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We investigate the transfer between carrier and Mn spins due to the s-d-exchange interaction in a Mn-doped bulk
semiconductor within a microscopic quantum kinetic theory. We demonstrate that the spin transfer dynamics is
qualitatively different for components of the carrier spin parallel and perpendicular to the Mn magnetization. From
our quantum kinetic equations we have worked out the corresponding Markov limit, which is equivalent to rate
equations based on Fermi’s golden rule. The resulting equations resemble the widely used Landau-Lifshitz-Gilbert
equations, but also describe genuine spin transfer due to quantum corrections. Although it is known that the
Markovian rate description works well for bulk systems when the initial Mn magnetization is zero, we find
large qualitative deviations from the full quantum Kkinetic theory for finite initial Mn magnetizations. These

deviations mainly reflect corrections of higher than leading order in the interaction, which are not accounted for

in golden-rule-type rates.

DOI: 10.1103/PhysRevB.90.035206

I. INTRODUCTION

Diluted magnetic semiconductors (DMS) have been studied
intensively in the past decades, since they combine the
versatility of semiconductors with the spin degree of freedom,
which promises future applications in spintronics [1-5]. The
magnetic properties of DMS arise from the s/p-d exchange
interaction [4,6,7] between carriers and magnetic impurities,
which typically consist of Mn ions acting as localized spin-%
systems. Especially for short timescales and high Mn doping
concentrations the exchange interaction can dominate the spin
dynamics [8,9]. The description of the resulting spin transfer
dynamics in DMS is usually based on rate equations, where
the rates are computed using Fermi’s golden rule [9,10]. The
standard derivation of the golden rule involves a Markov
approximation [8,11] and is perturbative with respect to the
exchange coupling constant. In Ref. [12] a projection operator
method was applied to derive spin relaxation rates for DMS
quantum wells. There, also a Markovian assumption as well
as a perturbative argument were used. Another approach to
the description of the macroscopic magnetization dynamics
is the use of the phenomenological Landau-Lifshitz-Gilbert
equations [13,14].

Recently, starting from a Kondo-like interaction Hamilto-
nian a density matrix approach based on correlation expansion
was developed [15] in order to describe the spin dynamics in
the ultrafast regime. Until now, this quantum kinetic theory
(QKT) has only been applied to the case of an initially zero
Mn spin. There, it has been found that in three-dimensional
systems, the time evolution of the carrier spin is exponentially
decreasing, where the decay rate coincides with its value
according to Fermi’s golden rule [16]. The latter was shown
by performing the Markov limit (ML) of the QKT using
only terms in second order of Jy;. In lower-dimensional
systems, excitation conditions can be found where significant
differences between the ML and the QKT become visible
although the memory induced by the exchange interaction
is orders of magnitude shorter than the time scale for the
evolution of the carrier and Mn dynamics [16]. In particular,
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quantum kinetic effects are most pronounced when suitably
tuned oppositely circular polarized two-color laser pulses are
used for the excitation [17].

In this article, we study the spin dynamics of conduction
band electrons in a bulk ZnMnSe semiconductor for the
case of a nonzero initial Mn spin where electron spins can
precess around the Mn magnetization. It turns out that the
spin transfer dynamics that is superimposed to the precession
is qualitatively different for electron spins aligned parallel
or perpendicular to the Mn magnetization. Starting from
our quantum kinetic equations we derive the corresponding
Markov limit for finite Mn magnetization. The resulting
equations can be interpreted as modified Landau-Lifshitz-
Gilbert equations. Assuming Mn concentrations much larger
than the itinerant electron density analytical solutions of these
Markovian equations are presented. The resulting analytical
expressions also exhibit a different dynamics for perpendicular
and parallel spin transfer, which, however, quantitatively and
qualitatively disagrees with the prediction of the full QKT.
Here, the failure of the Markovian approach can be traced back
to contributions of higher than leading order in the exchange
coupling constant.

The outline of this paper is as follows: In a first step, we
briefly summarize the QKT [15] that was used as a basis for
our numerical calculation and introduce the model used in
this paper. Then, we derive the Markov limit of the QKT
along the lines described in Ref. [16] for an initially zero
Mn magnetization (S), but allow for a finite value of (S)
and an arbitrary angle between the conduction band electron
spin and the Mn spin. In a subsequent section we present
numerical results of our QKT for the spin transfer dynamics of
the parallel and perpendicular components and compare them
with the ML. The analytical solution of the ML equations in
combination with a rearrangement of the contributions to our
QKT allows for a clear physical interpretation of the pertinent
source terms. By selectively studying the impact of different
source terms we are able to demonstrate the importance of
contributions of higher than leading order in the coupling
constant.
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II. QUANTUM KINETIC EQUATIONS

In Ref. [15], a quantum kinetic density matrix approach
for the spin dynamics in Mn-doped semiconductors was
developed starting from the Hamiltonian:

H:H0+Hvd+de+Hema (1)

where H, describes the single particle band energies, Hyy
accounts for the exchange interaction between the s-type
conduction band electrons and the spins of the d-type electrons
of the Mn dopands, while H; stands for the interaction of the
latter with p-type holes. Finally, H,, comprises the dipole
coupling to an external laser field. The exchange interactions
Hgq + Hpq as well as the random spatial distribution of Mn
atoms give rise to a hierarchy of higher-order correlation
functions. In order to obtain a finite set of dynamical variables
a specially adapted correlation expansion has been worked out
in Ref. [15].

Since the aim of the present paper is to investigate the spin
transfer between conduction band electrons and Mn dopands,
the model can be reduced to:

H = Hy+ Hy. @

Hjy now accounts only for electrons in a single spin degenerate
conduction band:

Hy = Z EkC/TkClkv 3)
Ik

where c}k (cik) are the creation (annihilation) operators of
conduction band electrons with k vector k and spin index
! = 1,2. For simplicity we shall assume parabolic bands Ex =
22‘2 , with an effective mass m*. The exchange interaction is
given by [18,19]:

Hy = Ja y_8; -§8(r; —R)), )

Ii |

PHYSICAL REVIEW B 90, 035206 (2014)

where Jy; is the exchange constant and S 1 (87) are operators
for the spin of the Mn atom (conduction band electron) in units
of & at the position R; (r;). As in Ref. [15] we assume an on
average spatially homogeneous distribution of Mn positions
R;.

According to the analysis in Ref. [15] the relevant dynam-
ical variables for this reduced model are:

Cri, = (c] i cim ) (5)
My = (B, (5b)
Kine = 8c) i cumo B e ® R, (5¢)
i = 8] cumpe @), (5d)

where ﬁ,{lnz := |I,n1){I,n,| describes the spin state of the /th

Mn ion (n = —%, . ,%). The expectation value represented
by the brackets involves a quantum mechanical average as
well as the disorder average over the randomly distributed

Mn positions. C,llzkl and M are the electron and Mn density

- Lnyk ALK
matrices. K;”** and C;’,* are the correlated parts of the

corresponding density matrices, i.e., in these quantities all parts
that can be factorized into products of lower-order correlations

functions are subtracted from the expectation values. The
Ignzkz

explicit but lengthy definitions of K’ "\
found in Ref. [15].

It turns out that the resulting equations of motion can
be simplified by introducing the following new correlation
functions:

ALK
and Cpy* can be

hLnoky | __

lznzkz
Limky =7 K

ny A~k
0 hmk T Mnfcllzklz' (6)

Rewriting the equations of motion from Ref. [15] in terms of
these functions we obtain:

d 1 , 1 L "
. ny __ § : § : ) ny n 2 : I'ny K I'nk’
_ZFLEM,“ - Jde S Clk(snnan - Snannl) + V (Snm ank - Snzn anlk) ) (73-)
k nll K’
_indch - S | M (51, C2 — s, CLy ) + 1 (s, Q13K — s, 07K ) (7b)
l 97 ki = sd"Mn nn’ n S G = Sn1Cy g v Si Yk SLIC k) | »
nn'l k
_'hi +E. — E lenzkz — blznzkzl +b12n2k2“ +blznzkz[” (7c)
e ky ki ) Cnmiq = Pk ik hmk, ¢
with source terms
Lok, ! Z ! I Z L Al
b[;mzk: = Jsd {Snnlslll C[IZ(ZM,?Z - Snznslzlcllk] M,’:] } _J.Yd S C[;(2C11k1 (SnnlMgz - Snan,;l]) ) (7d)
nl nll’
_.plamk _plamky 12
= =Dk,
lznzkzll _ n bnyk, Inyk; 1 ! lhnoky lanky
b11n1k1 = Jsd § :Snn’Mn ”Mn(slh lekl — Snl Q11n1k1)+J5d E :Su'v § :Clk(S”’HQllnkl — Sun Qllnlkl)’ (7e)
nn'l nll’ k
Iynyky 111 Iynyky 112
b’lﬂlkl bllﬂlkl

035206-2



COMPARISON BETWEEN A QUANTUM KINETIC THEORY ...

Zzllzkp_lll . 1 Iznzkz
bl,nlkl — Jsd E V E [Snnlslll ank -
nl k

PHYSICAL REVIEW B 90, 035206 (2014)

Ink
SnanSil Qllnnlkl] }

Iyngky 1111

ik

1 , 1 7 ,
—Jsa Z S {V Z Clllkl [S””l Qiflrll(Zkz - Snzn Qﬁfﬁiz] + V Z Clli(z [Snnl Qilirllzkkl
k k

nll’

- Snzn Q;;’;,ll(k]] ) (7f)

where S,,,,, and s7 ;, are the Mn and electron spin matrices, V

is the volume of the DMS, and ny, = Ny" is the density of the

Mn ions. We have subdivided the sources on the right-hand
side of Eq. (7c) for later reference. The physical meaning of
these terms and their respective importance will be discussed
later.

In order to study the dynamics of the spin transfer we
consider initial conditions where the electrons are initially spin
polarized and the Mn magnetization corresponds to a thermal
distribution while the correlations Q%TE are assumed to be
zero. This is a situation typical for a system immediately after
an ultrafast optical excitation has induced a finite electron spin
polarization.

III. MARKOV LIMIT

It turns out to be instructive to derive the Markov limit
of our QKT, first of all, because this greatly simplifies the
theory as the higher-order correlation functions are formally
eliminated in favor of the variables of most interest, i.e., the
electronic densities and spins. Furthermore, the Markov limit
provides arelevant reference for our QKT. In particular for bulk
systems it has been found previously [16] that the memory of
the exchange interaction is short and therefore it is tempting to
think that the Markovian equations should yield valid results
in our case.

In order to be able to work out the Markov limit starting
from Eqs. (7), we follow the procedure that in Ref. [16] led to
rates in accordance with Fermi’s golden rule and neglect in a
first step the source terms of higher than leading order in the

exchange coupling Jy,. Due to the initial condition Q%?:ﬁf =

. Lnok .
the correlations Q% are of first order in J;; and thus we see

11 111
from Eqgs. (7) that bf]z:lllzll;z and b;lzlzll: are of second order
in Jy, and yield third-order contributions to the electron spin
dynamics. Thus, we keep in Eq. (7¢) only the first-order term

. . .
bfﬁf:: . This allows us to formally integrate the correlations:

. t
lhnok; l 1 _ "y bk !
O/ i) = - / di'e! @ =0pERaT () - (8)
0

. 2
with frequency wy = Zx = &

-k = 5 <. Substituting Eq. (8) back
into the equations for C,llzkl and M;?> we have to perform a
k summation, which, due to interference resulting from the
k-dependent phases e/@~“)'1 eads to a finite memory.

The Markov limit is established by assuming that the sources

Iyngky 1112
n1k|

(

k! .
b;lz;’fklz change on a much slower time scale than the memory

and can therefore be drawn out of the integral. The memory has
been found to decay on a fs time scale while the spin dynamics
evolves on a ps time scale [16]. Therefore, the lower limit of
the integral can be extended to —oo resulting in the following
approximation for the correlations:

. 0

Lnoks ~ l lznzkzl 1" i(wk, —ok, )t

Qllnlkl([) ~ ﬁbll’llkl ([) dt 6( ky — @k, )
—00

i hhn kol i
=-b22 ()| 78w, — ) — P——— |,
h I]I‘l[k] ( 2 I) kz kl

€))

where P denotes the Cauchy principal value.
Starting from Eq. (7b) for the electron density Cllfkl we
can set up an equation of motion for the average electron spin

CRED I sfllzClllzk1 in the state with k vector k;. Feeding

back the correlations QﬁZTE from Eq. (9) into these equations

we finally obtain:

0 J; n
§<sk1> = %«S) X (Slﬂ))

J2 1 ng—1
S _P—
R ONE

a)k] — Wk

((8)  (sw))

4(Sk1>2 — ni] =+ 2I’lk1
4

+ 78 (wk, — wk) |:(S>

+ ((si) < ([si) > (8)))

+®x@x&m;MMX$X$“.am

Applying the same procedure to the electron occupations ng, =
> C,’kl ata given k vectork; we find that on this level of theory
n, is time independent. It should be noted, that in the full QKT
this is not the case. Instead it was shown in Refs. [15—17] that
redistributions in k space take place, which are responsible for
a number of features of the magnetization dynamics that are
not expected in the Markovian theory.

The different terms in equation (10) can easily be inter-
preted. The first term describes the precession of the electron
spin in an effective magnetic field due to the Mn magnetization
(S), which is also the result of a mean-field calculation [15].
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The second term represents a renormalization of the precession
frequency that depends on the density of states and therefore
on the dimensionality of the system as well as the k
vector, which can possibly lead to dephasing of the electron
spin.

The magnitude of the renormalization for a bulk semicon-
ductor can be estimated in the continuum limit by approximat-
ing the Brillouin zone (BZ) as a sphere with radius kgz and
assuming a parabolic band structure as follows:

0 ]_yd Zm* kBZ 2
A = —( - , (11
Wy Wy ﬁ(27‘[)2 B 0 k2 — klz( I’lk) ( )

~kpz
where a)% = %HSH is the mean-field precession fre-

quency. The order of magnitude of the integral on the right-
hand side of Eq. (11) can be determined by noting that the
optically excited carriers occupy only very few states near
the center of the BZ and therefore for the most part of the
BZ nx =~ 0 holds, which also 1mp11es « 1 for the occupied

states. Approximating ny ~ 0 and kl ~ 0 the integral yields
the value kgyz. For the parameters used in our study (see below)
the renormalization is estimated in this way to be of the order of
~1% of the mean-field precession frequency.' The third term
in Eq. (10), which is proportional to the Mn spin, describes
a transfer of spin from the Mn to the electron system. The

Asi ) —np 2,
prefactor ——1—" is zero for ng, € {0,2}. For nx, =0

no transfer can occur because there are no electrons that can
exchange their spins with the Mn atoms; for ngx, =2 the
transfer vanishes due to Pauli blocking.

The term proportional to (sk) x ({sk,) x (S)) has the form
of the relaxation term of a Landau-Lifshitz-Gilbert (LLG)
equation and describes the tendency of a spin in a given
effective magnetic field to align along the direction of the field.
Unlike in the LLG equation, here, the prefactor is determined
by the parameters of the microscopic model and is not a
phenomenological fitting parameter.

The last term in Eq. (10) resembles a relaxation term
that would be expected in the LLG equation for the Mn
magnetization (S). Here, it arises in the equation for the
electron spin reflecting the conservation of total spin which
is a feature also of the full QKT [15]. However, there is a
crucial difference between the last term in Eq. (10) and the
LLG relaxation term for the Mn magnetization: while the cross
products in the LLG equation involve classical vectors, we
are dealing here with vector operators. Here, the expectation
value has to be taken after constructing the cross product
in a symmetrized form. The physical consequences of this
difference become most obvious by rewriting the last term in

'For lower-dimensional systems this crude approximation leads
to a divergence of the frequency renormalization at k — k;. This
fact supports the findings of Refs. [16,17] that the Markov limit
is not a good approximation in systems with dimensions lower
than 3.
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Eq. (10) as follows:

(S x (S x (sk)) + ((sk) x S) x §)
2

(S1%))(sh) —

—((8%) - %(<SZ> + (SN0, (12
where (s k) and (sk) describe the electron spin of the states
with k vector k in the direction parallel and perpendicular to
the Mn spin vector (S) and SI =S - ( )‘

It is seen from Eq. (12) that even when the electron spin
is aligned parallel to the Mn spin, a spin transfer can occur,
and it was already noted in Ref. [16] that the corresponding
parallel spin transfer rate coincides with the result of Fermi’s
golden rule. In contrast, the corresponding term in the standard
LLG equation would be zero. This transfer is enabled because
the factor ($2) — (SI?) is nonzero as quantum mechanically
the maximal value of (S!7) is 252, while (S2) = K2S(S + 1),
which reflects the uncertainty between the respective spin com-
ponents. For classical vectors, as considered in the standard
LLG equation, this factor would always be zero. Furthermore,
in general the contribution in Eq. (12) is different for the
parallel and perpendicular components of the electron spin.
Itis noteworthy that if the Mn spin had been represented by a
pseudospm , this feature would be lost as then independent

of the Mn spin configuration we find (Sz) and (S ”2) = }‘

resulting in the same prefactors for ( ,) and (sk )y in Eq. (12).

In order to use Eq. (10) in practlcal calculations we have
to know the values of the average Mn spin (S) and according
to Eq. (12) the second moment (S!%), which appear on the
right-hand side of Eq. (10). The average Mn spin can be
calculated from the knowledge of the electron spin and the
initial total spin by using the total spin conservation [15].
Setting up an equation of motion for the second moment is
cumbersome and not necessary for the cases that we shall
discuss in this paper where it is assumed that the number of
Mn ions by far exceeds the number of photo induced electrons
(Nyn > N,). In this case, the change of the average Mn spin
as well as its second moment can be neglected and thus the
second moment essentially coincides with its initial thermal
value. Furthermore, for nearly constant Mn magnetization, the
equations of motion for electron states with different energies
hwy are decoupled in the Markov limit due to the § distribution
in Eq. (10) and the fact that nk remains constant which allows
using the initial occupation for the evaluation of the frequency
renormalization.

The decoupling of the equations of motion in the Markov
limit enables us to find analytical solutions for Eq. (10). To
this end we split the electron spin into its components parallel
and perpendicular to the Mn spin according to:

) (S) (S) x (s, (0))

(Sk) Sk S +Skl<Sln(a)Mt)m
. (13

(<S> (sk1<o>)) <s>! (4

where wj; accounts for the precession of the perpendicular
component that results from Eq. (10). With this decomposition,

+ cos(a)Mt)|
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perpendicular component
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FIG. 1. (Color online) Time evolution of the total electron spin polarization (a) and its components parallel (b) and perpendicular (c) to the
Mn spin assuming the electrons to be initially spin polarized along a direction at an angle of 45° relative to the Mn magnetization. The solid red
line describes the spin dynamics according to the full quantum kinetic theory, the dashed green line shows its Markov limit (analytic solutions,
cf. Appendix). Blue circles and purple squares correspond to approximate quantum kinetic calculations where only a subset of source terms
for the correlations (as indicated in the key of the figure) has been accounted for.

Eq. (10) can be rewritten as:

I I\2 i, (2 — )
375 = Y S(sK,)” + Vkls%
~ M (8% — (S")sh (14a)
0 1 2
o5 = Pk S — 21087 + (S )sic, - (14b)
with
Jin
Vi, = S};’zy“nzfs(wkl — o), (15a)
k
Jsann 1 Jsd ng — 1
=—S(1+= P———-, (15b
“u h ( +2hV2k: a)kl—a)k> ( )

and S = |(S)|. Equation (14a) is a Riccati differential equation
with constant coefficients, which can be solved analytically.
Its solutions can then be fed back into Eq. (14b) for the
perpendicular electron spin. The explicit solutions are listed in
Appendix.

Itis noteworthy that by arescaling of the time axis according
to T := Yt all material parameters can be eliminated from
Egs. (14) for the moduli sﬂ] and slﬂ-] . Therefore, with this choice
of time units and given initial conditions we obtain the same
universal solution for all material parameters. Reinserting the
solutions for sﬂl and ski] into Eq. (13) and choosing again
1/, as the unit of time, we conclude that for given initial
conditions the time trace of the electron spin (s, ) is affected
by the material parameters only via the ratio wa / vk, -

IV. NUMERICAL RESULTS

The quantum kinetic equations of motion (7) have been
solved numerically and compared with their Markov limit
(10) for different initial conditions in a three-dimensional bulk
DMS. The initial electron distribution over the single-particle

energies Ey is taken to be Gaussian with its center at E;—y and
a standard deviation of 0 = 3 meV while the initial magnitude
of the Mn spin is set to %h (i.e., 20% of its maximal value).
The material parameters used were the same as in Ref. [16] for
Zno.93Mng g7Se with J.; = 12 meVnm® and m, = 0.21m,.

First, we shall discuss results where at the beginning of
the simulation the electron spins are assumed to be totally
polarized in a direction with an angle of 45° with respect
to the Mn magnetization vector. Displayed in Fig. 1 is the
corresponding time evolution of the electron spin; (a) shows
the total electron spin, while in (b) and (c) the components
parallel and perpendicular to the Mn magnetization are plotted,
respectively. The full quantum kinetic results are plotted as
solid red lines whereas curves derived from the analytical
solutions of the Markov limit equations are depicted as dashed
green lines.

As seen from Fig. 1(a), the dynamics predicted by the full
theory is qualitatively different from the Markovian result.
On a short time scale (for our parameters ¢ <5 ps), the
electron spin decays much faster for the full solution than
in the Markov limit. Subsequently, the quantum kinetic curve
exhibits a nonmonotonic time dependence and the electron
spin eventually approaches a finite value. In contrast, in the
Markov limit, we find a monotonic, almost exponential decay
for all times. From the explicit analytical expression (cf.
Appendix) it is seen that the long time limit of the electron
spin in the Markov limit is zero.

The origin of the nonmonotonic behavior can be understood
by splitting the total electron spin into its components parallel
[Fig. 1(b)] and perpendicular [Fig. 1(c)] to the Mn spin. Both
spin components decrease almost exponentially in the ML as
well as in the full QKT. The time evolution of the perpendicular
spin component essentially yields the same results for the full
quantum kinetic calculation and the Markov limit. In the full
QKT, however, the parallel spin component changes its sign
and converges to a finite negative value, whereas both spin
components in the ML and the perpendicular spin component
of the QKT drop to zero. When the parallel spin component in
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FIG. 2. (Color online) Dynamics of the electron spin polarization
for initially unpolarized electron spins. Line styles and symbols have
the same meaning as in Fig. 1.

the full QKT crosses the zero line, its modulus has a minimum,
which leads to a minimum in the total spin.

The obvious discrepancy between the different levels of
theory with regard to the dynamics of the parallel spin
component does not arise due to the assumption of a short
memory in the ML. This can be seen from calculations, where

Lok, I . .
only the source terms blefkf , 1.e., the terms used to derive the

ML in the first place, have been taken into account but the finite
memory expressed by the retardations in Eq. (8) are still kept
[blue circles in Fig. 1]. The resulting curves almost coincide
with the Markovian calculation. The main difference betw;c’eln
the full QKT and the ML is due to the source term bfﬁf:ﬁ o,
which is demonstrated by simulations that incorporate only

bf;ﬁf:ﬁ” and bf]sz'l:]z”'l [purple squares in Fig. 1]. The results
of these calculations agree very well with the predictions
of the full theory, suggesting that all other source terms
are of minor importance, at least for the parameters used here.

1.1
It should be noted, that especially the term b;f:ff::f , like

12n2k211.2 lgnzkglll
bl]nlk] and bllnlkl

electron density matrices in the order of O(J2,) while the
leading-order contributions of the correlations are of O(de).
Thus, our results imply that a proper description of the coupled
electron and Mn spin dynamics requires a treatment beyond
perturbation theory.

The effect of these higher-order contributions on the
dynamics is particularly dramatic in the case of initially unpo-
larized electron spins. Corresponding results are displayed in
Fig. 2. Here, even the sign of the spin polarization is opposite
for the QKT and ML calculations. Furthermore, also the
predictions concerning the magnitude of the spin polarization
deviate significantly.

, gives contributions to the reduced

V. INTERPRETATION OF THE SOURCE TERMS

By the numerical analysis in the last section, we were able
to trace back the difference between the full quantum kinetic
theory and its Markov limit to a few selected source terms
for the correlations in Egs. (7). In this section, we shall give
a physical interpretation to the individual source terms which
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will enable us to understand what determines their relative
importance.

i I, .

First of all, bffo}if is the most important source term,
because it starts the correlation dynamics, i.e., without these
sources the correlations would stay zero for all times. In the

Markov Timit, 52" yields a Landau-Lifshitz-Gilbert-like
damping term described in Eq. (12) and a spin transfer term

. . 1.2 . .
proportional to the Mn spin (S). bffZ?}zf provides corrections

for Pauli blocking to the transfer term and yields another LLG-
like damping term, where the electron spin appears twice in
the double cross product [cf. Eq. (10)]. As seen above, the

. . k! . . .. .
quantum kinetic b;lz:ffklz contributions act similarly to their

Markov limit counterparts. The dominant role of these terms
is further emphasized by the fact that they are the leading
terms in a perturbative treatment with respect to the exchange

coupling constant Jg .

. ko1
In order to understand the meaning of the bf]z:l’]ll;z terms,

it is instructive to reformulate the equations of motion of the
QKT by introducing new correlation functions according to:

aky Lnsyk;
Qﬁk? - Z Sflnzsloltlz Ql?"fk] ’ (16)
iy
which are summed over the electron band and Mn state indices.
Here, we use the conventions ¢ = 0,1,2,3 with sg L= 81,1, and
B = 1,2,3. From Eq. (7¢), we obtain the following equations
of motion for the summed correlations:

a N . R
o O = —i(on, — o) Qg + b (17a)
0 ak . ak: ok, Res
3, Lo = —i (o, — ox,) Qi + b
+ ) wn @y Qe + Y epaai O, (17b)
KA KA
where
J;
oy = S (S, (18a)
a Jsd 1 a
YEZ Y (s5)- (18b)
k
ok, Res o [rhmk! Lnoky 111
bae =Y Shasinlbine +omae ] (18)

iy
nina

and e€qg, is the Levi-Civita symbol. We note in passing

. , Res . .
that the residual sources bg:ﬁ; contain a term resulting

1111 .
from bffﬁf}if , which cannot be expressed by the summed

correlations. Thus, Egs. (17) are numerically advantageous

blznzkzlll'

only if by, "\ Vs disregarded. The point here is that the two

. .. . Lok, 111 Lok, 112
terms in Eq. (17b) originating from b, * and bp, "\

both involve the Levi-Civita symbol and can therefore be
interpreted as describing precessions. This can be made more
explicit, e.g., by introducing a vector with components o
according to

(Qu), = Q- (19)
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. 11
Then, the first of these terms, which stems from bflzzlzll; ,can
be written as a cross product:
k
ou x Qi 20)

indicating a precession of the vector ngi(l around the direction
wy, of the Mn magnetization with the same frequency as the

mean-field precession of the electron spin. Likewise, the term

.. . Lok, 1.2 ..
originating from b)’;*\> " has a similar structure. It can also

be written as a cross product

wr x Q. 1)

where now the index 8 is associated with the components of a
vector Qﬁ:‘z formed from the correlations according to

Oékz . Otkz

(le )ﬂ = Opiq»

i.e., now we are dealing with a precession around the direction
wp of the electron spin. Thus, not only the average spins of

the electrons and Mn atoms exhibit a precession dynamics, but
also their correlations, which is represented in the equations

(22)

. Linyky 11
of motion by the 5% " terms.
l]n1k1

. . . ko TTT
Finally, the physical meaning of the bfl':;ft]' source terms

becomes clear by noting that their structure is analogous

1
to the structure of the b2\ terms, where the products

of electron and Mn density matrices are replaced by the

corresponding unfactorized correlation functions. Thus, the

Lngky 111 . Lngky !
1,2::;1(,2 sources provide the correlated parts of the b,f:fkf

sources, which represented a Landau-Lifshitz-Gilbert-like
dynamics including Pauli blocking.

Now that all source terms have been physically interpreted,
let us come back to the question of their relative importance
in the case considered numerically in Sec. IV. As already

Lnaky ! . .
noted, the sources blefkf always play a pivotal role, since no

correlations would build up without these terms. The impor-
tance of the remaining terms depends on the physical situation.
Looking at the definition Eqgs. (7d)—(7f) of the sources, it is

x2 . )
seen that the terms bflezl':f ,with X € {I,11,111}, comprise

.o . . . Lok, X1
similar factors as the corresponding contributions bl]z:fk]z ,

except that the former contain an additional factor proportional

to the electron density matrix C,llzk]. From this observation
X.2

we can conclude that the bf?Zf'ﬁ,

: ok, X1 . .
important than the bflzlztf terms, if the electron density

is moderate, as it is the case here. A criterion for being in

the low density limit is particularly easy to formulate for

Lok 11 . . . Lngky 112 .
the by terms, since Eq. (7e) implies that b7, is

sources should be less

negligible compared with bff:l’]zl'zf”'l if Ny > N,, which is
fulfilled in our simulations. However, it is more challenging to

. o o ok, 12 .
give a condition for the negligibility of the bf;,’:f]l:; term, as it

strongly depends on the electron distribution in k space.

. . Lok, 11
Finally, since the b;?*\> " sources have the same structure
lz}’lzkz 1
bl]nlk]

place of the product Cllfk] M2, they will be of minor importance
Ipnpky
ULILS|

I ny

Iy kg Mg

as the term, except that the correlations QZ'::]]ET take the

if the relation « 1 is satisfied. The latter relation is
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expected to hold, when the conditions for the applicability

of the correlation expansion are fulfilled. The numerical

A . 11T
results shown in Fig. 1 indicate that the bff;’]tf terms

provide insignificant quantitative corrections, which confirms
the consistency of the correlation expansion approach.

The fact that a source contains correlations is, however, not
sufficient for concluding that it can be neglected compared

. Lok, I . . .
with the blf;'fk]z terms, which do not involve correlations.

i 111 o
In particular, the bffo:;z term was shown to qualitatively

modify the spin dynamics (cf. Figs. 1 and 2). In view of our

. . , 11.1 .. . .
interpretation of the bmfll;z term, this implies physically

that accounting for the precession of the correlations around
the Mn magnetization is essential for a correct description of
the spin dynamics. This also explains why previous studies

in Refs. [16,17] reported a negligible contribution from the

lznzkz 11

Inik, ! term, since there a situation was considered, where
the average Mn spin was initially set to zero which suppresses
the precession.

The features of the spin dynamics predicted in this
article manifest themselves in the time evolution of the spin
polarization which is a quantity accessible experimentally,
e.g., by time- and polarization-resolved photoluminescence or
Faraday-/Kerr-rotation measurements [20]. Favorable for the
observation of such effects should be experiments measuring
the time dependence of the spin polarization as well as
the its equilibrium value where the angle between the Mn
magnetization and the initial electron spin polarization induced
by a circularly polarized laser beam is varied. For our purposes
bulk materials are preferable compared with, e.g., quantum
wells, since for heterostructures the anisotropy with respect
to growth axis as well as structure inversion asymmetry can
play a role [21], which would make it hard to separate the
angular dependence predicted by our theory from anisotropy
effects. Furthermore, II-VI DMS should be better suited for
the proposed experiment than III-V DMS, since they have
the advantage of isoelectrical doping. In III-V materials, the
Bir-Aronov-Pikus interaction [22] between electron and hole
spins can dominate the spin dynamics [9], while for [I-VIDMS
with sufficiently high Mn doping the s-d-exchange interaction
is typically the most important spin relaxation mechanism [23].

VI. SUMMARY

In this article, we have analyzed the spin dynamics of
conduction band electrons in Mn doped bulk DMS induced
by the s-d-exchange interaction. In contrast to our previous
studies [16,17], we now assume a nonzero Mn magnetization.
This naturally leads to a distinction between the electron spin
dynamics of the components parallel and perpendicular to the
Mn spin which introduces an anisotropy in the spin relaxation.
Starting from a microscopic quantum kinetic theory based
on correlation expansion we have derived the Markov limit
yielding equations similar to the widely used phenomenolog-
ical Landau-Lifshitz-Gilbert equations. Our derivation yields
microscopic expressions for the parameters in the Landau-
Lifshitz-Gilbert equations and allows us to identify some
quantum corrections. The resulting rate equations were solved
analytically.
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Numerical simulations within the quantum kinetic theory
revealed that, while the dynamics of the perpendicular electron
spin component can be well described by the Markovian
theory, the parallel component exhibits qualitative deviations
between the full quantum kinetic and the corresponding
Markovian results. The differences between both levels of
theory manifest themselves in a nonmonotonic temporal
behavior of the total spin in the quantum kinetic theory as
opposed to an almost exponential monotonic decay predicted
by the Markovian theory. Moreover, for certain excitation
conditions, even the sign of the spin polarization differs
between these levels of theory.

A detailed analysis allowed us to assign a physical
interpretation to all source terms for the correlations and to
understand their relative importance found in our numerical
studies. With the help of this analysis and our numerical
results, the deviations between the full quantum kinetic theory
and its Markov limit were traced back to the neglect of a
precession dynamics of the correlations in the Markov theory.
This precession is missing in the Markov limit not because of
the assumption of a short memory but due to the perturbative
treatment that is implicit in this approach.
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APPENDIX: ANALYTICAL SOLUTIONS OF THE
MARKOV EQUATIONS

Equation (14a) is a Riccati differential equation

0 2
—sl = fslll —gsllll + h,

at . Al

PHYSICAL REVIEW B 90, 035206 (2014)

with f = 1, S, & = g ((S2) — (S1%)) and h = y, § 2 E ),
For f = 0, which is the case if § = 0, the solution of Eq. (A1)
is simply:
sl (1) = <s ) — ﬁ) e 8 4+ h (A2)
k; - k; °
8 8
For f # 0, the Riccati equation can be rewritten in terms of a
linear differential equation with eigenvalues:

g g
)»1/22—5 + Z_fh (A3)
=0 =
The solution of Eq. (A1) is then given by:
I nov %
s () == — —tanh(— + vt) (A4)
k o f 2

where ¢ is determined by the initial value of sﬂl.
Eq. (14b) for the perpendicular spin component assumes
the form:

9
5 = (=6 + Foig)sic (AS)

where & = 1y, ((S2) + (S1%)). Eq. (A5) is solved by
SE (1) = S (O)e 8 ¢! o (A6)

=1

For f =0, I =1 and the perpendicular spin component
decreases exponentially. Inserting the solution for the parallel
spin component from Eq. (A4) for nonzero f yields:

cosh (%)

[=et—— 20
¢ cosh (% + vt)

(A7)
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