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Abstract
Time-resolved ultrafast spectroscopy has emerged as a promising tool to dynamically induce
and manipulate non-trivial electronic states of matter out-of-equilibrium. Here we theoretically
investigate light pulse driven dynamics in a Kondo lattice system close to quantum criticality.
Based on a time-dependent auxiliary fermion mean-field calculation we show that light can
dehybridize the local Kondo screening and induce oscillating magnetic order out of a previously
paramagnetic state. Depending on the laser pulse field amplitude and frequency the Kondo
singlet can be completely deconfined, inducing a dynamic Lifshitz transition that changes the
Fermi surface topology. These phenomena can be identified in harmonic generation and
time-resolved angle-resolved photoemission spectroscopy spectra. Our results shed new light on
non-equilibrium states in heavy fermion systems.

Supplementary material for this article is available online

Keywords: non-equilibrium phase transition, lifshitz transition, high harmonic generation,
heavy fermion systems

1. Introduction

Quantum materials exhibit emergent properties that are the
result of strong interactions between their constituents, defy-
ing a theoretical description in terms of free electrons. Their
physical phenomena, such as superconductivity, long range
entanglement and topologically protected currents, are exotic
and absent in simple metals or insulators [1]. This makes
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them promising candidates for applications in future quantum
devices.

Classifying and predicting such unusual states of matter
and their excitation spectra in terms of broken symmetries
and topological properties is one of the central aims in mod-
ern condensed matter physics. Quantum critical points [2–4]
(QCPs), i.e. zero temperature phase transitions separating dif-
ferent ground states driven by quantum fluctuations, are espe-
cially interesting in this regard. In heavy fermion systems, such
as Ce-, and Yb-based compounds [5–7], localized f electrons
act as magnetic moments, that are interacting with conduc-
tion band electrons via hybridization. The Ruderman–Kittel–
Kasuya–Yosida (RKKY) interaction, which is generated from
the Kondo interaction but mediated via the conduction band
electrons, is competing with the Kondo interaction and favors
magnetic ordering. In the large Kondo interaction J limit, the
local singlet formation leads to a Kondo screening effect of the

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Induction of magnetic order through light-induced dehybridization. (a) Ground state representation of the Kondo lattice model in
the Kondo screened PM phase with large FS and no magnetic order. (b) Light-induced staggered magnetization oscillations accompanied
with a weakening of the Kondo screening and induced current as indicated by the blue arrows. (c) Further increasing the pulse amplitude
completely suppresses the Kondo screening V = 0.

conduction band electrons. No magnetic order exists and the
system is paramagnetic (PM). Due to the strong hybridization
between f - and conduction band electrons, the effective mass
of the low-energy band electrons gets strongly renormalized
and the Fermi surface (FS) volume expands, providing a sig-
nature of the Kondo-effect induced heavy Fermi-liquid phase.
In contrast if the RKKY interaction dominates, the system
exhibits magnetic order and the Kondo heavy quasiparticles
are destroyed. The transition between these two phases is non-
trivial. In the conventional picture the conduction and f elec-
trons would always hybridize, leading to heavy fermions on
both sides of the QCP [8–10]. However, in many experiments
a different behavior is observed [5, 11–14], in which a recon-
struction of the FS takes place abruptly and the Kondo screen-
ing becomes irrelevant. In this case the FS is only determined
by the conduction band electrons (small FS). This scenario is
referred to as local quantum criticality [7, 15, 16].

While traditional methods to unravel these interesting phe-
nomena in experiment include chemical doping, application
of static pressure and magnetic field [17], in recent years it
has become possible to use laser pulse femtosecond drives to
dynamically induce novel states and non-equilibrium excita-
tions in quantum materials [18–31]. The search for new light
induced quantum phases, is a central aim in modern solid
state physics [32–34]. A recent highlight is the first exper-
imental discovery of a light-driven Lifshitz transition [35].
Also heavy fermion systems have been investigated in ultrafast
experiments [36–39], calling for a theoretical description of
the interplay between quantum criticality and non-equilibrium
dynamics in these system.

In this work we close this gap by investigating how short
laser pulses can influence the local Kondo screening and mag-
netic order in the Kondo square lattice geometry [40, 41].
Under the assumption of a low frequency pulse, we can safely
neglect the local f -interband transitions and purely work with
a local magnetic moment degree of freedom. We focus on
the uncompensated, metallic regime at nc = 0.9, where nc is
the conduction band filling. We use time-dependent mean-
field theory supported by time-dependent Variational Monte
Carlo (tVMC) calculations to demonstrate, that a dynamical
quantum phase transition from a pure Kondo screened PM
phase to an oscillating antiferromagnetic state can be induced,
see figure 1.

2. Results

The model that we study is the Kondo square lattice model
defined by the Hamiltonian

H=−thop
∑

⟨i ,j⟩,σ

(
c†iσcjσ +H.c.

)
+ J

∑
i

Sci ·S
f
i, (1)

where the sum ⟨i , j⟩ runs over the nearest neighbours. The
first term is the kinetic energy of the conduction electrons; the
second term is the Kondo coupling of the conduction band to
the local SU(2) moments Sfi of the f -electrons, with its strength
denoted by J. We include a time-dependent EM field by the
well established Peierls substitution [42–44]

thop → thope
iA(τ)(ri−rj), (2)

where A(t) is the time-dependent vector potential.
We use a fermion description of the local magnetic

moments Sαi = 1/2
∑

σ,σ ′ f
†
i,στ

α
σ,σ ′ fi,σ ′ leading to the purely

fermionic Hamiltonian

H=−
∑

i,j∈{NN(i)},σ

thope
iA(τ)(ri−rj)c†iσcjσ + h.c.

+ J/4
∑

i,α,{σ( j)}

c†i,σci,σ(1) f†i,σ(2) fi,σ(3)τασ,σ(1)τ
α
σ(2),σ(3) , (3)

where τασ,σ ′ are the Pauli matrix components. By constraint,
there is on average only one f -electron per site. To proceed
further, we consider a decoupling of Kondo exchange inter-
action using auxiliary fields in the particle-hole channel and
introducing A/B sublattices for staggered magnetization, lead-
ing to self-consistency equations for the quantities

2mf,A/B =
〈
f†i,A/B,↑fi,A/B,↑

〉
−
〈
f†i,A/B,↓fi,A/B,↓

〉
(4)

2mc,A/B =
〈
c†i,A/B,↑ci,A/B,↑

〉
−
〈
c†i,A/B,↓ci,A/B,↓

〉
(5)

VA/B =
〈
c†i,A/B,↑fi,A/B↑

〉
. (6)

For convenience we introduce the total and staggered hybrid-
izations

V=
1
2
(VA+VB) (7)
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Figure 2. Time-dependence and long-time average of magnetic order parameter and hybridization. (a) Time dependence of staggered
magnetization (blue line), total hybridization (green line) and staggered hybridization (orange line) during a short light pulse (red line) in the
PM phase at J= 3.1thop and T= 0.01thop. (b) Dynamical phase diagram of the time averaged staggered magnetizationMstag after light-pulse
as function of pulse amplitude A0 and frequency ω0 in the paramagnetic phase at J= 3.1thop and effectively zero temperature T= 0.01thop.
(c) Same as in (a) but in the in the intermediate phase with J= 2.7thop and T= 0.195thop above the Néel temperature. (d) Same as in (b) but
in the in the intermediate phase phase with J= 2.7thop and T= 0.195thop above the Néel temperature.

V ′ =
1
2
(VA−VB) . (8)

The introduction of A/B sublattices is necessary to allow the
breaking of the translational symmetry to accomodate the
formation of antiferromagnetic order due to the laser driven
temporal fluctuations. This is very similar to the situation in
equilibrium.

The auxiliary-field saddle-point approach is capable of
qualitatively capturing the ground state phase diagram cor-
rectly when compared to more sophisticated methods, such as
VMC and dynamical cluster approximation, see [40, 41, 45].
The main difference lies in the energy scale of the phase trans-
itions. VMC shows a transition from the Kondo screened PM
phase at large Kondo interaction to an intermediate antifer-
romagnetic state with hole-like FS at J= 1.35thop, while the
auxiliary-field approach predicts this transition at J= 3.0thop.
The transition to the electron-like FS occurs at J= 1.1thop in
VMC, while the same transition appears at J= 2.4thop in the
auxiliary-field approach. Note that the auxiliary-field approach
conserves the total number of excitations at fixed momentum
k in the reduced Brillouin zone and therefore describes elastic
scattering. We caution that inelastic scattering processes will

lead to additional damping in the time evolution, which is neg-
lected in our current work. Therefore, we expect that themean-
field approach captures the leading temporal fluctuations and
qualitatively describes the non-equilibrium dynamics. A dif-
ficulty that emerges in the time-dependent case is the mixing
of particle numbers in the c and f sections due to the time-
dependence of the hybridization. To fixate the f electron and c
electron occupation separately we used time-dependent chem-
ical potentials, see the supplementary note 1 for details.

In equilibrium, three different phases can be distinguished
depending on Kondo interaction strength at zero temper-
ature, see supplementary figure 1. We focus on the PM
Kondo screened phase at J= 3.1thop. We parameterize the
light pulse using a Gaussian envelope A(t) = A0ex exp(−(t−
tc)2/2t2d)cos(ω0(t− tc)), where tc = 50/thop is the pulse cen-
ter, td = 10/thop is the pulse width, A0 is the overall pulse amp-
litude and ω0 is the pulse frequency that we are going to vary
in the following. We only consider a linear polarization along
the x direction. Figure 2(a) shows a typical time evolution of
the system as well as the time dependence of the light vector
potential. During the laser pulse the Kondo screening dimin-
ishes, signaled by the reduction of the total hybridization V
between local moments and conduction band electrons. At this

3
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Figure 3. Time averaged induced current. Intensity of the fundamental harmonic (a) and third harmonic (b) after a short light pulse in the
PM phase at J= 3.1thop and T= 0.01thop.

point in time the RKKY interaction induces the formation of
long range magnetic order Mstag directly after the pulse. This
qualitative behavior, i.e. an enhancement of magnetic correla-
tions by the light pulse, is supported by tVMC calculations in
the supplementary note 2. The structure of this magnetic order
is identical to the intermediate equilibrium regime but the
order parameter oscillates around its asymptotic value Mstag.
These order parameter oscillations are similar to the recently
observed Higgs oscillations in superconducting condensates.
Similar to the Higgs oscillations, the oscillation frequency is
proportional to the asymptotic order parameter value. At the
same time we observe hybridization oscillations with the same
frequency but with a π-phase shift. A finite staggered com-
ponent V ′ dynamically evolves after the pulse, which is in
phase with respect to the antiferromagnetic order parameter
oscillations. We observe only a very slow decay of the oscilla-
tions, indicating the formation of a stable collective magnetic
excitation. Note that the simulations by tVMC does not show
oscillations of the spin correlations. We attribute this fact to
the limited system size accessible in these simulations, which
introduce spurious boundary effects. To quantify the depend-
ence of the induced staggeredmagnetization on the pulse para-
meters, we investigate the dynamical phase diagram (DPD) of
the asymptotic staggered magnetization in figure 2(b) as func-
tion of pulse amplitude and frequency. In order to induce a
finite staggered magnetization, pulse frequency ω0 and amp-
litude A0 have to be sufficiently large. Once a certain threshold
value is reached we observe a dispersive region in which
the induced staggered magnetization is maximized. Further
enhancing the pulse amplitude does not result in an increased
staggered magnetization but instead heats the system, melt-
ing the induced staggered magnetization again. Within this
region, we can still induce magnetic order parameter oscil-
lations, however their asymptotic value is close to zero. The
possibility to dynamically induce magnetic order out of an
unordered state is not limited to the zero temperature case.
In figure 2(c) we investigate the system dynamics within the
intermediate regime, i.e. J= 2.7thop and T= 0.195thop, which

is above the Néel temperature, TN ≈ 0.185thop, but still within
the Kondo screened phase. After the initial hybridization drop,
we observe the dynamical formation of magnetic order. The
overall amplitude of the induced staggered magnetization is
reduced when compared to the zero temperature case, result-
ing in slower order parameter oscillations. The corresponding
finite temperature DPD of the asymptotic staggered magnetiz-
ation is shown in figure 2(d). It shows amuch broader region of
induced staggered magnetization, compared to the zero tem-
perature case.

To identify the dynamical phase transition in experiment
we investigate the high harmonic generation (HHG) [46] spec-
trum induced by the pump pulse. Specifically we concentrate
on the intensity profiles of the fundamental and third har-
monic as a function of pulse amplitude and frequency for the
zero temperature case. As shown in figure 3 the fundamental
harmonic shows a strong response upon entering the Kondo
breakdown regime, see for comparison figure 2(b). The third
harmonic is also sensitive to the magnetic phase transition.
Additionally it features a strong response forA0 ≈ 0.07thop and
ω0 ≈ 0.58thop, just before the actual breakdown of the Kondo
screening at stronger pump pulses. The strong sensitivity of
the HHG spectra to the phase transition can be understood in
terms of a breakdown of the Kondo screening, leading to a
creation of free charge carriers.

Using only HHG spectroscopy we can pinpoint the trans-
ition region but it is insufficient to directly investigate the
microscopic non-equilibrium dynamics. We thus use the
method introduced by Freericks, Krishnamurthy and Pruschke
[47] to compute time-resolved angle-resolved photoemission
spectroscopy (tr-ARPES) spectra. To resolve the light pulse
induced dynamics directly, we need a pulse that is short
enough to not average over the dynamics, while being long
enough to obtain a sufficient energy resolution. Figures 4(a)–
(c) shows the order paramter oscillations, including the probe
pulse as shaded regions, the ARPES signal centered around t1
and t2, respectively. The magnetic order oscillations directly
manifest in oscillation of the spectral function in energy and
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Figure 4. Order parameter oscillations and Lifshitz transition in time-resolved ARPES. (a) Dynamics after pump pulse inducing order
parameter oscillations for A0 = 0.15 and ω0 = 0.55/thop. Shaded regions show the time domain for the photoemission spectroscopy probe
pulses. (b) and (c) Photoemission spectra measured at t1 and t2 respectively, as shown in (a). Solid lines show the maximum of the signal as
function of k while dotted lines are for comparison. (d) Dynamics for stronger pump pulse that significantly reduces the hybridization. Pulse
parameters are A0 = 0.18 and ω0 = 0.55/thop. (e) Photoemission spectra measured at t1 before the pump pulse as shown in (d). Solid lines
are the time averaged lowest eigenvalues of the mean-field Hamiltonian. (f) Photoemission spectra measured at hybridization minimum at t2
after the pump pulse in (d). Solid lines as in (e). All momenta measured in k= |(kx,ky)| for a path along the diagonal in the reduced BZ.

amplitude, see blue (in panel (b)) and green (in panel (c)) lines.
Amplitude and energy oscillations have also been proposed
to observe superconducting Higgs modes in tr-ARPES type
experiments [48–51].

To further elucidate the effect of stronger pump pulses
we investigate a case, in which the Kondo screening is more
strongly affected. Figures 4(d)–(f) shows the dynamics in
which the hybridization is suppressed by up to 90% at t2, the
ARPES signal in equilibrium at t1 and after the pulse at t2
respectively. In equilibrium the FS is large within the reduced
BZ. After optical excitation the situation changes drastically.
The local magnetic moments dehybridize from the conduction
band, strongly renormalizing the electronic structure. The FS
is now significantly reduced (small FS) and we see excitations
in the upper, previously empty, conduction bands. This change
in the FS is similar to what is observed in equilibriumwhen the
Kondo destruction induces a topological Lifshitz transition.
While the equilibrium transition is triggered by the change of
the Kondo interaction strength, here it is driven by fluctuations
induced through the strong laser light.

3. Discussion

In conclusion, we have predicted a rare light-induced sym-
metry breaking in heavy fermion systems accompanied with
the destruction of the Kondo coherence. We have shown, that
two different types of phase transitions, a second order trans-
ition with the appearance of magnetic order and a topological

FS reconstruction, can be dynamically driven using ultra-short
laser pulses. The laser-induced regime is highly sensitive to the
laser pulse parameters and HHG can be used to dynamically
map out the phase transition region. Theoretical calculations
of tr-ARPES spectra have evidenced the magnetic order para-
meter oscillations, as well as the Lifshitz transition. It is expec-
ted that such a phase transition has a significant effect on trans-
port properties, such as the transient Hall coefficient, which
should show a sign change after the topological transition. Our
results suggest that the character of the Kondo PM phase is
disturbed by the light field, while the formation of magnetic
order via the RKKY interaction requires stronger light fields
in order to be suppressed. Note that this selectivity is contrary
to the effect of pure heating, where temperature fluctuations
induce a Néel temperature that is smaller than the Kondo tem-
perature, see supplementary note 1. The dynamically induced
properties clearly show that the interplay between light, Kondo
effect and magnetic order can have profound effects for heavy
fermion materials.

4. Methods

4.1. Time evolution with fixed particle number

During the excitation with the laser pulse, the single occu-
pancy requirement of the f -electrons could be violated, due to
hybridization with the conduction band electrons. While this
issue is fixed using the chemical potential of the f electrons
in equilibrium, in non-equilibrium the problem is more subtle,
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as the effect of the chemical potential on the f filling shows
up only in second order. In order to avoid an unphysical time
evolution we derive a method in order to fix the first derivative
of the f electron number with respect to time and thereby also
the electron number itself.

We introduce a Nambu spinor representation in the form

C†
kσ =

(
c†kσAc

†
kσBf

†
kσAf

†
kσB

)
. (9)

Such that the Hamiltonian can be written as

H=
∑
k,σ

C†
kσ


µc+ J/2σmf ϵ(k−A) − J

4 (3V−σV ′) 0
ϵ(k−A) µc− J/2σmf 0 − J

4 (3V+σV ′)
− J

4 (3V−σV ′) 0 µf+
J
2σmc 0

0 − J
4 (3V+σV ′) 0 µf− J

2σmc


︸ ︷︷ ︸

Hkσ

Ckσ. (10)

We go into the Heisenberg picture to describe the time evolu-
tion of the Nambu spinor

Ckσ (t) = Vkσ (t)Ckσ (11)

where Vkσ(t) encodes the time evolution in the original oper-
ator basis Ckσ The time evolution of an arbitrary bilinear
observable O with matrix representation O can be written as

O(t) =
1
N

∑
k,σ

〈
D†

kσU
†
kσV

†
kσ (t)OVkσ (t)UkσDkσ

〉
(12)

with

i∂tVkσ (t) =HkσVkσ (t) . (13)

Being the Heisenberg time evolution and UkDkσ = Ckσ being
the transformation to the diagonal operator basis. The derivat-
ive of an Observable that does not explicitly depend on time
reads

i∂tO(t) =
1
N

∑
k,σ

〈
D†

kσU
†
kσV

†
kσ (t) [O,Hkσ]Vkσ (t)UkσDkσ

〉
.

(14)

We want to fix the f -electron filling factor during the time
evolution by adjusting µf in time

i∂tnf =
1
N

∑
k,σ

〈
D†

kσU
†
kσV

†
kσ (t) [Nf,Hkσ]Vkσ (t)UkσDkσ

〉
(15)

where

Nf =


0,0,0,0
0,0,0,0
0,0,1,0
0,0,0,1

 (16)

is the matrix representation of nf. This first derivative does
not depend on µf explicitly, hence we have to go one step
further and calculate the second derivative. We first define

KNH (t) = [Nf,Hkσ]

=


0 0 J/4(3V−σV ′) 0
0 0 0 J/4(3V+σV ′)

−J/4(3V−σV ′) 0 0 0
0 −J/4(3V+σV ′) 0 0

 . (17)

Its derivative reads

∂tKNH (t) =


0 0 J

4 (3∂tV−σ∂tV ′) 0
0 0 0 J

4 (3∂tV+σ∂tV ′)
−J
4 (3∂tV−σ∂tV ′) 0 0 0

0 −J
4 (3∂tV+σ∂tV ′) 0 0

 . (18)
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It depends on the derivatives of the hybridization on the A/B
sublattice, which read

i∂tVA/B = i∂t
1
2N

∑
i

〈
c†i,A/B,↑fi,A/B↑

〉
+
〈
f†i,A/B,↑ci,A/B↑

〉
(19)

=
1
N

∑
k,σ

⟨
D†

kσU
†
kσV

†
kσ (t)

[
VA/B,Hkσ

]
Vkσ (t)UkσDkσ

⟩
. (20)

Now we can calculate the second derivative of the f electron
filling factor

−∂2
t nf =

1
N

∑
k,σ

〈
D†
kσU

†
kσV

†
kσ (t) [KNH (t) ,Hkσ]Vkσ (t)UkσDkσ

〉
(21)

+
〈
D†

kσU
†
kσV

†
kσ (t)(i∂tKNH (t))Vkσ (t)UkσDkσ

〉
. (22)

We now determine µf in a self-consistent loop at each time
step, such that the second derivative of nf vanishes. As long
as the external perturbation does not change nf in a non-
continuous way, this also fixes nf = 1.

4.2. tr-ARPES calculation

We compute the PES signal P(t,ω,k) =
´
τ1
´
τ2st(τ1)st(τ2)

eiω(τ1−τ2)G<(k, τ1, τ2), where st(τ) is the probe pulse shape
function centered around t andG< is the two-time lesser Green
function. Figure 2(a) of the main text shows the probe pulse as
shaded regions, parameterized as

st (τ) =


1 if t− tw/2< τ < t+ tw/2

e−(τ−(t−tw/2))
2/2t2s if τ ⩽ t− tw/2

e−(τ−(t+tw/2))
2/2t2s if τ ⩾ t+ tw/2

(23)

where tw is the width of the probe pulse, and ts is the switching
time. We choose ts = 1/thop in all calculations while the width
is variable. Note that the lesser Green function can be easily
calculated within the mean-field description.
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