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We analyze theoretically the demagnetization dynamics in a ferromagnetic model system due to the interplay
of Rashba-type spin-orbit coupling and electron-electron Coulomb scattering. We compute the k-resolved
electronic reduced spin-density matrix, including precessional dynamics around internal spin-orbit and exchange
fields as well as the electron-electron Coulomb scattering for densities and spin coherences. Based on a compar-
ison with numerical solutions of the full Boltzmann scattering integrals, we establish that the k-resolved reduced
spin-density matrix dynamics are well described using a simpler generalized relaxation-time ansatz for the
reduced spin-density matrix. This ansatz allows one to relate the complicated scattering dynamics underlying the
demagnetization dynamics to a physically meaningful momentum relaxation time t. Our approach reproduces
the behavior of the demagnetization time t,;, o 1/t and t,,, o 7 for the limits of short and long 7, respectively,
and is also valid for the intermediate regime. The ansatz is not limited to the specific form of spin-orbit coupling
considered here and provides a tool to include the correct demagnetization behavior in approaches that treat other

contributions to the magnetization dynamics such as transport or magnon/phonon dynamics.
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I. INTRODUCTION

The relaxation of electrically or optically induced elec-
tronic spin polarizations in semiconductors and simple metals
has been studied for more than 50 years and has important
connections to the spin-dependent dynamics of electrons in
ferromagnets. Spin-relaxation dynamics in semiconductors
have often been interpreted in terms of three different “classi-
cal” mechanisms: Elliott-Yafet (EY), Dyakonov-Perel (DP),
and Bir-Aronov-Pikus, which were invented, respectively,
for semiconductors with degenerate bands, for electronic
bands with small spin splitting, and small-band-gap sys-
tems with electron-hole exchange interactions; see Refs. [1,2]
for a general overview. The most widely applicable EY
and DP mechanisms were based originally on a combi-
nation of spin-orbit coupling (SOC) with electron-impurity
and electron-phonon scattering. In semiconductor spintron-
ics it was realized about 20 years ago that electron-electron
scattering, which arises from the spin-independent Coulomb
interaction, can also contribute to spin relaxation, even though
this interaction does not directly couple electrons to the lattice.
More precisely, it leads to spin dephasing in the presence
of a k-dependent spin-orbit-induced splitting between 1 and
J states, which can be described in terms of a k-dependent
internal effective magnetic field [3,4].

In ferromagnetic metals, a pronounced quenching of the
magnetization, which is mainly related to d-band electrons,
can be observed after excitation with an ultrashort optical
pulse. While this is a more sizable effect than the relaxation
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of an induced spin polarization of a small density of excited
electrons in semiconductor s- or p-like bands, the concept
of Elliott-Yafet spin dynamics via electron-phonon scattering
[5] was introduced early on as a mechanism to explain the
reduction of spin angular momentum observed in the demag-
netization process of ferromagnets [6].

The present paper is concerned with the characteristics of
magnetization dynamics that are caused by a “spin-relaxation-
like” approach to magnetization dynamics. Compared to
semiconductors, ferromagnetic metals possess a more com-
plicated ground state with correlated d-electron bands at
the Fermi level, more complicated elementary excitations
(magnons), and a different electron-phonon coupling (spin-
lattice coupling). The mechanism of incoherent electronic
dynamics [7,8] together with spin-orbit coupling considered
in this paper thus competes with or complements other mech-
anisms, such as (1) coherent electronic dynamics [9] coupling
of Fermi-level electrons to more tightly bound orbitals, (2)
direct angular momentum transfer to phonons [10,11], and (3)
magnon interactions [12,13], to name only a few. The dom-
inant scattering mechanisms contributing to the incoherent
electron dynamics arise from the interaction with phonons and
other electrons. Electron-phonon scattering is often regarded
as important because it can lead to electronic spin flips via
coupling to the lattice [6], which fits into the picture of a
three-temperature model as the spin-lattice coupling. Theo-
retical calculations indicate that the spin-dependent part of
the electron-phonon interaction, in which the phonons directly
change the electron spin, gives only a small contribution
to electronic dynamics [14,15]. Instead, the main impact of
electron-phonon scattering is the spin-independent contribu-
tion to its matrix element. The spin-independent electronic
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momentum scattering processes in combination with elec-
tronic precessional spin dynamics around internal spin-orbit
fields are mainly responsible for the change in electronic
spin polarization [16]. Reference [16] discusses this micro-
scopic picture of electron-spin to lattice coupling in some
detail and shows that the lattice acts as the spin sink. If
the electron-phonon scattering contributes to magnetization
dynamics mainly because it acts as a momentum scattering
channel for electrons, then the electron-electron scattering
provides an additional momentum scattering channel that
should be even more important for highly excited electrons
because it can act on an even shorter timescale of 10 fs. The
demagnetization dynamics corresponding to the latter mech-
anism have so far been investigated at the level of Fermi’s
golden rule rates for transitions between spin-mixed states due
to the Coulomb interaction [7,8]. This approach can explain
a sizable contribution to demagnetization, in particular, if a
dynamical Stoner exchange splitting is included [8,17].

In this paper we investigate the electron-electron scattering
contribution to the spin-dependent dynamics in a ferromag-
netic model system using a similar approach as we have
employed for electron-phonon scattering [16]. That is, we
go beyond Fermi’s golden rule rates for Coulomb scattering
between electronic distributions in k space and include the
precessional dynamics of coherences, i.e., the off-diagonal
components of the spin-density matrix, around anisotropic
effective spin-orbit fields. We apply this treatment of the spin-
dependent electronic dynamics to a ferromagnetic Rashba
model. We choose this generic spin-orbit coupling over a
d-band structure because of its simplicity, which makes the
numerical calculations feasible, as we can work with analyti-
cal expressions for the electronic spinor states. Such a Rashba
model has been applied to a simple model of spin-orbit cou-
pling in a thin ferromagnetic film; see, e.g., Ref. [18], but it
has its limitations. For instance, even if the electron spectrum
of surface states in metals is well described by the Rashba
Hamiltonian, the spin dynamics may not be [19].

Using a screening parameter to control the strength of
the electron-electron Coulomb scattering, we find that the
influence of this scattering mechanism, including its effects
on the precessional dynamics, can be captured well using an
extended relaxation-time ansatz with a single effective mo-
mentum relaxation time t for any given interaction strength.
The ansatz and the effective relaxation time provide an ar-
guably more general description of relaxation processes than
what can be obtained microscopically from our simple model
band structure. In terms of this relaxation time we can con-
sistently describe a whole range of different demagnetization
behaviors from a proportionality to 7~ to the proportionality
to 7, including the important intermediate regime, which, to
the best of our knowledge, has not been mapped out in a fer-
romagnetic system yet. For semiconductors and nonmagnetic
metals, similar scalings of the spin-relaxation rates/times
have been found in their dependence of quasiparticle broad-
ening [20,21] and doping concentrations [22].

II. THEORETICAL APPROACH

Our theoretical approach to determine the demagnetiza-
tion dynamics and the quantities involved in the electronic

dynamics under the influence of internal spin-orbit fields
and electron-electron scattering proceeds by first determining
the single-particle energies and states of the Bloch electrons
in our model band structure and then setting up and nu-
merically solving the dynamical equations for the reduced
electronic spin-density matrix, including electron-electron
Coulomb scattering. We then introduce here a relaxation-time
ansatz that can approximate the spin-conserving electron-
electron Coulomb scattering well. The ansatz involves only
a single relaxation time and introduces a time-dependent ef-
fective quasi-equilibrium spin-density matrix, to which the
system evolves during demagnetization and remagnetization.

A. Hamiltonian and dynamical equation

The derivation of equations of motion (EOMs) for the
electron-electron interaction is closely related to what we have
presented in Refs. [23] and [16], but the general approach has
been well established for semiconductor spintronics earlier
[24]. Here we only give a short overview of the model system,
which uses a two-dimensional k space and applies to two-
dimensional electron gases and, in our case, to ferromagnetic
thin films. The single-particle states and energies can be ob-
tained in closed form from the system Hamiltonian,

ﬁ(k) = ﬁkin(k) +ﬁSO(k)+ﬁStonerv (1)
with the effective-mass contribution Hy;, (k) = % The spin-

orbit contribution is of the Rashba form and can be written in
terms of the vector of Pauli matrices 6

I:ISO(k) =a(6 xk)-e = a(ﬁxky - 6ykx)- (2)

The strength of the spin-orbit contribution to our effec-
tively two-dimensional electron system is controlled by the
Bychkov-Rashba parameter «. The mean-field Hubbard con-
tribution leads to a Stoner contribution Hsgner = Um, which
depends on an effective on-site interaction energy U and the
magnetization m. In the Stoner approach, the magnetization
is essentially equal to the spin polarization. This quantity is
defined in Eq. (7). We self-consistently determine the band
structure and states in equilibrium, which results in an equi-
librium spin polarization of m & 0.454 (0.5 would be the
maximum spin polarization). We keep the band structure fixed
throughout the dynamics, i.e., we do not self-consistently
adjust the band structure to the instantaneous value of m, see
also the discussion below.

Figure 1 illustrates the important features of the model. The
model band structure exhibits a k-dependent band splitting
and k-dependent Bloch spinors, which we denote by f} and
U to indicate that they are not pure spin states. The splitting
AE} = grq — &y of the bands shown in Fig. 1(a) ranges from
AEi_o =400meV to AE;_jgnm-1 = 725 meV for different
k values. Figures 1(b) and 1(c) depict the k-local spin ex-
pectation values (ku|o|ku)/2 for the Bloch spinors [kpu):
(b) the longitudinal component vs k and (c) the components
perpendicular to z vs polar angle for a fixed k. Around k = 0
states are essentially 1 and | spin states, but the mixing
increases with increasing k, or equivalently, energy. For highly
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FIG. 1. Self-consistently calculated k-dependent band structure (a) with the corresponding spin structure in z direction (b). The ¢-
dependent spin structure in x (red) and y (blue) direction are shown for a fixed k = 10 nm~" (c). The solid lines correspond to the energies and
k-local quantization axes in the lower band, the dashed lines to those in the upper band. The parameters used throughout this paper are Stoner

interaction parameter U = 400 meV, Rashba parameter « = 30 meV nm, electron density n. = 0.7 nm~

axis of the upper and lower bands point in opposite directions.

excited electrons at k states as shown in Fig. 1(c), the Bloch
states are considerably spin mixed. The parameters given in
Fig. 1 and throughout this paper are chosen to mimic a strong
ferromagnet. The strength of the Rashba parameter is chosen
considerably larger than in the prototypical GaAs-based semi-
conductors, where mainly s electrons contribute, but smaller
than in a system with “giant-Rashba” splitting [25].

J
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The first row describes a coherent precession of the off-
diagonal contributions of the spin-density matrix, i.e., the
coherences pl’:“’, w # 1/, due to the splitting between the
bands p and u’' at k. The remaining terms are electron-
electron scattering contributions with the Coulomb-matrix

elements V[ F208 = VAR = Vedkpik + qua) (1 +
quaz|lps), where V, denotes a screened Coulomb poten-

tial depending on the momentum q transferred from the
electron with initial momentum k to the electron with fi-
nal momentum 1, i.e., K > k+q and 1+ q — 1 and with
the argument of the energy difference AE[M“ "7 = gy, +
Eltqus — Elugersq,» Which as an argument of a ¢ function
guarantees energy conservation. To obtain the Boltzmann-like
scattering integrals in Eq. (3) one has to employ a Markov
approximation not only for real occupation-number distribu-
tions but also for complex coherences with a precessional

[Pﬁlf oyt (‘Smuj _Plﬂf:;l ) (8M Ha _:01’:4“ )

W ipops Mutsltem
ts Z 2 Vg (v

1. At each k point, the quantization

The electronic quantum state is described by the reduced
spin-density matrix p,. " (cfmcku) where ¢ A( ) is the anni-
hilation (creation) operator of an electron W1th momentum
k in band p. In the EOM for the spin-density matrix, we
include the electron-electron Coulomb interaction at the level
of second Born scattering integrals, which can be derived
using Green’s function or reduced density-matrix techniques
[26-28]:

Hafhs e L7 M4 s e L7
Vl+qlkl )S(AEqu )
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contribution stemming from the first term. This precessional
frequency is removed by transforming to a rotating frame, in
which the Markov approximation can be made, and then trans-
forming back [24,29,30]. A physical interpretation of lines
2-5 in Eq. (3) lies in Fermi’s golden rule, which yields scat-
tering rates for Fermionic occupation numbers/probabilities
of initial and final states nn (1 —n) (1 — n), as sketched in
Fig. 2. The many-particle approach used here extends these
quantities to the off-diagonal elements of the spin-density
matrix., i.e., coherences between different spin states.

Since the k space for the single-particle states defined
above is two dimensional (2D), we use the screened Coulomb
potential in two dimensions in the form V, = m [31]
with the elementary charge e, the normalization volume V),
the dielectric constant &y, the screening constant &, and the
screening parameter k. Below we analyze the dependence of
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k,/L 1 + q,H1

FIG. 2. Sketch of the two-electron scattering process mediated
by the Coulomb interaction as it applies to a scattering pro-
cess between electronic distributions for incoming electronic states
(k, i), 1+ q, 1) and outgoing electronic states (k + q, 13), (1, ;o)
with up and/or down spins defined with respect to the k-dependent
local quantization axis. The influence of scattering on the coherences
involves additional band indices that describe the noncollinear elec-
tron spins.

the dynamics in dependence of the inverse screening length,
which is determined by the band structure, carrier density,
and possibly by the dielectric environment. In our simplified
band structure we essentially regard this as a model parame-
ter and choose values on the order of 20 nm~! and smaller.
This value is consistent with a calculation of the screening
parameter « for electrons in parabolic bands [26,31] in the
2D limit via k = m*e?/(2nh*epeo) f(k = 0) with a relative
background screening constant of g, = 1.

One goal of this paper is to compare and contrast the
electronic dynamics described by the full density matrix with
those obtained using occupation numbers. In principle, an ap-
proach that uses only occupation numbers ;. := p,", i.e., the
diagonal elements of the density matrix, is an approximation
to the full density matrix. In this case, the Boltzmann scat-
tering integrals are essentially rates as one would obtain from
Fermi’s golden rule, which connect nonpure spin states and
thus lead to spin-flip transitions [6,32]. Because the Coulomb
interaction is spin independent, the Coulomb scattering alone
cannot cause a transition that changes the magnetization. For
electron scattering dynamics between nonpure spin states,
the restriction to occupation dynamics, which neglects the
influence of the off-diagonal parts of the spin-density matrix,
means that there is no conservation of ensemble spin, and
one obtains demagnetization due to Coulomb scattering [7,8].
In order to elucidate this, we also evaluate Eq. (3) at the
level of Fermi’s golden rule for occupations. This approach
is often called “Boltzmann scattering,” but this may cause
confusion in our case because we also have Boltzmann-like
scattering integrals for all elements of the spin-density matrix
in the complete EOM (3). To differentiate between the full
spin-density matrix calculation and the calculation that uses
only the occupations, we refer to them as “generalized Boltz-
mann scattering” (or simply “full”’) and “occupation-number
approximation”, respectively.

B. Relaxation-time approximation

In addition to the dynamics of the spin-density matrix
with generalized Boltzmann scattering, which is nonlocal in
k space, we will use a relaxation-time ansatz that is designed
specifically for spin-polarized systems with spin-orbit cou-
pling. In Ref. [33] we applied the ansatz in the context of
optically driven dynamics. We stress that it allows one to re-
place the complexity of the scattering integrals by introducing

a single physically meaningful relaxation time that character-
izes the complex, k-dependent scattering dynamics. It thus
provides a simple and intuitive but also accurate description
of this scattering process that should also have applications
to calculations involving transport and/or in combination
with other scattering mechanisms, such as electron-magnon
scattering.

The ansatz is based on suitably defined quasi-equilibrium
density matrices of the general form

Ibeq = f(Tv ,bL, {z)v (4)

where f is a Fermi-Dirac distribution depending on temper-
ature T, chemical potential y, and spin accumulation ¢. The
parameters 7, u, and ¢ are determined such that the distribu-
tion reproduces a prescribed charge density, energy density,
and spin polarization. In this work we only consider the spin
polarization in z direction due to the symmetries of our model
system. The grand-canonical Hamiltonian for noninteracting
electrons corresponding to Eq. (4) is

K=H +MN — .62, %)

where A is the many-particle Hamiltonian corresponding to
(1) discussed above, and N is the particle number operator.
The expectation values of the particle density, the spin
polarization, and the energy density used in the quasi-
equilibrium distribution (4) will be obtained from those of
the nonequilibrium density matrix p as it arises during the
dynamics and are calculated as follows. The electron density

is given by
1 L L
=t Y ©
n k

the spin polarization/magnetization m by

1 o
m= oD D Mkl ki o )
¢ uw k

and the energy density ¢ by

&= %ZZE"“’O/}:M' 8)
n k

Here V is the normalization volume. Note, in particular, that
the spin-polarization dynamics also include the microscopic
coherences ,ol’(”‘/, w # ', and that, since we will only be
discussing the relative change of the spin polarization further
below, magnetization and spin polarization are interchange-
able.

Our relaxation-time approximation consists of replacing
the scattering integrals by the following contribution to the
equation of motion for the spin-density matrix:

0 ' plﬁ“‘/ — lbll: 3

—p| =t T ©)

ot el T
Here pp" "is the quasi-equilibrium reduced spin-density ma-
trix introduced in Eq. (4), which is diagonal in the eigenbasis
of the grand-canonical single-particle Hamiltonian K, see
Eq. (5). The dynamics of the spin-density matrix p{f“’,
however, are calculated in the eigenbasis of the regular single-
particle Hamiltonian so that one must transform the density
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matrix accordingly, i.e., from the eigenbasis of K to that
of H. Due to the transformation between the K and A
bases, ,b{:“ , which is diagonal in the grand-canonical basis,
has off-diagonal elements in the basis of A and therefore
also describes the influence of scattering processes on the
off-diagonal elements of the spin-density matrix, which are
needed for the correct determination of the ensemble spin
expectation value, i.e., the magnetization. With this approach
our Eq. (9) employs only a single relaxation time t and
mimics incoherent electron-electron scattering as it conserves
the respective conservation laws. Note that the relaxation time
is by construction independent of k and energy and acts in
a different way compared to relaxation times that are usu-
ally introduced as energy-dependent out-scattering rates and
then averaged over suitably chosen quasi-equilibrium dis-
tribution functions [34,35]. Such an ansatz can also model
spin-conserving electron-phonon scattering if one uses a dif-
ferent quasi-equilibrium distribution with a fixed temperature
of the phonon bath T,,. In this case, one only needs to
determine p and ¢ in order to conserve density and spin
polarization.

C. Model parameters and initial conditions

The magnetization dynamics discussed below start from
a magnetic equilibrium state, and since the Stoner contribu-
tion of the Hamiltonian (1) depends on the spin polarization
m of the system, this equilibrium state is determined self-
consistently (see Sec. II D below for more details).

In order to achieve a comparison of the different magne-
tization dynamics, we employ a simple model excitation by
an ultrashort optical pulse. As before [16,36], we assume that
the electronic energy is instantaneously raised to an excitation
temperature Tex > Ty = 100 K and the excited electrons are
distributed according to Eq. (10) with the excitation tem-
perature in the self-consistently determined band structure.
We stress that, as mentioned above, we keep the band struc-
ture fixed throughout the dynamics. A reduction of the band
gap usually has little impact on the demagnetization time
constant, resulting mainly in a more pronounced demagne-
tization [8,17]. Hence, we use a constant gap, as this also
helps to reduce the numerical complexity. In the following
we vary the interaction strength via the screening parameter
k. The Rashba parameter « is kept fixed because it would
not only change the interaction strength (via the matrix ele-
ments) but also the band structure features and the equilibrium
magnetization.

The instantaneous heating leads to different chemical po-
tentials for the 1} and |} bands, as well as to a small change of
the spin polarization m due to the k-dependent spin mixing of
the states. This approach does not change the electronic den-
sity in each band and is numerically simple and controllable
by a single parameter T; it is designed to capture qualita-
tively the effect of an ultrashort pulse that deposits energy in
the electronic system; see, e.g., Ref. [14] for a more detailed
description of this process. With this model of the excitation
process we neglect optically driven interband coherences that
may be excited by the excitation pulse, as the purpose of this
paper is to analyze the possible dynamics in the incoherent
regime.

We choose an excitation temperature 7. of 4000 K in order
to clearly exhibit the dynamical features. This quantity char-
acterizes an electronic excited state far from equilibrium and
should therefore not be compared to an equilibrium quantity,
such as the Curie temperature, which is 7c ~ 1030 K for the
model parameters listed in Fig. 1.

D. Numerical considerations

Restricting the model to two dimensions greatly simplifies
the numerical calculations, in particular, the summations over
momenta K, 1, and q on the right-hand side of Eq. (3), which
have to be calculated in every time step. Even in 2D, the
numerical solution of the EOM (3) requires a considerable
accuracy to keep the numerical errors from accumulating over
the demagnetization and remagnetization dynamics, which
would spoil the important conservation laws. We thus use a
Runge-Kutta-type integration method developed by Dormand
and Prince [37], with a dynamical time-step control to keep a
high accuracy while also optimizing the CPU time.

The relaxation-time approximation introduced above has a
much lower numerical cost and better scaling, due to the lack
of nested summations over momenta k(I1)(q) as they occur in
the time integration of Eq. (3). It is anticipated that this enor-
mous advantage in computational time and effort will allow an
application in three-dimensional multiband structures in the
future.

The initial equilibrium state is calculated as follows: We
start from an arbitrary value of m in z direction to set the
preferential direction and iteratively (i) calculate the new band
structure according to m, (ii) populate this band structure with
electronic equilibrium (Fermi) distributions

1
eﬁ(‘?ku_ﬂ-c) + 1 6“”’”

it = (10)
by adjusting the chemical potential ;¢ such that our desired
electronic density n, for a given equilibrium temperature Teq
is reproduced, and (iii) calculate the new spin polarization
Mpew 10 this band structure and repeat steps (i)—(iii) until
the spin-polarization difference Am between two consecutive
iterations is small enough (we chose Am < 1079).

III. RESULTS

We start with the generalized Boltzmann scattering. The
main quantity of interest to us is the time dependence of the
magnetization m, i.e., the spin polarization of the electrons in
the split bands. As it is our goal to compare the dynamics for
different ratios of typical scattering times to typical precession
times, we choose here to vary only the screening parameter «,
which changes the matrix element of the Coulomb interac-
tion and thus the k-dependent scattering rates. Using this one
adjustable parameter to control the Coulomb scattering rates,
we intend to illustrate the range of possible behaviors of the
magnetization dynamics and how well these can be captured
with our extended relaxation-time ansatz. We therefore make
no effort here to connect k to a variable that can be tuned in
experiment.

Figure 3 shows the demagnetization dynamics obtained
for the excitation conditions discussed in Sec. IIC. Shown
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magnetization change (%)
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FIG. 3. Relative magnetization change vs time for different
screening parameters « for the full calculation (solid lines) and the
occupation-number approximation (dashed lines).

are the relative magnetization changes resulting from the full
calculation (solid lines) and using the occupation-number ap-
proximation (dashed lines) for small, intermediate, and large
screening parameters k = 2nm~!, x = 10 nm~!, and ¥ = 20
nm~!. We do not include electron-phonon coupling, or any
other coupling, to an energy bath that would absorb the energy
transferred to the electronic system by the optical excitation
over time. The system therefore stays in a partially demag-
netized state even for times ¢ = 0.1 ps. As described in the
last section, we do not include a dynamical band structure,
which would lead to a more pronounced demagnetization,
likely close to a complete demagnetization for our very strong
excitation conditions.

For the occupation-number approximation a smaller
screening parameter k (faster scattering) always leads to faster
spin/magnetization dynamics. In the full calculation this
behavior is also visible but less pronounced, and the magneti-
zation dynamics only coincide for larger k (slower scattering)
with those of the occupation-number approximation. For val-
ues of ¥k <5nm~! the two calculations deviate at shorter
times and the demagnetization dynamics of the full calcula-
tion are considerably slower. This is shown more prominently
in Fig. 4, which plots the same curves vs a logarithmic
time scale to display the behavior at very short timescales.
Around and below the precession time T, = h/AE; ~ 10 fs
one observes that 7, effectively sets a lower limit for any
magnetization change by this mechanism. The reason for this
discrepancy is that the occupation-number dynamics neither
include precessional spin dynamics nor its dephasing due to
the Coulomb interaction. The Golden-Rule-like scattering in
the occupation-number dynamics simply gets faster for larger
interaction matrix elements.

In an earlier paper [16] we have studied the influence on
spin dephasing of electron-longitudinal-phonon scattering, for
which the typical momentum scattering times are longer than
the precession times of electronic spins around typical ex-
change fields (determined by the exchange splitting between
the bands). For this mismatch of scattering and precession
times, we found that the occupation-number approximation
agreed well with the full calculation, and that it is thus justified

magnetization change (%)

saaal N ol N ol
10° 10! 102
t (fs)

FIG. 4. Same data as in Fig. 3 displayed with a logarithmic time
axis to emphasize the short-time dynamics. Regardless of «, there is
only a marginal magnetization change for the full calculation (solid
lines) on short times <4fs, since the buildup of the coherences
is limited by the precession time of ~10fs. The demagnetization
process in the occupation-number approximation starts at arbitrarily
early times for stronger scattering, i.e., smaller k.

to use an Elliott-Yafet like description, i.e., an incoherent
scattering process that leads to a spin change, or, as it is
often called, a spin flip, and exhibits a linear time-dependence
of demagnetization times on typical electron-phonon scatter-
ing times. For the electron-electron scattering considered in
this paper, the occupation-number approximation reproduces
the result of the full calculation only for stronger screen-
ing effects. The discrepancy between the occupation-number
approximation and the full dynamics should be even more
pronounced in systems with a smaller splitting, where the
precession frequencies are smaller.

In Fig. 5 we turn to a comparison of the full calcu-
lation with the relaxation-time ansatz. We start with the
demagnetization characteristics as obtained for two different
screening parameters and suitably chosen relaxation times t

0 T T T
§ L — k=20nm™* |
~ N — - 7=13f1s
qb)o \\ — k=2nm™ !
% N — - 7=1.71s
-CU N
- —25F \ \\ 1
.0 - \ N
5 ==
N \ \\
= \ S
c N T
e10] S
g 50 00—
1 1 1
0 25 50 75 100
t (fs)

FIG. 5. Relative magnetization change vs time for the full calcu-
lation with two different screening parameters (solid lines) and two
relaxation-time calculations (dashed lines). The remaining parame-
ters are as in Fig. 3.
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FIG. 6. Real (top) and imaginary part (bottom) of the coherence
at a k-point k = 3.3 nm~' near the Fermi edge vs time for the
full calculation with two different screening parameters (solid lines)
and two relaxation-time calculations (dashed lines). The remaining
parameters are as in Fig. 3.

for each screening parameter. We obtain a good agreement
of the demagnetization dynamics between the x =20 nm™!
and T = 13 fs curves, as well as between the x = 2 nm™!
and v = 1.7 fs curves. This is already a satisfying result, as
a look back to Fig. 3 shows that such a good agreement for
different x values cannot be achieved using the occupation-
number approximation. However, the magnetization change
is a k-integrated quantity, and we would also like to compare
the k-resolved dynamics.

Figure 6 compares the results of the full calculation and
the relaxation-time approximation for the dynamics of the
coherence p,?u at k =3.3nm~' for different values of «.

This particular £ is located near the Fermi edge of the lower
band so that its dynamics play an important role during the
whole demagnetization process. The different k resolved dy-
namics for the two cases that arise in the full microscopic
calculation are reproduced well by the calculation with the
extended relaxation-time ansatz. For the full calculation and
the relaxation-time ansatz, precessional dynamics of the co-
herence are clearly visible at early times ¢ < 30 fs for x =
20 nm~! and the fit with t = 13 fs. There are two contribu-
tions we want to discuss here. First, the precessional dynamics
are driven by scattering events k — k + q which conserve the
vector spin and thus lead to a mismatch of the spin with the
local quantization axis at k 4+ ¢. Second, the scattering also
dephases the precession of the spin coherences toward a finite
value at around ¢ = 30 fs, at which time the demagnetization
is not even half completed (see Fig. 3). After that time there
is only a slow relaxation of the spin coherence. This result
is qualitatively similar to that obtained for spin-conserving
electron-phonon scattering [16].

For k = 2 nm~! in the full calculation, the respective T =
1.7 fs that fits best in the relaxation-time approach becomes
shorter by a factor of 8, indicating a much faster scattering.
In this case one cannot discern a precessional motion in the
coherence but rather strongly damped dynamics with one in-
termittent maximum. The whole spin-density dynamics here
occurs on essentially the same timescale as the corresponding
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FIG. 7. Demagnetization time vs effective scattering time v with
a fit. The remaining parameters are as in Fig. 3.

demagnetization curve in Fig. 5. In both cases the relaxation-
time ansatz comes close to the full calculation, even though it
replaces the complicated electron-electron scattering dynam-
ics in k space by a k-local expression with a constant, i.e.,
k-independent, relaxation time. That the quantitative agree-
ment of the k-resolved and k-integrated quantities is so good is
likely also due to our model excitation, which creates excited
electron distributions that are close to hot Fermi-Dirac distri-
butions. For excitations that exhibit stronger nonequilibrium
characteristics, the quantitative agreement may not be quite
as good, but the relaxation-time approximation should still
capture the most important features of the spin-dependent
electronic scattering dynamics.

Up to now we have demonstrated that the relaxation-time
ansatz reproduces the magnetization dynamics due to pre-
cessional dynamics and scattering quite well. Because the
complicated scattering dynamics are parametrized by the re-
laxation time 7, we can use it to study the influence of
scattering on the electronic spin-dependent dynamics via this
single parameter. For a range of relaxation times t, we
calculate the demagnetization curves as in Fig. 5 and sub-
sequently extract the demagnetization time 1, by fitting the
demagnetization dynamics by an exponential function m(¢) =
b — aexp(—t/ty). Figure 7 plots the demagnetization times
obtained from this fitting procedure vs the relaxation time
T as black diamonds. For long relaxation times t, the de-
magnetization time increases with 7, but for short relaxation
times, it increases with decreasing t. The scaling for small
and large 7 is in agreement with that found in Ref. [22]
for electronic dynamics in quantum wells. Importantly, there
exists a minimum of t,,,(t) for intermediate t. Calculations
using the occupation-number approximation (not shown) miss
the behavior at small t and yield only a steady decrease of t,,
with decreasing relaxation times 7. This behavior is already
evident in Fig. 3 where the occupation-number approximation
leads to ever faster demagnetization.

The quantitative dependence of t,, on 7 is fit to the follow-
ing expression:

A
Tm = — + Brt. (11)
T
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This simple parametrization of the relaxation time contains
as limits the simple forms of the Dyakonov-Perel mechanism
for small and large t, which are well known in spintronics
[2]. The result is shown as red solid line in Fig. 7. We see
a remarkably good agreement of the fit and the extracted
demagnetization times from the relaxation-time calculations.
The parameter A = 10.1 fs? can be put into correspondence
with the precession frequency of the spin-splitting iQ2 = AE}
via A ~ Q2. In the short T limit we thus obtain a connec-
tion T, ~ Q72/7. The form of Eq. (11) has already been
suggested by Refs. [20,21]. It can be obtained, for instance,
from a thermal Green function approach to spin relaxation in
semiconductors and metals. The relation of the spin-relaxation
time to a characteristic time 7o = ! in Refs. [20,21] is very
similar to ours, but there the momentum scattering rates are
related to lifetimes at the Fermi energy. Our results suggest
that the scaling of the demagnetization time with t is rather
robust and also valid for excited systems with electronic pop-
ulations far away from the Fermi energy if t is interpreted as
in Egs. (4) and (9).

While the behavior for short t is reminiscent of typical
spin-dephasing mechanisms of spintronics, the same micro-
scopic interplay of precessional spin dynamics around internal
fields with a spin-independent scattering mechanism is behind
the demagnetization dynamics for the whole range of T shown
in Fig. 7. In particular, for larger t we obtain the inverse
relation t,, o t. Such a relation is usually associated with
spin relaxation, as it occurs via spin-flip transitions due to an
explicitly spin-dependent interaction. Figure 7 shows clearly
that both behaviors occur as limiting cases for small and large
7, respectively, for electrons in a ferromagnetic band structure
with spin-orbit coupling. For intermediate t of about 1-10 fs
a minimum of demagnetization times occurs, which is also
very well described by the fit curve. The range around the
minimum is likely close to the realistic range for metallic
systems. We believe that the result contained in Fig. 7 gives an
accurate and intuitive picture of electron-electron scattering
dynamics in highly excited ferromagnets by identifying t as
a physically meaningful parameter. One can thus use it as
a fit parameter also for systems that are not described by
the model band structure used in this paper. This makes it
possible to extract T from measured 1, data via a fit, or obtain
Tm (7) from numerical calculations solving the full Boltzmann
scattering problem. Figure 7 is particularly important for fits
to experimental 7, data. If one does not include the nonlinear
regime at small T and assumes a linear relation between 1,

and 7, one would greatly overestimate the actual momentum
relaxation time and miss the contribution from the preces-
sional dynamics completely. We stress that our main result
is the transition between the different regimes and not the
minimum value of t,,, which is specific to our model and has
yet to be determined for 3d ferromagnets.

IV. CONCLUSION

In this paper we discussed the spin-dependent incoher-
ent carrier dynamics due to electron-electron scattering in a
ferromagnetic model system with spin-orbit coupling, which
provide an extension of our earlier study of electron-phonon
scattering in this system. We described a dynamical calcula-
tion using the spin-density matrix, spin-orbit coupling, and
electron-electron scattering, which is nonlocal in k space, and
compared the numerical results with a calculation using only
occupation numbers and with a generalized relaxation-time
ansatz. We found that the calculation using only occupa-
tion numbers failed to capture the demagnetization behavior
for weak screening, i.e., strong scattering because the pre-
cessional dynamics around spin-orbit fields is neglected.
The comparison with the generalized relaxation-time ansatz
showed a very good agreement both for weak and strong
Coulomb scattering, i.e., in situations where precessional dy-
namics of the off-diagonal part of the reduced spin-density
matrix are clearly visible and also in cases where they are
suppressed by scattering/dephasing. This suggests that the
relaxation-time ansatz can capture essential properties of the
incoherent spin-dependent dynamics using a k-local expres-
sion with a single momentum relaxation time t. Such a simpler
form should be useful in numerical calculations for more
complicated problems in which scattering/dephasing due to
the Coulomb interaction plays a role, such as transport and/or
electronic dynamics due to coupling to magnons. In terms of
the momentum relaxation time, we were able to fit the calcu-
lated demagnetization times using a sum of terms proportional
to T and . The 1, vs T relationship is much simpler than the
microscopic electron dynamics, and such a fit should be pos-
sible regardless of the details of the underlying band structure.
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