13], but also
on purely theoretical, basic considerations [14, 15]. One of the key directions of research is the so-
called Floquet engineering, when in response to periodic modulation of microscopic parameters over
time, a system of correlated fermions on a certain time scale is described by a new, often exotic,
effectively time-independent Hamiltonian [16, 17]. Another direction of research is the analysis of
the dynamics of the system after a rapid change in microscopic parameters at a certain point in time
(quantum quench). Post-quench dynamics in Hubbard model revealed the spectacular phenomenon
of the dynamical Mott transition [14].
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The properties of the correlated fermions described by the Hubbard model were analyzed in
[p5-p7] in the context of Mott’s physics. Namely, in the work [p5] I proposed a new method for
describing the metal - Mott insulator transition, which I then generalized to the time domain in [p6]
where it allowed to describe the dynamical Mott transition. Additionally, in the work [p7] I analyzed
the behavior of the Mott insulator subjected to periodic modulation of the interaction amplitude.

A slightly more complicated model that allows to describe some properties of f -electron materials
is the Anderson lattice model (ALM):

HALM =
∑
kσ

εff
†
kσfkσ + U

∑
i

nfi↑n
f
i↓ +

∑
kσ

εkc
†
kσckσ +

∑
kσ

(
Vkf

†
kσckσ + H.c.

)
, (3)

where f operators refer to the f orbital states, and the c operators refer to the ligand band states.
The key feature of f -electron systems, large spatial separation between atoms with partially filled
f shell entails absence of direct hopping integral, property captured by the above model with the
non-dispersive energy level εf . The f -electrons, however, often delocalize by hybridizing (Vk) to the
conductance band (εk). Hamiltonian (3) is a minimal model for the description of f -electron systems
allowing for consistent explanation of the formation of many interesting phases observed in these
materials, such as heavy-fermion Fermi liquid [18], Kondo insulator [18, 19], heavy-fermion super-
conductor [20] or tricritical ferromagnet [21–23]. In the work [p3] I analyzed the Anderson lattice
model in the context of the phase transition between antiferromagnetism and ferromagnetism. On
the other hand, in [p4] the Anderson lattice model with spin-dependent hybridization was considered
in the context of topological phase transitions and metal-insulator transitions. Although nominally
proposed to describe f electron systems, the Anderson lattice model extended to include non-zero
dispersion of correlated fermions [εf → εfk in Eq. (3)] as discussed in the work [p1], can capture es-
sential properties of many d-electron metallic ferromagnets (then the f operators describe d-electron
states).
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4.3.3 Numerical many-body methods and related approximations

A great challenge in describing the properties of models with the Hubbard interaction is the correct
choice of the most effective many-body method offering a well-chosen type of approximation suited
to the problem under consideration. Probably the most commonly used classification of methods for
the problems of strongly correlated fermions is based on the imposed approximation at the level of
a single-particle Green’s function depending on the momentum k and the frequency ω, Gk(ω). In
the following, for demonstration purposes, the Hubbard model is considered. The correlation effects
in a single-particle Green’s function through the Dyson equation are accounted for by the physical
quantity called self energy Σk(ω),

Gk(ω) =
(
ω − εk − Σk(ω)

)−1
, (4)

where εk is the kinetic energy of fermions obtained, for example, from the tight-binding approximation[
i.e. for a square lattice with a hopping integral only to the nearest neighbors εk = −2t(cos kx +

cos ky)
]
. Calculating the dependence of self energy on both the frequency and the momentum in

arbitrary number of dimensions is an extremely complex task and most often requires approximations.
For this reason, two qualitative approximations are often imposed, either separately or in combination,
to simplify the calculations. The first is the assumption of the locality of the correlation effects (which
is formally exact in an infinite number of dimensions [24]), which boils down to the independence of
self energy on the momentum,

Σk(ω) ' Σ(ω). (5)

This approximation characterizes all (non-cluster) mean-field theories. The second widely used ap-
proximation is accounting for only coherent low-energy quantum fluctuations

Σk(ω) ' <Σk(0) + ω
∂<Σk(ω)

∂ω

∣∣∣
ω→0

, (6)

and requires only determination of <Σk(0) and ∂<Σk(ω)
∂ω

∣∣∣
ω→0

. This approximation leads to a quasi-
particle description of fermions, what is immediately manifested in a single-particle Green’s function,

Gk(ω) ' zk
ω − zk[εk −<Σk(0)]

(7)

where zk ≡ (1−∂<Σk/∂ω|ω→0)−1 is a quasiparticle weight. From the above form of a single-particle
Green’s function it follows that in this approximation fermions behave as if they do not interact, but
only have a normalized dispersion. This approximation is in heart of Landau’s theory of Fermi liquid
as well as diagrammatic expansion of Gutzwiller wave function method [25]; I will discuss the latter
method in more details in the next section. In the following, I will present a short analysis of the
variational methods based on the Gutzwiller wave function used in most of my works [p1, p3-p6]
on the example of the Hubbard model in relation to the introduced classification. Table 1 presents
a list of selected, popular many-body methods (methods used in my research in Table 1 are marked
in blue) that implement specific approximations on their self energy.

The Gutzwiller wave function is constructed from the Slater determinant |ψ0〉 modified by local
(on i lattice site) linear operators Pi,

|ψG〉 =
∏
i

Pi|ψ0〉. (8)

Linear operator Pi acts in local Fock space spanned by four possible configurations
|Γ〉i ∈ {|0〉i, | ↑〉i, | ↓〉i, | ↑↓〉i},

Pi =
∑

Γ

λΓ|Γ〉i i〈Γ|. (9)
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Σk(ω) ' Σk(ω) Σ(ω) <Σk(0) +ω ∂<Σk(ω)
∂ω

∣∣∣
ω→0

<Σ(0) + ω ∂<Σ(ω)
∂ω

∣∣∣
ω→0

Metoda
cDMFT,
DCA,VMC

DMFT,
GA+SWT DE-GWF GA

Table 1: List of many-body methods that implement specific approximations on a self-energy. The
methods used, extended or developed in the works being the subject of the scientific achievement
are marked in blue. Abbreviation list: cDMFT - cellular dynamical mean-field theory [26], DCA -
dynamical cluster approximation [26], VMC - variational Monte Carlo with Jastrow correlator [27],
DMFT - dynamical mean-field theory [10], GA+SWT - Gutzwiller approximation + Schrieffer-Wolff
transformation [p4], DE-GWF - diagrammatic expansion of Gutzwiller wave function [25], GA -
Gutzwiller approximation.

The idea behind the Gutzwiller wave function is a selection of an operator Pi in such a way that a
single variational parameter optimizes the probability of double occupations, which due to increasing
interactions should naturally decrease. A useful choice is the operator satisfying

P †i Pi = 1 + xdi. (10)

where x is a variational parameter and

di =
(
ni↑ − 〈ψ0|ni↑|ψ0〉

)(
ni↓ − 〈ψ0|ni↓|ψ0〉

)
. (11)

For example, the expectation value of a local operator on the site i (e.g. Hubbard interaction) with
respect to the Gutzwiller wave function can be expressed in a following manner [25]

〈ψG|Oi|ψG〉 =

∞∑
k=0

xk

k!

∑
l1,...,lk

′
〈ψ0|P †i OiPi dl1 ...dlk |ψ0〉, (12)

where primed sum denotes, l1 6= lk 6= i.
Despite the simplicity of the expression, the calculation of the right side of the equation (12)

is not possible in the thermodynamic limit, due to the summation of an infinite number of terms.
However, this summation can be executed for a finite lattice, which results in a natural truncation at
infinite sums in (12) and the effective optimization of the expectation values can be done using the
Monte Carlo method (a method known as variational Monte Carlo, VMC). Check of the accuracy
of the calculations accounts for the convergence test of the results with the increasing size of the
finite system. On the other hand, truncation in infinite sums as in the Diagrammatic Expansion of
the Gutzwiller Wave Function (DE-GWF) method [25] can be introduced by assuming vanishing of
the expectation values of single-particle operators with site indices i and j separated by a particular
distance (e.g. |i− j| > l), and by taking into account the finite number of sum of k elements in (12).
In this case, checking the accuracy of the calculations comes down to the convergence test of the
results depending on l and k. It turns out that some properties are already very well described even in
the zeroth order of expansion, k = called the Gutzwiller approximation (GA). This approximation is
very effective as it leads to concise analytical results for expectation values. Formally, the Gutzwiller
approximation takes into account only the local effects of the interaction and becomes variationally
exact in the infinite number of dimensions [24].

Regardless of the considered order of expansion, both GA and DE-GWF methods reduce the
problem of interacting fermions to the effective Hamiltonian describing free fermions with renormal-
ized characteristics. For example, for the Hubbard model methods lead to the following effective
Hamiltonian,

Heff ∼
∑
k,σ

qkεkc
†
kσckσ (13)

where qk is the Gutzwiller band narrowing factor, and in particular for GA is momentum independent,
qk = q. The single-particle Green’s function for such an effective Hamiltonian indicates that the
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variationally determined factor qk can be identified with the quasiparticle weight zk in eq. (7). For
this reason, both methods (GA and DE-GWF) are consistent with the approximation (6), and GA
additionally realizes assumption of the local (independent of the momentum) self-energy (5). In
the context of the Gutzwiller wave function method, the remark concerning the VMC method is in
place here. Nowadays, the VMC method accounts for the use of the variational Gutzwiller wave
function extended by the Jastrow correlator [27], which is able to take into account the properties
of the system beyond the quasiparticle approximation (6). Hence, in the table 1, the VMC method,
although limited by the finite size of the considered system, is classified as the one that takes into
account the full self energy of the correlated fermions.

For the Hubbard and related models, very important, though not explicitly falling into introduced
classification, is the method of canonical transformation. In the limit of strong interactions U � t in
the Hubbard model there can be singled out low-energy subspace (LES) without double occupations
and high-energy subspace (HES) with double occupations. Hopping operator Tij ≡

∑
σ(c†iσcjσ + H.c.)

on the bond 〈ij〉 can be divided into acting within LES and HES as well as subspace mixing parts.
Mixing terms can be formally defined as T̃ij ≡ P20TijP11 and T̃ †ij ≡ P11TijP20 where Pnm ≡ Pi;nPj;m+
(1− δnm)Pi;mPj;n, δnm is Kronecker delta and Pi;n is a projector on a site i with a configuration with
n ∈ {0, 1, 2} fermions. The method of canonical transformation accounts for removing the mixing
between subspaces in the leading order, what leads to an effective description in low-energy subspace
within the so-called t− J Hamiltonian [8],

Ht−J = −t
∑
ijσ

(1− niσ̄)c†iσcjσ(1− njσ̄) + J
∑
ij

Si · Sj, (14)

in which the spin exchange interaction with amplitude J = 4t2/U is the key feature. This interaction
originates from high-energy quantum fluctuations (virtual processes generated by mixing LES and
HES subspaces). These are automatically incorporated in the incoherent part of the self-energy
(in contrast to coherent quasiparticle part) when its full dependence on the frequency is included[
as in the dynamical mean-field theory (DMFT) and its extensions: DCA, cDMFT 3 [26]

]
. As we

have shown in [p5, p6], high-energy quantum fluctuations can be also directly accounted for in the
Gutzwiller wave function by means of variational canonical transformation (method that we named
Gutzwiller approximation + Schrieffer-Wolff transformation, GA + SWT). This is an alternative
approach to that offered by the VMC method, where the Jastrow correlator emulates the appearance
of doublon-holon pairs 4 created by high-energy quantum fluctuations [27].

Similar type of transformation applied to the Anderson lattice model in the limit of the infinite
U leads to a low-energy Kondo lattice model,

HKLM =
∑
k,σ

εkc
†
kσckσ + JK

∑
i

Si · si (15)

where spins of the states forming the uncorrelated band at each node interact with a single spin of
a localized electron in the f orbital. This interaction is called Kondo interaction.

A completely new challenge for numerical methods is a description of the evolution of the system
of correlated fermions in response to the non-equilibrium change of microscopic parameters such as
strength of interactions. In this case, methods computationally accessible for equilibrium problems,
often allow to simulate only relatively short system’s evolution times. This turned out to be a
problem for the analysis of non-equilibrium properties of systems realizing Mott insulator state.
Namely, a numerically exact description of the Mott insulator at equilibrium is offered by DMFT
applied to the Hubbard model on an infinitely coordinated Bethe lattice. Extension of the method
to the non-equilibrium situation, due to increasing numerical complexity, allows for a description
of an excited, closed system only on short time scales [14]. For this reason, there is a great need

3DCA - dynamical cluster approximation, cDMFT - cellular dynamical mean-field theory
4A doublon is simply a double occupancy on a node, while a holon is lack of occupancy on a node. The doublon-holon

pair occurs when an electron from a single occupied node jumps to the other already single occupied node.
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for methods with lower computing power requirements, in order to capture much longer evolution
times. One of such methods was developed in a series of two papers [p5, p6] which are part of the
my scientific achievement. Namely, we proposed to combine the Gutzwiller wave function describing
the quasiparticle properties of the system with the variational canonical transformation that takes
into account high-energy fluctuations. On the example of the Mott’s transition realized in infinite
dimensional Hubbard model we have shown that the method compares very well to the exact in
considered limit results [p5]. On the other hand, the method extended to non-equilibrium situations
allowed us to study the system on virtually unlimited time scales [p6].
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4.3.4 Detailed description of the results obtained in works [p1-p7]

This chapter discusses in detail the results obtained in the works [p1-p7]. The description of
each work is supplemented with a box with a short list of the most important results. Additionally,
at the end of each description, there is information about my individual contribution to the creation
of a given work, as well as about the conference activity related to the given work, if any.

[p1] Pressure-induced transitions between ferromagnetic and antiferromagnetic
phases in d-electron metallic magnetic compounds

• I proposed a microscopic mechanism for phase transitions between itinerant ferromagnetism
(FM) and antiferromagnetism (AFM) in d-electron metallic magnetic compounds.

• I demonstrated that with increasing pressure both transition sequences, FM/AFM or AFM/FM,
can be realized in d-electron metallic magnetic compounds. The potential achievability of a
particular transition depends in particular on the principal quantum number of the d shell and
the oxidation state.

• The mechanism provided consistent interpretation to the recent observation of FM/AFM tran-
sition in LaCrGe3 [3, 28]

Itinerant magnetism in elements, such as ferromagnetism in iron, is fairly well theoretically de-
scribed. On the other hand, itinerant ferromagnetism in a wide range of compounds such as ZrZn2,
UGe2, MnSi czy LaCrGe3, still challenges theory [29]. The key feature of these systems is the ob-
servation, while lowering the temperature and increasing the applied pressure, of the change in the
nature of the magnetic transition from continuous to discontinuous (e.g. ZrZn2, UGe2, MnSi [29])
or a transition to a spatially modulated phase (e.g. LaCrGe3 [3, 28], CeRuPO [30]). For the first
group of compounds, experiments with the magnetic field have shown that the boundaries of ferro-
magnetic and paramagnetic phases form a characteristic structure of the so-called tricritical wings
[29] (Fig.2). For the second group of ferromagnetic compounds, for which a transition to the antifer-
romagnetic phase is observed, the appearance of tricritical wings is no longer typical. For that reason
phase diagram of LaCrGe3 [3, 28] (Fig.2), where spatially modulated phase appears between wings
is exceptional.

From a theoretical point of view, itinerant magnetism in models of correlated fermions is usually
quite well described already at the level of the mean field approximation. This approximation,
however, breaks down near the quantum phase transition, where the quantum fluctuations in the
order parameter strongly affect the properties of the system. In this case, with the help come
theories based on Stratonovich-Hubbard transformation. It has been shown that taking into account
quantum fluctuations of the order parameter in the saddle point approximation leads to disappearance
of the quantum critical point in favor of the first order transition [31] (and in consequence tricritical
wings [32]) or appearance of spatially modulated phase [31, 33]. Therefore this approach is frequently
referred to as quantum criticality avoidance theory (QCA). It should be emphasized, however, that the
QCA approach is based on the quasi-phenomenological assumption that the system, in the absence
of quantum fluctuations of the order parameter, would realize a quantum critical point. The natural
question arises whether, in a wide variety of ferromagnetic compounds, quantum fluctuations always
determine observations such as tricritical wings or the appearance of a spatially modulated phase, or
there is an alternative explanation that would apply to at least some of these materials.

In works [21–23] being part of my doctoral dissertation, on the example of a specific compound
UGe2, we proposed that both, the first order transition at zero temperature and tricritical wings can
be interpreted without invoking quantum fluctuations if one takes into account the typical situation
of mixing of correlated electrons with the ligand states in the vicinity of the Fermi level. In the
presented story on metallic ferromagnets, there are two problems that were solved by the work [p1].
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Figure 2: (Left panel) Phase diagram of metallic ferromagnet LaCrGe3 with respect to pressure,
temperature and magnetic field demonstrating characteristic shape of ferromagnetic/paramagnetic
phase boundaries called tricritical wings, together with the inset with a cut for T = 2K (borrowed
from Ref. [28]). (Right panel) Schematic cartoon showing relatively well-localized d-electron states
(green color) hybridizing with extended ligand states (yellow color). The figure illustrates the nec-
essary components of the model implementing the two-channel Stoner mechanism proposed in the
work [p1]. The table contains the necessary conditions for the parameters describing the nature of
d-orbital states (U - interaction, εd - atomic level, nd - filling) suggesting the possibility of a ferro-
magnetic/antiferromagnetic or antiferromagnetic/ferromagnetic transition with an increase pressure.

The first is whether the appearance of the antiferromagnetic phase with increasing pressure in the
ferromagnet can also be explained without invoking quantum fluctuations. The second problem is
whether only the transition FM/AFM with increasing pressure is possible in metallic magnets or the
opposite, AFM/FM transition can be also expected. This point is relevant, among others, in the
context of recent research with phenomenological Landau’s theory analyzing mutual interplay of FM
and AFM orders [34].

In the work [p1], relying on the available first principles calculations for many itinerant ferromag-
netic materials, I noticed that a common feature of some of them (LaCrGe3, ZrZn2, UIr, UGe2) is the
mixing of correlated f or d orbital states with uncorrelated ligand states in the vicinity of the Fermi
level. When including nominal itinerant antiferromagnets, it turned out that the band structure of
the CrAs compound has the same character. Based on this very general property, I constructed a
microscopic two-channel Stoner mechanism that predicts phase transitions between FM and AFM in
d-electron materials. Minimal description of mixing of correlated d states with uncorrelated ligand
states is possible within the two-band d-p model (extended model (3))

H =
∑
kσ

εdkd̂
†
kσd̂kσ + U

∑
i

n̂di↑n̂
d
i↓ +

∑
kσ

εckĉ
†
kσ ĉkσ +

∑
kσ

(
Vkd̂

†
kσ ĉkσ + H.c.

)
. (16)

In above, operators d̂ and ĉ refers to correlated d and uncorrelated ligand, orbital states respectively.
The considerable electron correlations between the d states are accounted for by the Hubbard inter-
action with the amplitude U . It should be emphasized that the d-p Hamiltonian considered in [p1] is
not intended to model a realistic electronic structure, but rather serves to illustrate the situation of
mixing states with different degrees of correlation. For this reason, a simple model parameterization
was chosen with momentum-independent hybridization Vk = V and with intra-orbital kinetic energy
Ek and εk for correlated and uncorrelated subsystems respectively with a dispersion proportional to
ξk ≡ −2(cos kx + cos ky), i.e. ε

α∈{c,d}
k = εα + tαξk with arbitrarily chosen εc = 0 and td � tc.

Relying on model (16), I proposed that magnetism in a system of mixed correlated and uncor-
related orbitals may appear as a Stoner-type instability due to competition between the interaction
energy on d-orbital states, U and two different types of kinetic energy: the one originating from
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Figure 3: Magnetic phase diagrams on a plane (a)interaction - hybridization (U -V ) for εd = −0.95
and (b) interaction - atomic d-orbital level (U -εd) for V = −0.25 (in both cases nt = 1.6). Color scale
refers to total magnetic moment (either uniform or staggered) in each phase. The arrows indicate the
potential direction of the transition associated with an increase of pressure. Insets present change of
d orbital filling along solid arrows through transitions (a) FM/AFM and (b) AFM/FM.

hybridization, V (first Stoner channel) and that originating from direct hopping between d orbitals,
td (second Stoner channel) - see the right panel of Figure 2.

The seemingly subtle distinction between the two Stoner channels has considerable consequences
for the realized magnetic state. In [p1] I solved the d-p model using the Gutzwiller approximation
method, that accounts for (5) and (6) approximations on self-energy (cf. Chapter 4.3.3). These
approximations are justified by choosing total filling of the bands nt = 1.6, which is far from the
integer value - regime allowing to ignore the incoherent effects associated with Mott or Kondo physics.
The obtained results show that the type of favored magnetic order may be different because the first
Stoner channel is controlled with a total filling of both bands while the second Stoner channel with
filling only of d-orbital. In both cases, filling near the integer value favors the AFM phase and far
from the integer value leads to FM. While the total filling of both bands is fixed in a given situation,
the d-orbital filling can change drastically in response to even small changes in the microscopic
parameters of the system, e.g. due to pressure. As a result, I determined the parametrization of
the model (compare with the table in Fig. 2), which, according to the proposed mechanism and
the physical expectation of changes in microscopic parameters with increasing pressure, predicts the
existence of both FM/AFM and AFM/FM phase transitions (Fig. 3). I formulated general rules
which, based on easily accessible information about the material, such as oxidation states, qualify a
given compound as a potential candidate for the realization of the two-channel Stoner mechanism. A
very promising result is that the compound LaCrGe3, in which the FM/AFM transition has recently
been observed [3, 28], has the appropriate properties for which the two-channel Stoner mechanism
predicts a correct FM/AFM phase transition. In addition, for this material, the two-channel Stoner
mechanism is able to theoretically describe both the appearance of two ferromagnetic phases and the
triple point. On the other hand, I showed that the properties of the itinerant CrAs antiferromagnet
indicate, according to the two-channel Stoner mechanism, a possible transition in this material to
the ferromagnetic phase under pressure. This behavior is also suggested by recent first principle
calculations [35].

From the experimental point of view, the determination of the modulation vector q in AFM phase
emerging from FM due to pressure in LaCrGe3 could suggest which mechanism is realized in this
material. A short vector (|q| ∼ 0) would indicate a mechanism based on quantum fluctuations, while
a long vector (|q| ∼ π) close to Néel order would suggest the mechanism proposed in [p1] and based
on the characteristic band structure. Recent experimental report is not conclusive [36] as it indicates
the existence of antiferromagnetically coupled ferromagnetic domains under pressure.

Individual contribution:
The work [p1] is entirely done by me.
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Conference activity related to the results of work [p1]:

• In may 2019 on conference “Quantum Ferromagnetism and Related Phenomena”(Max Planck
Institute for Complex Systems, Dresden, Germany) at the invitation of the organizers
(D. Belitz, M. Brando i A. Huxley) I gave a talk entitled “Two-channel Stoner mechanism for
ferromagnetic/antiferromagnetic phase transitions in metallic magnets”

[see https://www.pks.mpg.de/qfm19 ]

• In June 2019, on conference “Superstripes 2019” (Rome International Center for Materials
Science of Superstripes, Ischia, Italy) at the invitation of the organizer (A. Bianconi) I
gave a talk entitled “Two-channel Stoner mechanism for ferromagnetic/antiferromagnetic phase
transitions in metallic magnets”

[see https://www.superstripes.net/superstripes-2019/invited-speakers ]

• In September 2018, on conference “From Spins to Cooper Pairs: Fundamental Aspects of Su-
perconductivity” (Zakopane) at the invitation of the organizer (J. Spałek) I gave a talk
entitled “Mechanisms of phase transitions between ferro- and antiferro- magnetic orderings in
itinerant d and f electron materials”

[see http://th-www.if.uj.edu.pl/ztms/pl/conference2018/speakers.php ]

[p2] Orbital-selective, spatially modulated ferromagnetism in La5Co2Ge3 and its
evolution under pressure

• We showed that ferromagnetism in La5Co2Ge3 derives from two different orbitals on crystallo-
graphically inequivalent cobalt atoms Co1 and Co2 .
• We showed that the difference between the magnetic moment on Co1 and Co2 atoms, initially

small, increases dramatically with increasing pressure.
• We proposed a toy model which demonstrates that spatial modulation of magnetization allows

for the interpretation of anomalies in resistance measurements in La5Co2Ge3 [5].

Studies of transport and magnetization in the metallic ferromagnet La5Co2Ge3 suggested that
with increasing pressure a new magnetic state appears [5] (see Fig. 4a), possibly spatially modulated.
For this reason, it has been suggested that this material may be another example of an FM/AFM
transition in a metallic magnet with increasing pressure. In the context of the theories described
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Figure 4: (a) Phase diagram of La5Co2Ge3 from work [5]. (b) Crystal structure of La5Co2Ge3 in c-b
plane. Green spheres denote cobalt atoms Co1 i Co2, and red and black spheres La and Ge atoms.
(c) Obtained in the work [p2] magnetic moment evolution on atoms Co1 and Co2, both total as well
as this coming from leading orbitals dxz on Co1 and dxy on Co2.
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in the previous section on the work [p1], the authors of the experiment pointed to the interpreta-
tion consistent with the quantum criticality avoidance theory. In order to shed more light on the
appearance of the new state, as well as to check the potential application of the two-channel Stoner
mechanism, in [p2] we analyzed the band structure La5Co2Ge3 obtained by the density functional
theory (DFT) within the local density approximation (LDA).

Our analysis showed that La5Co2Ge3 is a quasi-one-dimensional orbital-selective ferromagnet.
Namely, we found that different d orbitals on crystallographically inequivalent cobalt, Co1 and Co2
atoms are responsible for ferromagnetism emergence. As a result, the magnetic moment on Co1 and
Co2 atoms may be different, which, given the structural arrangement of atoms (see Fig. 4b), causes
spatial modulation of the magnetization along the c axis. In our work we showed that the modulation
amplitude, initially small, increases dramatically with increasing pressure (see Fig. 4c). Using a toy
model, we demonstrated that such modulation can be responsible for anomaly in resistance that in
experiment has been linked to the emergence of a new state.

Our interpretation suggests that the new state is the same phase as this realized at ambient
pressure, except that it has a much larger difference between the magnetic moments on Co1 and Co2
atoms. This raises the question what behavior can be expected for pressures greater than the up
to date measured 5GPa. Since the correlated d states do not mix with the weakly correlated s and
p states around the Fermi level, it means that La5Co2Ge3 does not meet the basic requirement by
the two-channel Stoner mechanism. For this reason, for pressures greater than 5GPa if Tc would go
down towards zero, effects related to quantum fluctuations can be expected.

Individual contribution:
In the work [p2] I proposed a research topic, I was the main author of the interpretations of the

DFT results obtained by G. Cuono and C. Autieri and I was the author of the toy model describing
the obtained magnetic order in explaining the appearance of anomalies in resistance. I was also the
author of the text of the publication, except for chapter II of the publication on the details of DFT
calculations.

Seminar activity related to the results of work [p2]:
In April 2021 I was invited by professor P. Canfield to give an online seminar talk at Ames

Laboratory (USA) on the results obtained in work [p2].

[p3] Unconventional antiferromagnetic order ↑↓↓↑ and pressure-induced
transition to ferromagnetic state in USb2

• I proposed a microscopic model based on orbital-selectivity that interprets a non-standard
antiferromagnetic order of the ↑↓↓↑ type observed in USb2.

• I proposed explanation of the phase transition from antiferromagnetism to ferromagnetism
under pressure in USb2.

• Orbital-selectivity in USb2 has been later observed in two experiments [37, 38].

Antiferromagnetic/ferromagnetic phase transition with increasing pressure has recently been dis-
covered in the compound USb2 [4] (see Fig. 5a). The magnetic properties of this material are very
interesting already at ambient pressure. Namely, USb2 realizes a non-standard antiferromagnetic
order of the type ↑↓↓↑ along the crystallographic axis [001] [39] (see the schematic drawing of a
magnetic unit cell in Fig. 5b).

Experimental observations in USb2 suggest different atomic levels of crystallographically inequiv-
alent antimony atoms [41]

(
Sb(I) and Sb(II) atoms - see Fig. 5b

)
. In this manner, localized f states
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at uranium atoms may hybridize with states coming from Sb(I) and Sb(II) in a different manner,
i.e. yielding different quasiparticle picture in each case. In the work [p3] I show that both the
non-standard antiferromagnetic order of the ↑↓↓↑ type and its transition under pressure to ferromag-
netism can be consequence of such orbital-selectivity. Namely, additionally relying on weak Fermi
surface dispersion along the z-axis [42], I proposed that the properties of USb2 are determined by
the physics of two, bipartite, two-dimensional in the x-y plane, subsystems (compare with braces in
Fig. 5b). On the other hand, the coupling between subsystems is present only because they share
one of the sublattices of f orbitals derived from uranium atoms. As a result, I proposed that the
minimal description of each of the subsystems is offered by the Anderson lattice model (3). Due to
the crystallographic equivalence of uranium atoms, the filling and the magnetic moment of f orbitals
should be the same for each of the subsystems. At the same time, the lower atomic level of antimony
Sb(II) [41] indicates that subsystem 2 should have a greater total filling than subsystem 1. On the
other hand, the magnetic order realized in the Anderson lattice model can be very schematically
presented in the phase diagram in Fig. 5c where the control parameter is the complete filling, nt.
From this perspective, consistently with the consideration of the two weakly coupled subsystems, it
can be imagined that the difference in the total filling in both subsystems causes the realization of
ferromagnetism in subsystem 1 and antiferromagnetism in subsystem 2 (compare with arrows in Fig.
5c). In work [p3] I presented the numerical results of the magnetic properties of two self-coupled
Anderson lattice models solved with the Gutzwiller approximation method, confirming that the de-
scribed scenario may indeed lead to a non-standard magnetic structure observed in USb2 (cf. Fig.
5b).

The proposed interpretation of the magnetic properties of USb2 at ambient pressure also allowed
for a potential explanation of the phase transition to ferromagnetism under pressure (see Fig. 5a).
The effect of pressure in the Anderson lattice is most often accounted for by an increase in hy-
bridization and an increase in the atomic level of the f states. The change of these parameters, as
shown with numerical calculations in the work [p3], leads to transition in the second subsystem from
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Figure 5: (a) Phase diagram of USb2 with respect to pressure and temperature from Ref. [4]. (b)
Structure of magnetic elementary cell of USb2 together with marked subsystems. (c) Schematic,
mean-field magnetic phase diagram realized by Anderson lattice model (compare with e.g. Ref.
[40]).
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antiferromagnetism to ferromagnetism. Therefore, as a result of increasing pressure, the proposed
model predicts a transition from the antiferromagnetic state ↑↓↓↑ to the ferromagnetic state ↑↑↑↑ in
accordance with the observations for USb2 [4] (Fig. 5a).

Recent experiments [37, 38] showed the presence of two f orbital subsystems with different nature
of mixing with the conduction bands, what suggests correctness of the proposed in the work [p3]
idea of understanding the interesting properties of USb2 based on orbital selectivity. On the other
hand, other recent experiment has shown that the phase transition from antiferromagnetism to
ferromagnetism in USb2 is structural in origin [43] in contrast to the mechanism proposed in the
work [p3].

Individual contribution:
The work [p3] is entirely done by me.

Conference activity related to the results of work [p3]:

• In June 2019, on conference “Superstripes 2019” (Rome International Center for Materials
Science of Superstripes, Ischia, Italy) at the invitation of the organizer (A. Bianconi) I
gave a talk entitled “Two-channel Stoner mechanism for ferromagnetic/antiferromagnetic phase
transitions in metallic magnets”

[see https://www.superstripes.net/superstripes-2019/invited-speakers ]

• In September 2018, on conference “From Spins to Cooper Pairs: Fundamental Aspects of Su-
perconductivity” (Zakopane) at the invitation of the organizer (J. Spałek) I gave a talk
entitled “Mechanisms of phase transitions between ferro- and antiferro- magnetic orderings in
itinerant d and f electron materials”

[see http://th-www.if.uj.edu.pl/ztms/pl/conference2018/speakers.php ]

[p4] Phases in topological Kondo insulators incorporating non-local effects of
correlations

• We analyzed the influence of non-local correlation effects on the state of topological Kondo
insulator: the obtained phase diagram encompasses transitions between phases of different
topology as well as between insulator and metal.

• Non-local correlation effects are responsible for the appearance of an indirect gap in the topo-
logical Kondo insulator with non-dispersive f states.

Since the discovery of the quantum Hall effect [44] and other topological phenomena, it has
become clear that it is necessary to extend the phase transition analysis apparatus to the concept of
topological order. In this context, one of the widely described systems are topological insulators [1].
These are systems in which the sample volume is an insulator (it has a band gap), while at the edges
there are states whose existence is guaranteed by the band structure topology. Non-trivial topology
in materials is usually associated with the presence of relativistic effects, such as a strong spin-orbit
coupling.

One of the most interesting materials, whose potentially topological properties have electrified
the community of condensed matter physics, is SmB6. This compound is one of the first known
Kondo insulators - semiconductors with a narrow gap resulting from the hybridization of localized
highly correlated f orbital states with the weakly correlated band states [45]. The physics behind
this class of materials is extremely rich, and despite over 50 years of research history, it is still
actual today. The state of the topological Kondo insulator, potentially realized by SmB6, has been
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Figure 6: (a,b) Phase diagram of tALM model (17) on an interaction U - atomic f -level εf plane
with a color scale in (a) denoting size of an indirect gap in unit of direct conduction states hopping.
Diagram encompasses two topological Kondo insulator (TKI) phases, trivial insulator phase and
metal phase. The region in (b) where the f occupancy locks at nf = 1 with negligible fluctuations,
df → 0, is denoted as an orbital selective (OS) Mott regime.

proposed relatively recently [46]. This state occurs in the presence of a strong spin-orbit coupling
leading to inversion of bands with opposite parity. However, as we noted in the work [p4], there
is a reasoning loophole when considering SmB6 as potential topological Kondo insulator. Due to
significant spatial separation of Sm atoms, the direct hopping between adjacent f orbitals is zero.
On the other hand, the hybridization, due to the imposed symmetries, disappears at the time reversal
invariant momenta. These two properties, when the interaction is neglected, regardless of the other
parameters of the band structure or the number of bands taken into account, leads to a zero indirect
gap. To open an indirect gap, the most common practice is the not rationalized assumption of the f
state dispersion. In the work [p4] we showed that this commonly used assumption has a microscopic
justification. Namely, we demonstrated that non-local correlation effects can generate an effective f
state dispersion leading to the opening of the indirect gap.

The minimal model describing the inversion of the bands in the f -electron systems is the topo-
logical Anderson lattice model (tALM), for simplicity defined below on the square lattice

HtALM =
∑
i

εff
†
i fi + U

∑
i

nfi↑n
f
i↓ +

∑
ij

tijc
†
i cj +

∑
〈i,j〉,α=x,y

[
iV (f †i σαcj + c†iσαfj ) + H.c.

]
. (17)

where two-component spinors, f †i ≡ (f †i↑, f
†
i↓) and c†i ≡ (c†i↑, c

†
i↓) describe localized f states and

conduction states respectively, σ(α=x,y) are Pauli matrices and 〈i, j〉α are pair of nearest neighboring
lattice sites in direction α = x, y. When neglecting interactions, the above model is identical to the
one proposed by Bernevig, Hughes and Zhang for HgTe quantum wells [47]. A characteristic feature
of most f -electron systems (including SmB6) taken into account by model (17) is the lack of a direct
hopping between the nearest neighbors (εf does not depend on momentum). As described in the
previous paragraph, this yields a problem in describing the state of the insulator as such, i.e. indirect
gap opening when inversion of bands with opposite parity occurs.

We have proposed that the effective direct hopping between f -states can be generated by non-local
correlation effects manifested by the dependence of self-energy on momentum (compare with Eq. (7)
in Chapter 4.3.3). To demonstrate our idea, we have generalized the DE-GWF method to systems
with the spin-dependent hybridization. The obtained solution of tALM confirmed our expectations.
Namely, we found a wide range of parameters in which non-local correlation effects actually lead to
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the opening of the indirect gap (cf. Fig. 6a). It also turns out that the effective dispersion of f
electrons induced by non-local correlation effects can also lead to the closure of the indirect gap. In
that manner, we obtained an interesting result showing the existence of an insulator-metal transition
induced by increasing interactions (Fig. 6b).

Individual contribution:
In work [p4] I generalized the DE-GWF method to the systems with spin-dependent hybridiza-

tion, I did all the numerical calculations and I was the main author of the interpretation and the text
of the publication.

Conference activity related to the results of work [p4]:

• In June 2017, at the conference “Superstripes 2017“ (Rome International Center for Materials
Science of Superstripes, Ischia, Italy) at the invitation of the organizer (A. Bianconi) I
gave the talk entitled ”Topological Kondo semimetals“
[zob. https://www.superstripes.net/superstripes-2017/confirmed-invited-speakers?
start=2 ]

• In July 2016, at the conference “Condensed Matter in the City” (Royal Holloway University
of London, Great Britain) I gave a talk entitled “Correlation driven failed topological Kondo
insulators“

• In October 2016, at the conference “The New Generation in Strongly Correlated Electron
Systems” (International Center for Theoretical Physics, Trieste, Italy) I gave a talk entitled
“Many-body breakdown of the indirect gap in topological Kondo insulators”

[p5] Numerically efficient variational method for a description of Mott physics

• We developed a new many-body method that allows for a variational description of the Mott
transition by minimizing the analytical functional depending only on two parameters.

• The method tested on the infinitely coordinated Bethe lattice has an accuracy comparable to
the numerically exact results.

The localization of the charge degrees of freedom driven by the increasing interactions is called
the Mott metal-insulator transition. This is one of the key phenomenon in the physics of strongly
correlated fermion systems, among others due to a series of experiments suggesting a close relationship
between Mott insulating state and the occurrence of unconventional superconductivity in the phase
diagram of a wide range of compounds. However, quantitative research on the Mott transition began
only with the recognition of the nontrivial limit of the infinite number of dimensions [24]. This
laid the foundations for the numerically exact method in this limit - dynamical mean field theory
(DMFT) [10]. The solution of the Hubbard model with DMFT allowed for a very detailed analysis
of the nature of this transition. Additionally, the numerical complexity of the method allows for
convenient study of many correlated problems, although strictly speaking defined only in the rather
unrealistic limit of an infinite number of dimensions. Diagrammatic developments of the DMFT that
can take into account non-local correlation effects strongly manifested in the 2nd and 3rd dimensions
are numerically much more demanding [26]. For this reason, it is necessary to develop new numerical
methods with lower numerical complexity, allowing to achieve accuracy comparable to DMFT in an
infinite number of dimensions. Then, possible extensions to a finite number of dimensions can be
very promising in the context of possibly low computational requirements.
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Figure 7: (a) Energy balance around the metal-Mott insulator transition in the Hubbard model on
the infinitely coordinated Bethe lattice obtained using the variational wave function (18). For com-
parison, we also plotted the points from the numerically exact in this limit DMFT. Additionally,
we also present the energy (EBR) corresponding to the Brinkman-Rice transition obtained with the
bare Gutzwiller wave function [48]. (b) Variationally determined values of θ (Gutzwiller coefficient),
ε (transformation parameter) and d (expectation value of double occupancy) around metal - Mott
insulator transition. We marked the critical values of the interactions for the Brinkman-Rice tran-
sition (uBR) and those obtained from DMFT: at uc1;DMFT both, metallic and insulating, solutions
begin to coexist. Similarly as DMFT, our method predicts a non-zero value of double occupations in
the Mott insulator phase. Note that u is interaction amplitude in reduced units, u = U/8T0, where
T0 = 8t/3π.

In the work [p5] we proposed a new variational wave function which is a combination of the
Gutzwiller wave function (8) and parametrized canonical transformation, often called Schrieffer-Wolff
transformation (SWT),

| Ψ〉 = U(ε) | ψG〉 (18)

where

U(ε) = exp

 ε
∑
〈ij〉

(
P20TijP11 − P11TijP20

) , (19)

Pnm ≡ Pi;nPj;m + (1− δnm)Pi;mPj;n, δnm is Kronecker delta, and Pi;n is projection operator on the i
site and configuration with n ∈ {0, 1, 2} fermions and Tij =

∑
σ(c†iσcjσ + c†jσciσ). For ε = t/U trans-

formation U applied to Hubbard model reduces to this yielding t-J model [8]. While the Gutzwiller
wave function takes into account low-energy quantum fluctuations leading to a quasiparticle descrip-
tion, the transformation U(ε) takes into account high-energy quantum fluctuations which give rise to
the spin exchange interaction.

The strategy of calculations with the wave function (18) is such that first we determine the
analytical form of the expectation value from the Hamiltonian, ignoring terms of a higher order than
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the a priori selected order of expansion in ε. Then, the energy functional obtained in this way is
minimized with respect to two variation parameters, ε and the Gutzwiller coefficient θ. A posteriori
we check whether the equilibrium value of ε is small enough to justify neglecting term of higher-order
in ε. In work [p5] we have shown that including terms up to the 3rd order and neglecting the higher,
O(ε4) for an infinitely coordinated Bethe lattice leads to the desired convergence. As a result, by
minimizing the simple, two-dimensional analytical functional, we described the Mott transition with
an accuracy comparable to the DMFT method (cf. Fig. 7). Additionally, the developed method
allows for direct insight into the effect of non-coherent high-energy quantum fluctuations even before
the Mott transition in the correlated metal state.

Individual contribution:
In work [p5] I have done all analytical and numerical calculations and I was a main author of

the result analysis and text of the publication.

Conference activity related to the results of work [p5]:

• In October 2017, at the conference “FisMat“ (International Center for Theoretical Physics,
Trieste, Italy) I gave a talk entitled ”Variational Schrieffer-Wolff transformation: Mott physics
at and far from equilibrium“

• In September 2018, at the conference “The New Generation in Strongly Correlated Electron
Systems” (Donostia International Physics Center, San Sebastian, Spain) I gave a talk entitled
“Efficient variational approach to strongly correlated fermions at and far from equilibrium”

[p6] Coupling of charge and spin degrees of freedom in a vicinity of a dynamical
Mott transition

• We developed a variational method describing unitary evolution in the non-equilibrium Hub-
bard model on very long time scales.

• We analyzed coupling of charge and spin degrees of freedom in the vicinity of the dynamical
Mott transition.

• We suggested the existence of a dynamical crossover transition in the spin sector due to a
sudden and strong change in interaction strength.

Recently, time-resolved spectroscopic experiments (including pump and probemeasurements) have
become increasingly important in investigations of correlated fermion systems [49]. Such experiments
provide access to new information on the properties of correlated systems beyond the capabilities of
conventional time-independent spectroscopy, e.g. on the properties of phases and phase transitions.
Current non-equilibrium studies of correlated fermions mainly focus on three trends: (i) time-resolved
spectroscopy as a selective probe for specific degrees of freedom (e.g. [50]); (ii) obtaining non-
equilibrium selective strengthening of specific orders or the realization of long-lived metastable states
(e.g. [51]); (iii) dynamically inducing exotic interactions within Floquet’s engineering in periodically
driven systems (e.g. [13]). This rapidly growing field of research, however, face critical challenges
such as the development of both an apparatus for accurate experimental measurements and effective
numerical methods for describing the time evolution of correlated fermions out of equilibrium.

In the context of general theoretical considerations, a very interesting problem is the study of the
non-equilibrium (with time-dependent amplitude of the interaction) Hubbard model,

H(t) = V
∑
〈ij〉,σ

c†iσcjσ + U(t)
∑
i

ni↑ni↓. (20)
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Figure 8: (Left panel) Average double occupancy after an interaction quench from u0 = 0.5 to uf for
|Ψ(t)〉 (red solid line) and, for comparison, for |ψG(t)〉 (green solid line). We also show the equilibrium
results for |Ψ(t)〉 (red dotted line). (Right panel) Time average value Jav of J(t). In gray, we indicate
the region covered by the time fluctuations of J(t). For comparison we marked also equilibrium value
of spin interaction Jeq (blue dashed line).

The initial question asked in the pioneering work [14] was about the nature of the unitary evolution
in this model if the magnitude of the interaction is abruptly increased from the initial value U0 =0
to the final Uf > 0. Using DMFT generalized to the time domain, authors found the existence of
a sharp change in characteristics (e.g. in the double occupancy) for a certain critical value of final
interaction Uf . This phenomenon, despite the possibility of simulating only short evolution times,
has the hallmarks of a dynamical phase transition. This observation suggests lack of thermalization
in the model, because the possible temperature achieved by a rapid energy increase in the system
is much higher than the critical endpoint of the Mott transition at equilibrium on the temperature
vs interaction diagram [10]. However, subsequent studies with a simpler method [52] that takes into
account only charge degrees of freedom, suggested that the transition is adiabatically linked to an
equilibrium Mott transition [53]. This is an important argument that the found anomaly in Ref. [14]
is indeed a true dynamical phase transition.

In the work [p6] we decided to deepen the understanding of this phenomenon. For this purpose,
we extended the variational function developed in [p5] to the non-equilibrium situation,

| Ψ(t)〉 = U
(
ε(t), ε∗(t)

)
| ψG(t)〉 (21)

where | ψG(t)〉 is a time-dependent Gutzwiller wave function [52] and

U
(
ε(t), ε∗(t)

)
= exp

∑
〈ij〉

(
ε(t)P20TijP11 − ε∗(t)P11TijP20

) . (22)

The dynamics of the model is determined by the saddle point of the action

S =

∫
dt 〈Ψ(t) | i d

dt
−H(t) | Ψ(t)〉. (23)

Here, the variational principle extended to the time domain yields that we find the variational wave
function to be as close as possible to the true solution at each moment of time. Consequently, the
Euler-Lagrange equations for the variational parameters ε and those defining the Gutzwiller wave
function should be solved.

The developed method, thanks to the relatively low numerical complexity, allowed us to study
the unitary evolution after a rapid change in the interaction in the Hubbard model on a practically
arbitrarily long time scale, with transparent incorporation of the dynamics of both charge (controlled
by the dynamics of Gutzwiller coefficients) and spin (controlled by the dynamics of ε) degrees of
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Evolution of Gutzwiller variational parameters φ{1,0}(t), parameter ε(t) and double occupancy d(t)
for (b) dynamical Mott transition at uf = uc and (c) dynamical crossover transition at uf = u∗.

freedom. Similarly as time-dependent DMFT, for a certain critical final value of the interaction
(Uc), our method captured a dynamical Mott transition where the system very quickly relaxes to a
metastable state characterized by a residual average double occupancy (see the red solid line on the
left panel in Fig. 8). Here we use reduced units, i.e. u = U/8T0 and τ = V/8T0, where T0 = 8V/3π.
Our method additionally allowed for the analysis of the value of the spin exchange interaction, the
mean value of which is presented in the right panel in Fig. 8. Exactly for the value of the final
interaction uf = uc the oscillations completely disappear and the value of the spin interaction is
Jc = 4τ2/uc. This is a surprising result as the Mott insulator at equilibrium has the same functional
form depending on the value of the interaction U . The obtained result indicates that the metastable
state achieved after fast relaxation for the final value of the interaction uc has hallmarks of an
equilibrium Mott insulator state, which, however, is achievable for a lower value of interactions.

Quite unexpectedly, for very high values of the final interaction, in the vicinity of u∗ (cf. left
panel Fig. 8), we obtained the characteristics of the average double occupancy very similar to this
near dynamical Mott transition. The plot of average value of the spin exchange interaction in the
right panel in Fig. 8, shows that for interaction slightly smaller than u∗ there is an abrupt change
of the Jav sign from antiferromagnetic to ferromagnetic, suggesting a strong relationship between
the transition and the spin degrees of freedom. In order to investigate the nature of the dynamical
transition at u∗, we performed a Fourier analysis of the dynamics of the ε parameter (see Fig. 9a).
For a dynamical Mott transition at uc most mods become soft, signaling a true phase transition
character. It turns out that the transition at u∗ is also accompanied by a soft mod. In addition, the
dynamics of the variational parameters and double fillings are characterized with a similar relaxation
for both the dynamical Mott transition (see Fig. 9b) and the u∗ transition (see Fig. 9c). Despite
these similarities, careful analysis of the mod structure showed that the anomaly at u∗ is caused by
the intersection of two different mods, Ω′−1,1 and Ω′1,−1 (Fig. 9a) at zero frequency. For this reason,
the anomaly in the postquench dynamics for uf = u∗ has been characterized as a dynamic crossover
transition associated with a sharp change in the value and sign of the spin exchange interaction.

Individual contribution:
In work [p6] I have done all analytical and numerical calculations and I was a main author of

the result analysis and text of the publication.

Conference activity related to the results of work [p6]:

• In September 2019, at the conference “45 Zjazd Fizyków Polskich” in Kraków, Poland at the
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invitation of the organizer (J. Spałek) I gave a talk entitled “Correlated fermions out-of-
equilibrium”.

• In October 2017, at the conference “FisMat“ (International Center for Theoretical Physics,
Trieste, Italy) I gave a talk entitled ”Variational Schrieffer-Wolff transformation: Mott physics
at and far from equilibrium“

• In September 2018, at the conference “The New Generation in Strongly Correlated Electron
Systems” (Donostia International Physics Center, San Sebastian, Spain) I gave a talk entitled
“Efficient variational approach to strongly correlated fermions at and far from equilibrium”

[p7] Explanation of a resonant energy absorption by a periodically driven Mott
insulator

• We found that periodic modulation of the interaction amplitude in the Mott insulator couples
the Hubbard bands in a similar fashion as the classical field with transverse and longitudinal
components couples to a two-level atom.

• Relying on the analysis of the Hubbard dimer we proposed detailed multi-photon interpretation
of found resonances in a driven Mott insulator.

Most of the non-equilibrium problems in systems with modulated microscopic parameters require
complex numerical calculations to accurately trace characteristics such as a total energy. The problem
is somewhat simplified when the system is periodically driven. In these cases, a perturbative approach
based on the Floquet theory becomes helpful. Namely, for periodically modulated systems, the
inevitable heating is prevented on a relatively long time scale, where the system is described by
analytically determined time-independent effective model [16, 17]. The correctness of such description
was confirmed in experiments on cold atomic gases in optical lattices [12, 54]. However, there are
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some characteristic modulation frequencies for which energy is rapidly absorbed and the perturbative
approach based on Floquet theory breaks down.

In the work [15] it has been found that the non-equilibrium Hubbard model (cf. (20)) with a
periodically modulated interaction value, U(t) = U0+δU sinωt, exhibits a resonant energy absorption
for modulation frequencies approximately being submultiples of the average interaction amplitude,
ωR ' U0/n where n ∈ Z. However, in the work [15], there is missing detailed understanding of
microscopic mechanism leading to observed in simulation phenomenon. In order to provide better
understanding, in the work [p7] we investigated in detail resonant energy absorption in the Mott
insulator.

With the help of equilibrium perturbation theory with respect to the small parameter V/U0, we
obtained the following model in a high-energy (with double occupations) and low-energy (without
double occupations) subspace,

H =


V 2

U0

(
1− δU sinωt

U0

)∑
〈ij〉

JHij
V δU
U0

sinωt
∑
〈ij〉
T̃ij

V δU
U0

sinωt
∑
〈ij〉
T̃ †ij

V 2

U0

(
δU sinωt

U0
− 1
)∑
〈ij〉

JLij

 , (24)

where JLij ≡ P11 T
2
ij P11 ' −4Si·Sj and JHij ≡ P20 T

2
ij P20. Superscript L andH refers to low energy and

high energy subspaces respectively. The resulting structure of the derived model in these subspaces
suggests that modulation of the interaction couples the Hubbard bands, just like the classical electric
field with a transverse and longitudinal components, couples to a two-level atom (cf. Fig. 10a). The
latter situation is well known in quantum optics and is described by the Rabi model,

HR =
1

2

(
Ω0 + Ωz sinωt

)
σz + Ωx sinωt σx, (25)

where σx,y,z are Pauli matrices, Ω0 is the energy difference between the levels of the atom, and Ωx and
Ωz are the transverse and longitudinal components of the classical field, respectively. Additionally,
in the work [p7] we demonstrated the equivalence between the Rabi model and the considered
nonequilibrium Hubbard model on two sites with the following parametrization Ω0 = −

√
U2

0 + 16V 2,
Ωz = δUU0

Ω0
, Ωx = −2δUV

Ω0
. Similarity between a non-equilibrium Mott insulator and a two-level atom

coupled to a classical field, is further confirmed by the fact that driven Hubbard dimer is equivalent
to Rabi model, and yields virtually the same resonant behavior for frequencies ωR ' U0/n where
n ∈ Z (cf. Fig. 10b) as it is the case for driven Mott insulator [15]. In order to further interpret
resonances in Mott insulator next we focus on the analysis of the driven Hubbard dimer (provided in
the supplement to the work [p7]) within the popular Rotating Wave Approximation (RWA) method.

The RWA approximation for the Rabi model with only a transverse field predicts the resonant
behavior when the frequency ω is synchronized with Ω0 which leads to filling of the high energy level
(HEL) according to the probability

PHEL(t) = sin2(ΩRt/2) (26)

where ΩR = Ωx is the Rabi frequency. For strong field Ωx/Ω0 > 1, solution of the model is expected
to yield, elusive in RWA, multi-photon resonances at ω(p) = Ω0/(2p + 1), where p ∈ {1, 2, 3, ...}.
However, when Ωx � Ω0 as it is the case for the Hubbard dimer, only single-photon (p = 0)
resonance is manifested on the time scale corresponding to simulation from the work [15].

On the other hand, the existence of a sizable longitudinal field component leads to new multi-
photon resonances with the structure ω = Ω0/(1 + k), where again k ∈ {1, 2, 3, ...} [55, 56]. The
notation 1+k means that the multi-photon resonances have a single-photon character in the transverse
field and k-photon character in the longitudinal field. The large value of the longitudinal field
component in the Hubbard dimer Ω0 < Ωz � Ωx suggests its key role in the formation of the
resonances shown in Fig. 10b. In RWA approximation, the Rabi frequency for one photon from the
transverse field and k-photons from the longitudinal field has the form,

ΩR = |ΩxJk(Ωz(k + 1)/Ω0)| (27)
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where Jk is Bessel function of k-order. In Figure 11 we showed an excellent agreement of the PHEL
probability resulting from the aforementioned specific multi-photon nature of the resonances (seen in
Figure 10b) and the exact numerical solution for three consecutive resonances. Our full analysis of
the problem is a solid base under the interpretation that the periodically modulated interaction for
the Mott insulator couples the Hubbard bands like a classical field with a transverse and longitudinal
component couples the levels of the atom.

Thanks to a thorough understanding of the nature of resonant energy absorption in the Hubbard
model, co-author of the publication, Dr. Marcin Płodzień proposed a different system of correlated
fermions in which the same physics can be observed. Namely, he proposed that ultra-cold fermions
confined in a one-dimensional harmonic trap, driven by periodically-modulated contact interaction,
also exhibit multi-photon absorption with the same structure (Fig. 10a), proved in a numerical
simulation.

Individual contribution:
The work [p7] is clearly divided into two parts: (i) considerations on the Mott insulator, Hubbard

dimer and the multiphoton nature of the resonances observed in these systems and (ii) simulation of
several fermions in a harmonic trap. In this perspective, I am the author of the part (i) on the Mott
insulator and Hubbard dimer. The idea of the research hypothesis is the result of a joint discussion.
I was also the main author of the text of the publication with the exception of the section on several
fermions in a harmonic trap.

Conference activity related to the results of work [p7]:
In September 2019, at the conference “45 Zjazd Fizyków Polskich” in Kraków, Poland at the invi-

tation of the organizer (J. Spałek) I gave a talk entitled “Correlated fermions out-of-equilibrium”.
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4.3.5 Summary

In the series of works [p1-p7] constituting the scientific achievement, I considered the equilibrium
and non-equilibrium properties of the systems of correlated fermions. Particular emphasis has been
put on investigations of equilibrium phases with broken symmetry and transitions between them
[p1-p5] as well as non-equilibrium phenomena leading to sharp changes in the nature of the system
evolution, such as dynamic phase transitions, crossover transitions or multi-photon resonances [p6-
p7]. In part of works, the key achievement was the development of a new numerical method for
the investigations of a particular phases and phase transitions [p4-p6]. On the other hand, in other
works I focused rather on an in-depth analysis of the microscopic mechanisms leading to: broken
symmetry states such as magnetism and superconductivity [p1-p3] or resonant energy absorption in
a periodically driven Mott insulator [p7].

The presented theoretical research may contribute to a better understanding of the properties
of very specific experimentally studied materials. Here, my greatest achievements are: providing
interpretation [p1] for ferromagnetic-antiferromagnetic transition observed in LaCrGe3 [3, 28], the
discovery of the source of spatial modulation of magnetization in La5Co2Ge3 [p2], proposing the
orbital selectivity of f -electrons in USb2 [p3] later observed in two experiments [37, 38] as well as
explaining the opening of the band gap in SmB6 if it realizes topological Kondo insulator state [p4].
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5 Presentation of significant scientific activity carried out at more
than one university or scientific institution, especially at foreign
institutions

• Jagiellonian University, Kraków, Poland

– 1/10/2011 - 30/09/2015: doctoral studies under supervision of prof. Józef Spałek (sec-
ondary supervisor: dr. Jan Kaczmarczyk). During doctoral studies I was doing research
on:

a) generalizing DE-GWF method for a description of unconventional superconductivity
in the Anderson lattice model

b) ferromagnetism and critical points in UGe2

c) properties of liquid He3 in magnetic field
d) thermoelectric properties of superconducting tunel junctions, also based on graphene.

– 1/10/2015 - 31/10/2015: postdoctoral training in the group of prof. J. Spałek. During
training I was studying properties of superconducting state realized in Anderson lattice
model.

• Institute of Science and Technology (IST Austria), Klosterneuburg, Austria

– 24/11/2014 - 7/12/2014: scientific training during which together with dr. J. Kaczmarczyk
we work on the formulation of the DE-GWF method for description of normal state of
Anderson lattice model

– 12/01/2015 - 24/01/2015: scientific training during which together with dr. J. Kaczmar-
czyk we work on the formulation of the DE-GWF method for description of superconduct-
ing state of Anderson lattice model

• International School for Advanced Studies (SISSA), Trieste, Italy

– 1/11/2015 - 31/10/2017: realization of project Non-equilibrium dynamics of strongly cor-
related fermions with the use of the Gutzwiller wave function within MOBILNOŚĆ PLUS
program in the group of prof. Michele Fabrizio. During this time, I was conducting
theoretical research on:

a) the development of the time-dependent Gutzwiller approximation in order to incor-
porate high-energy quantum fluctuations.

b) the state of topological Kondo insulator
c) the superconducting state in the Hubbard model

• International Research Center MagTop, Institute of Physics, Polish Academy of Sciences,
Warszawa, Poland

– 1/11/2017 - present: Postdoc (adiunkt) in the group of prof. Tomasz Dietl. During
employment at MagTopie I am conducting research on:

a) topological states in topological crystalline insulator in SnTe material class.
b) leveraging geometrical phases for the quantum computations on defects that can be

characterized with effective spin 3/2 localized in semiconductor structure in the pres-
ence of QED cavity.

c) mechanisms leading to transitions between ferromagnetism and antiferromagnetism
in correlated metallic compounds

d) nonequilibrium properties of correlated fermion systems
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6 Presentation of teaching and organizational achievements as well
as achievements in popularization of science

6.1 Teaching

• Institute of Physics, Polish Academy of Sciences, Warszawa, Poland

– winter semester 2020/2021: I conducted a monographic lecture for PhD students in
English at the Institute of Physics of the Polish Academy of Sciences (Warszawa) entitled
“Condensed Matter Theory” (30h)

– winter semester 2018/2019: I conducted a monographic lecture for PhD students in
English at the Institute of Physics of the Polish Academy of Sciences (Warszawa) entitled
“Condensed Matter Theory” (30h)
Plan of the course may be found at [http://www.ifpan.edu.pl/msdifpan/wyklady2018_
19/Condensed_matter_theory_winter_2018-19.pdf ]

• Jagiellonian University, Kraków, Poland

– 1-31/07/2015 - I was a tutor of a month-long summer internship for a third-year physics
student

– summer semester 2014: I was a tutor at the first physics laboratory (45h)

– winter semester 2013/2014: I conducted exercises for the lecture “Physics” for the Geology
at the Jagiellonian University (30h)

– winter semester 2012/2013: I conducted exercises for the lecture “Physics” for the Geology
at the Jagiellonian University (30h)

– academic year 2011/2012 i 2012/2013: I co-conducted classes on behalf of the Jagiellonian
University, preparing high school students for the physical Olympiad. Our pupils reached
the finals and became laureates of the national Olympiad in physics and astronomy.

– 1-31/07/2011 - I was the tutor of a month-long summer internship for a third-year physics
student

6.2 Organization of conferences

• 05/01/2018 one-day long scientific conference “Symposium on the physics of Majorana bound
states”, Warszawa, Poland - together with prof. A. Wiśniewski I was responsible for all techni-
calities concerning organization of the conference.

• 22-26/09/2014 conference “From spins to Cooper pairs: New physics of the spins”, Zakopane,
Poland - I was a member of the local organizing committee

• 7-12/10/2013 conference “XVI Narodowej Konferencji Nadprzewodnictwa” Zakopane, Poland -
I was a member of the local organizing committee

6.3 Popularization of science

• 23/10/2010 - I took part in the organization of the “Małopolskiej Nocy Naukowców”, Kraków,
Poland

• 14-16/05/2009 - I took part in the organization of the Science Festival in Kraków, Poland
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7 Other information about professional career

7.1 A short description of the works published after obtaining PhD degree,
which are not part of the scientific achievement

• M. M. Wysokiński, J. Kaczmarczyk, Journal of Physics: Condensed Matter 29, 085604
(2017), Unconventional superconductivity in generalized Hubbard model: Role of electron-hole
symmetry breaking terms

In this work, we investigated the effect of the particle-hole symmetry-breaking charge-bond
interaction on the properties of superconducting instability in the Hubbard model considered
on the square lattice. The amplitude, K of this interaction, even for the nearest neighbors,
is considered much smaller than amplitude U parameterizing the Hubbard interaction, and
hence often neglected. However, if the amplitude U is much greater than the hopping integral
to the closest neighbors, t, it is likely that the amplitude K, although small in relation to
U and t, will be comparable to the hopping integral to the next nearest neighbors, t′, that
also breaks particle-hole symmetry. Consequently, both terms, hopping to the next nearest
neighbors and the charge-bond interaction can have a significant impact on the asymmetry of
the superconducting state with respect to doping.

In our work, we investigated this problem by analyzing the properties of the superconducting
state in the doped Hubbard model with the DE-GWF method, depending on the mentioned
terms breaking the particle-hole symmetry on a square lattice. The obtained results showed that
the effect on the asymmetry of the gap of each term separately for the investigated mechanism
of superconductivity is opposite. Namely, a non-zero parameter t′ leads to a larger gap for hole
doping, while K 6= 0 leads to a larger gap for electron doping. The combined effect of both
terms, however, leads to a larger gap in the hole doping region and a significant asymmetry
in the function of doping. In order to further characterize the obtained superconducting state
depending on the doping, we examined to what extent the analyzed d symmetry is consistent
with the dx2−y2 symmetry typically expected for the Hubbard model. We found that long-range
superconducting correlations cause a significant deviation from the dx2−y2 symmetry.

• W. Brzezicki, M. M. Wysokiński, T. Hyart, Physical Review B: Rapid Communication 100,
121107 (2019), Topological properties of multilayers and surface steps in the SnTe material class

In our work, we thoroughly investigated the properties of low-energy states appearing on the
atomic steps on the surface of the Sn1−xPbxTe1−ySey. Using the approximate symmetries found
in this structure, we constructed topological invariants such as mirror and spin Chern numbers.
On their basis, we have shown that the boundary states appear on the step when the invariants
are different on both sides of the step. Due to accumulation in the density of states, the system
is susceptible to various types of instabilities. In our work, we considered ferromagnetism as a
realistic possibility. We have shown that magnetic domain walls give rise to low energy bound
states because regions with opposite magnetization are topologically different in the presence
of non-symmorphic chiral and mirror symmetries. The obtained results allow for a potential
explanation of the observation of the zero-voltage peak in conductivity in the considered class
of materials [Mazur et al., Phys. Rev. B 100, 041408(R) (2019)].

• M. M. Wysokiński, M. Płodzień, M. Trif, Physical Review B: Letter 104, L041402 (2021),
Berry phase induced entanglement of hole-spin qubits in a microwave cavity

In our work, we investigated the potential of spin 3/2 holes located in semiconductor structures
for fault-tolerant quantum computing. Namely, we considered two holes interacting with a
common photonic field originating from the microwave cavity. The spin 3/2 hole can serve as
a platform for quantum computations, with the use of both, spectrum split by a magnetic field
and degenerate Kramers doublets in the presence of an electric field only. In the latter case, the
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operation is performed by the non-Abelian Berry phase generated by a time-varying electric
field. Although, due to the absence of magnetic field it is believed to be a very efficient and
energetically undemanding method of performing quantum calculations, reading such a qubit is
impossible with a traditional spectroscopic methods. In our work, we proposed a new method
for a readout of the considered qubit. We have shown that in the presence of a microwave
cavity, the non-Abelian Berry phase is imprinted into the photonic field through a frequency
shift that depends on the initial qubit configuration, what allows for a qubit readout. In
addition, we have shown that the non-Abelian Berry phases of two independently manipulated
holes interact with each other through a shared photonic field, what allows them to become
entangled. Owing to its geometrical structure, such a scheme is more robust against external
noises than conventional hole-spin qubit implementations.

7.2 Awards, scholarships and research grants

• 2019: 3-year (2020-2022) scholarship of the Minister of Science and Higher Education in Poland
for outstanding young scientists
https://www.gov.pl/attachment/29cf556e-78f0-452e-a624-dae2c57db3db

• 2017: START award of the Foundation for Polish Science (FNP) for young, talented scientists
in Poland
https://www.fnp.org.pl/laureaci-start-2017/

• 2017: winning a grant from the National Science Center SONATINA 1; second place in the
ST panel - Exact and Technical Sciences. I resigned from realization of the grant because
for formal reasons - it could not be combined with the position of postdoc (that I got at the
same time) at the International Research Center MagTop financed by the Foundation for Polish
Science.

https://ncn.gov.pl/konkursy/wyniki/2017-08-03-sonatina1

• 2015: winning the “MOBILNOŚĆ PLUS” grant of the Ministry of Science and Higher Educa-
tion; 9th place on the ranking list covering all areas of science. As part of the grant, for two
years 1/11/2015-31/10/2017 I conducted research at the International School for Advanced
Studies in Trieste, Italy
https://www.gov.pl/documents/1068557/1069061/Laureaci_IV_edycji_Mobilno%C5%9Bci_
Plus.pdf/555893c7-1ab1-f6c9-6d3a-e331500bbf7e

• 2012: 3-year (2013-2015) scholarship “DOCTUS - Małopolska Scholarship Fund for PhD stu-
dents” of the Małopolska Center of Entrepreneurship based in Kraków, Poland.

7.3 Conference and seminar talks

7.3.1 Invited talks

1. 10/05/2019 “Quantum Ferromagnetism and Related Phenomena”, Max Planck Institute for
Complex Systems, Dresden, Germany. At the invitation of the organizers D. Belitz, M. Brando,
A. Huxley I gave a talk entitled Two-channel Stoner mechanism for ferromagnetic/antiferromagnetic
phase transitions in metallic magnets
https://www.pks.mpg.de/qfm19

2. 26/06/2019 “Superstripes 2019”, Ischia, Italy. At the invitation of the organizer A. Bianconi I
gave a talk entitled Two-channel Stoner mechanism for ferromagnetic/antiferromagnetic phase
transitions in metallic magnets
https://www.superstripes.net/superstripes-2019/invited-speakers
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3. 17/09/2019 “45. Zjazd Fizyków Polskich”, Kraków, Poland. At the invitation of the organizer
prof. J. Spałek I gave a talk entitled Correlated fermions out-of-equilibrium
http://www.45zfp.uj.edu.pl/#/program/ksiazka-streszczen

4. 18/09/2018 “From Spins to Cooper Pairs: Fundamental Aspects of Superconductivity”, Za-
kopane, Poland. At the invitation of the organizer prof. J. Spałka I gave a talk entitled
Mechanisms of phase transitions between ferro- and antiferro- magnetic orderings in itinerant
d and f electron materials
http://th-www.if.uj.edu.pl/ztms/eng/conference2018/speakers.php

5. 8/06/2017 “Superstripes 2017”, Ischia, Italy. At the invitation of the organizer A. Bianconi I
gave a talk entitled Topological Kondo semi-metals
https://www.superstripes.net/superstripes-2017/confirmed-invited-speakers?start=
2

7.3.2 Talks

1. 12/12/2019 “Recent Developments in the Theory of Topological Systems”, Institute of Physics
UMCS, Lublin, Poland. At the conference I gave a talk entitled Electrical control of entangle-
ment for spin 3/2

2. 5/09/2018 “New Generations in Strongly Correlated Electron Systems 2018”, San Sebastian,
Spain .At the conference I gave a talk entitled Efficient variational approach to strongly corre-
lated fermions at and far from equilibrium

3. 2/10/2017 “FisMat 2017 Conference”, Trieste, Italy. At the conference organized at Interna-
tional Center of Theoretical Physics I gave a talk entitled Variational Schrieffer-Wolff trans-
formation: Mott physics at and far from equilibrium

4. 12/07/2016 “Condensed Matter in the City”, London, Great Britain. At the conference orga-
nized by Royal Holloway University of London gave a talk entitled Correlation driven failed
topological Kondo insulators

5. 29/09/2016 “New Generations in Strongly Correlated Electron Systems 2016”, Trieste, Italy.
At the conference I gave a talk entitled Many-body breakdown of the indirect gap in topological
Kondo insulators

6. 7/07/2015 “20th International Conference on Magnetism”, Barcelona, Spain. At the conference
I gave a talk entitled Classical and quantum criticalities in the itinerant ferromagnet UGe2: A
microscopic interpretation

7. 25/09/2014 “From Spins to Cooper Pairs: New Physics of the Spins”, Zakopane, Poland. At
the conference I gave a talk entitled Microscopic model for ferromagnetism in UGe2

8. 23/11/2013 “Katowicko-Krakowskie Seminarium z Fizyki Ciała Stałego”, Kraków, Poland. At
the conference I gave a talk entitled Andreev processes in graphene

9. 12/10/2013 “XVI National Conference on Superconductivity”, Zakopane, Poland. At the con-
ference I gave a talk entitled Seebeck effect in the graphene-superconductor junction

10. 6/10/2011 “XVI Training Course in the Physics of Strongly Correlated Systems”, Vietri sul
Mare, Italy. On the workshop I gave a talk entitled Magnetization of liquid helium 3 within
SGA approach to Hubbard model: Comparison with experiment

37

http://www.45zfp.uj.edu.pl/#/program/ksiazka-streszczen
http://th-www.if.uj.edu.pl/ztms/eng/conference2018/speakers.php
https://www.superstripes.net/superstripes-2017/confirmed-invited-speakers?start=2
https://www.superstripes.net/superstripes-2017/confirmed-invited-speakers?start=2


7.3.3 Posters

1. 10/2013 “XVI National Conference on Superconductivity”, Zakopane, Poland. Poster entitled
Diagrammatic expansion for the Gutzwiller wave function

2. 09/2013 “Autumn School on Correlated Electrons: Emergent Phenomena in Correlated Matter”,
Jülich, Germany. Poster entitled Diagrammatic expansion for the Gutzwiller wave function

3. 09/2012 “Autumn School on Correlated Electrons: from Models to Materials”, Jülich, Germany.
Poster entitled Thermoelectric effect in the normal conductor-superconductor junction: A BTK
approach

4. 10/2011 “XVI Training Course in the Physics of Strongly Correlated Systems”, Vietri sul Mare,
Italy. Poster entitled Magnetic an thermodynamic properties of SGA mean-field approach to
Hubbard model: Application to liquid helium 3

7.3.4 Seminars

1. 26/04/2021 Ames Laboratory, USA; inviting : prof. P. Canfield; title: Antiferromagnetic
component due to orbital selective ferromagnetism in La5Co2Ge3 - online seminar

2. 19/10/2018 Institute of Physics, University of Warsaw, Warszawa, Poland; inviting: prof. P.
Jakubczyk; title: Numerically efficient variational methods to strongly correlated fermion sys-
tems at and out of equilibrium

3. 21/05/2018 Institute of Physics, Jagiellonian University, Kraków, Poland; inviting: prof. J.
Spałek; title: Efficient variational approach to strongly correlated fermions at and far from
equilibrium

4. 10/01/2018 Institute of Physics, Polish Academy of Sciences, Warszawa, Poland; inviting: prof.
A. Wiśniewski; title: Theoretical understanding of itinerant ferromagnetism in d and f electron
compounds.

5. 14/12/2017 Institute of Physics, Polish Academy of Sciences, Warszawa, Poland; inviting: prof.
Ł. Cywiński; title: Efficient variational approach to strongly correlated fermions at and far from
equilibrium

6. 10/02/2017 International School for Advanced Studies (SISSA), Trieste, Italy; title: Gutzwiller
wave function based methods

7. 28/11/2014 Institute of Science and Technology Austria; inviting: dr. J. Kaczmarczyk; title:
Magnetism of the heavy fermion compound UGe2 described on the basis of the Anderson lattice
model

8. 14/10/2014 Institute of Physics, Maria Curie Skłodowska University; inviting: prof. T. Do-
mański; title: Microscopic mechanism for ferromagnetism in UGe2

9. 8/01/2014 Institute of Physics, Wrocław University of Science and Technology; inviting: prof.
P. Machnikowski; Andreev processes in the graphene based superconducting hybrid structures.

10. 14/03/2013 Institute of Physics, University of Warsaw; inviting: prof. J. Majewski; title:
Andreev processes in graphene-superconductor hybrid structures

(signature of the applicant)

38


	Name:
	Diplomas and degrees conferred in specific areas of science
	Information on employment in research institutes or faculties/departments
	Description of the achievements, set out in art. 219 para 1 point 2 of the Act
	Title of the scientific achievement
	Publications constituting the scientific achievement
	Description of the scientific achievement
	Introduction
	Models of correlated fermions
	Numerical many-body methods and related approximations
	Detailed description of the results obtained in works [p1-p7]
	Summary 
	Bibliography


	Presentation of significant scientific activity carried out at more than one university or scientific institution, especially at foreign institutions
	Presentation of teaching and organizational achievements as well as achievements in popularization of science 
	Teaching
	Organization of conferences
	Popularization of science

	 Other information about professional career
	A short description of the works published after obtaining PhD degree, which are not part of the scientific achievement
	Awards, scholarships and research grants
	Conference and seminar talks


