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Experimental observations of the ultrafast (> 50 fs) demagnetization of Ni made two 
decades back had defied theoretical explanations for several reasons: its spin-flipping 
time is much less than that resulting from spin orbit and electron-lattice interactions and 
standard theoretical methods may not capture the role of electron correlations. Recent 
advances in theoretical techniques which combine time-dependent spin density-function-
al theory (TDDFT) and dynamical mean-field theory (DMFT) have enabled the inclusion of 
electron correlations, as well as the time dependence of electron-electron interaction. In 
this talk, I will present results of application of the TDDFT+DMFT to Ni which show that 
indeed the demagnetization occurs at the femtosecond scale [1], in good agreement with 
experimental observations, and that this ultrafast demagnetization results mainly from 
spin-flip transitions from occupied to unoccupied orbitals implying a dynamical reduction 
of exchange splitting. These conclusions are found to be valid for a wide range of laser 
pulse amplitudes. Similarly, I will relate the insulator to metal transition in VO2 to the time-
dependence of the excited charge density [2]. Here the time-dependence of the chemical 
potential of the excited electron and hole subsystems shows that even for such short 
times the dynamics of the system is significantly affected by memory effects—the time-
resolved electron–electron interactions. The above results pave the way for obtaining a 
microscopic understanding of the ultrafast dynamics of strongly-correlated materials.
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of those in experiments. On the other hand, incorporation of
the time-dependent Liouville equation into DFT [19] with
rescaled spin-polarized local density approximation (LDA)
and a time-dependent attenuation factor found 10%
decrease of magnetic moment for experimentally relevant
pulse parameters [19]. Although the demagnetization is
much less than in experiments, this study [19] points to the
importance of memory effects in XC potentials. Motivated
by the above suggestions of interplay of electron correla-
tions and memory effects in ultrafast demagnetization, we
present a theoretical model in which we incorporate non-
Markovian dynamics in noncollinear spin-density TDDFT
[21,22] with the XC kernel derived from dynamical mean-
field theory (DMFT) [23,24] based on a Hubbard model
suitable for transition metals with partially filled d orbitals.
Apart from inherent inclusion of memory effects [25,26],
the approach tracks electron correlations at timescale
during which lattice effects may be neglected: the first
(0–20 fs) of ultrafast spin dynamics in Ni.
Note that such a noncollinear theory would allow spins

to flip (Fig. 1) without requiring conservation of Sz, since
the magnetization direction varies in space and the z
component of spin is not a good (global) quantum number.
Realization of such systems includes the helical spin-wave
ground state for γ-Fe [27] and systems with varying surface
magnetization. One could also visualize a scenario in which
the ground state constitutes collinear spins but coupling of
the spin-up and spin-down densities, either through an
external transverse magnetic perturbation or a spatially
dependent effective magnetic field generated by reorienta-
tion of the magnetic moments, leads to noncollinearity.
Computational details.—First, we perform spin-

polarized DFT [28,29] calculations using the QUANTUM

ESPRESSO code [30] to obtain spin-resolved orbital density
of states (DOS) and corresponding Kohn-Sham eigenfunc-
tions. The Perdew-Burke-Ernzerhof (PBE) functional [31]
under the generalized gradient approximation (GGA) is
used to describe the electronic exchange-correlation con-
tribution to the total energy. The valence electron (4s2 3d8)
wave functions are expanded using a plane-wave basis
with kinetic energy cutoff of 35 Ry and scalar-relativistic,
ultrasoft pseudopotential is used to describe core
electrons and the nuclei. The bulk Ni Brillouin zone is
represented by the Monkhorst-Pack k-point scheme [32]

with a 15 × 15 × 15 grid mesh. The structure is ionically
relaxed such that forces on an atom converge within
10−3 Ry=Å and the total energy within 10−4 Ry. The
calculated lattice constant of 3.52 Å agrees well with
experiments [33]. In the postprocessing calculations of
the DOS, 30 × 30 × 30 k points and 20 bands are used.
For the effective Hubbard Hamiltonian solved within

DMFT, we choose the local Coulomb repulsion U ¼
3.0 eV and the exchange energy J ¼ 0.9 eV obtained by
constrained DFT [34], which successfully reproduces
several experimental features of Ni [17,35]. To solve
DMFT equations in the Matsubara (imaginary) frequency
representation with discrete fermionic frequencies iωn ¼
iπTð2nþ 1Þ, we take n ¼ 250, kBT ¼ 0.01 eV and use the
multiorbital iterative perturbation theory (MO-IPT)
approximation [36] (details in the Supplemental Material
[37], Sec. I) which reproduces the main features of the
DMFT solution and is computationally less demanding
than the state of the art continuous-time quantum
Monte Carlo solver [38]. The obtained Green’s function
is then transformed into the real frequency representation
through the Pade approximation [39]. With the above
parameters, we obtain Ni Curie temperature Tc ≈ 627 K,
in good agreement with 631 K found in experiments [33].
Although this agreement may be fortuitous, it indicates that
the chosen U and J values are not unrealistic.
To simulate electron dynamics, we use spin-flip TDDFT

Kohn-Sham equations for the spin wave functions, whose
general form is
!"
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where −∇2=2m is the kinetic energy operator,
VH½n&ðr; tÞ ¼

R
½nðr0; tÞ=jr − r0j&dr0 is the Hartree poten-

tial, VXCσσ0 ½n&ðr; tÞ is the XC potential matrix, σ refers to
spin indices, and Vextσσ0ðr; tÞ is the external potential. Here
VXCσσ0 ½n&ðr; tÞ is a functional of the spin-density matrix
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X
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and Vextσσ0ðr; tÞ represents the laser pulse field which in the
dipole approximation is δσσ0er:EðtÞ (valid since the pulse
wavelength is longer than the lattice parameters). The
external electric field is taken as EðtÞ ¼ E0e−t

2=τ2 cosðωtÞ
ðx̂þ ŷþ ẑÞ, where E0, τ, ω, x̂; ŷ, and ẑ are the electric field
amplitude, the pulse duration, the field frequency and the unit
vectors along x, y, and z-directions, respectively. Unless
specified otherwise, in this work E0 and ℏω are 0.05 V=Å
and 2 eV, as in the TDLDA study [18], whereas τ is taken to
be 7.2 fs, slightly less than previously used [18].
Using linear response, the XC potential in Eq. (1) can be

expressed in terms of XC kernel matrix fXCσσ0σ̄σ̄0ðr; t; r0; t0Þ
as

FIG. 1. Schematic representation of Coulomb repulsion in-
duced spin-flip processes in Ni upon perturbation by a laser pulse
that results in ultrafast demagnetization of the system.
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