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Carrier-impurity spin transfer dynamics in paramagnetic II-VI diluted magnetic semiconductors

in the presence of a wave-vector-dependent magnetic field
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Quantum kinetic equations of motion for carrier and impurity spins in paramagnetic II-VI diluted magnetic
semiconductors in a k-dependent effective magnetic field are derived, where the carrier-impurity correlations
are taken into account. In the Markov limit, rates for the electron-impurity spin transfer can be derived for
electron spins parallel and perpendicular to the impurity spins corresponding to measurable decay rates in Kerr
experiments in Faraday and Voigt geometry. Our rigorous microscopic quantum Kinetic treatment automatically
accounts for the fact that, in an individual spin flip-flop scattering process, a spin flip of an electron is necessarily
accompanied by a flop of an impurity spin in the opposite direction and the corresponding change of the impurity
Zeeman energy influences the final energy of the electron after the scattering event. This shift in the electron
energies after a spin flip-flop scattering process, which usually has been overlooked in the literature, turns out to
be especially important in the case of extremely diluted magnetic semiconductors in an external magnetic field.
As a specific example for a k-dependent effective magnetic field the effects of a Rashba field on the dynamics of
the carrier-impurity correlations in a Hg,_._ Cd,Mn,Te quantum well are described. It is found that, although
accounting for the Rashba interaction in the dynamics of the correlations leads to a modified k-space dynamics,
the time evolution of the total carrier spin is not significantly influenced. Furthermore, a connection between the

present theory and the description of collective carrier-impurity precession modes is presented.

DOI: 10.1103/PhysRevB.93.205201

I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) have attracted a
great deal of interest [1-11] as their highly tunable magnetic
properties are ideally suited for adding spintronic function-
alities to otherwise well-established semiconductor technolo-
gies [12—14]. Particularly promising for future technological
applications is the fact that some DMSs, such as Ga;_,Mn, As,
exhibit a ferromagnetic phase [2,15]. The convenient optical
properties also allow, e.g., for the optical switching of the
magnetization [16] in Ga;_,Mn,As. While a comprehensive
unified theoretical description of the magnetism in DMS is
still missing, it is generally accepted that a carrier-mediated
impurity-impurity spin interaction plays a key role [1,17].
Thus, it is crucial to understand the spin physics not only
of the magnetic impurities, but also of the carriers as well
as the details of the spin transfer between carriers and
impurities.

Experimentally, the carrier spins in DMSs are often
investigated optically using time-resolved magneto-optical
Kerr effect (MOKE) measurements [3,10,18], a pump-probe
technique that makes it possible to extract the carrier spin
dynamics with a temporal resolution of ~100 fs. The experi-
mentally obtained carrier spin dephasing and relaxation rates,
which also include the effects of the spin transfer between
carriers and impurities, can then be used as an input for,
e.g., the theoretical description of spin-wave excitations in
ferromagnetic DMSs [8].

However, a quantitative theoretical explanation for the
values of the carrier spin relaxation rates measured in
MOKE experiments, even in the simplest possible case of
conduction-band electrons in an intrinsic II-VI DMS, has
yet to be found. For example, even such basic quantities
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as the magnetic field dependence of the spin transfer rate
between the carrier and impurity systems in paramagnetic
DMSs is still not satisfactorily explained [3]. This is, on the one
hand, due to the large number of factors that simultaneously
play a role in DMSs, like the spin-dependent s-d interaction
between magnetic impurities and carriers, spin dephasing due
to spin-orbit coupling mechanisms [19-21], carrier-carrier
interaction [22], and disorder effects [23]. On the other hand,
even the typically dominant s-d interaction is usually treated
only on the level of the mean-field approximation [24-26],
neglecting the effects of carrier-impurity correlations, which
can be important [8,27,28]. The spin transfer between carriers
and impurities is commonly described by rate equations
where the rates are calculated using Fermi’s “golden rule”
[25,26,29-31].

One problem of this approach is that it is a priori not
clear under which circumstances the perturbative scheme,
which is implicit in the derivation of Fermi’s golden rule,
is applicable. For example, at the band edge, where the band
energies, described by the Hamiltonian Hy of an undoped
semiconductor, are negligible, the s-d interaction cannot be
thought of as a small perturbation to Hy. A second deficiency of
the golden-rule treatment is that it gives, by construction, only
the transition rate between energy eigenstates of the system.
However, optical orientation also allows for an injection of
carrier spins perpendicular to an external magnetic field (Voigt
geometry) or the impurity magnetization, respectively [10],
which corresponds to the excitation of superpositions of energy
eigenstates. Thus, the relaxation rate of the transverse carrier
spin component is not provided by Fermi’s golden rule.

A more elaborate treatment of the s-d exchange interaction,
which is also capable of deriving a rate for the spin transfer
of the perpendicular electron-spin component, was given
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by Semenov in a study based on a projection operator
method [32]. Another notable approach to the spin dynamics
in DMS has been provided by the group of Wu [22], which
has developed the kinetic spin Bloch equations (KSBEs)
that account not only for rates for the spin transfer due
to the s-d exchange interaction, but also for a number
of other effects, such as carrier-carrier and carrier-phonon
interaction.

In the present paper, we describe the electron-spin dynamics
in the conduction band, where we focus on paramagnetic
intrinsic I[I-VI DMSs. We work with a quantum kinetic theory
starting from the s-d exchange Hamiltonian H,,;, where a
correlation expansion scheme was used to formulate equations
of motion for the carrier and impurity density matrices as
well as the carrier-impurity correlation functions [33]. This
approach allows a nonperturbative description of far-from-
equilibrium situations. The golden-rule rate equations can be
deduced from the quantum kinetic theory as a Markovian
limit [34,35]. In the same limit, also the rates for the carrier
spin component perpendicular to the impurity magnetization
can be derived [36]. Furthermore, the applicability of the
Markovian limit and therewith the golden-rule rate equations
can be checked by direct comparison of the full quantum
kinetic theory with its Markovian limit [36]. It was found
that for an agreement between the quantum kinetic and
the Markovian predictions, it is essential to account for a
precessionlike motion of the carrier-impurity correlations.
Therefore, effective equations which capture the essential
features of the full quantum kinetic equations that also include
the correlation dynamics were called precession of electron
spins and correlations (PESCs) equations [37].

For vanishing external magnetic field and impurity mag-
netization, all of the above theories contain the same rate
equations that can also be found with Fermi’s golden rule
as a special case. In contrast, in the presence of an external
magnetic field which leads to a finite impurity magnetization
in the equilibrium of a paramagnetic DMS, the predictions
of the different theories deviate from each other. In order to
compare these theories, we extend the quantum kinetic theory
of Ref. [33] to take into account the Zeeman interaction of
carriers and impurities in a magnetic field.

We also allow for a k dependence of an effective magnetic
field, which makes it possible to discuss the effects of
Dresselhaus [20] or Rashba [19] spin-orbit coupling or a
k-dependent g factor on the spin dynamics in DMSs. In
contrast to previous treatments [21] where the PESC equations
were extended by adding a k-dependent precession term to
the time evolution of the carrier spins, in the present paper
the k-dependent effective magnetic field is incorporated on
a microscopic quantum kinetic level which also leads to a
modification of the equations of motion for the carrier-impurity
correlations. Another point of view is that, while the approach
of Ref. [21] accounts for the k-dependent field between
carrier-impurity spin-flip scattering events, in the present
theory the effective magnetic field also acts during the spin-flip
scattering. Formally this situation is similar to that of, e.g., the
intracollisional field effect [38], where the effects of an external
field that acts during a scattering event (phonon-emission in the
case of Ref. [38]) can indeed change the optical and transport
properties qualitatively.
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Furthermore, here we account for the fact that the impurity
spin is a z-dependent (growth direction of the quantum
well) dynamical variable which can change over time. This
connects the present theory to the description of collective
carrier-impurity precession modes [11,39,40].

The paper is outlined as follows: First, we derive the Markov
limit of quantum Kkinetic equations accounting for the s-d
interaction, a possibly k-dependent effective magnetic field
and the z dependence of the carrier envelope function. Then,
we present results for the magnetic field dependence of the
carrier-impurity spin transfer rates and compare it with the
results predicted by several other theories. Next, we answer
the question to what extent spin-orbit couplings that lead to a
k-dependent effective magnetic field influence the spin transfer
dynamics, in particular with respect to the dynamics of the
carrier-impurity correlations. Finally, we show how the theory
of the present paper can be related to the theory employed
in the discussion of collective carrier-impurity precession
modes [39].

II. THEORY
A. DMS Hamiltonian

The Hamiltonian for electrons and impurities in DMS can
be modelled by

H = Hy + HS + HY" + Hy, 1)

where Hj describes the conduction band of a semiconductor
crystal and can be written as

Hy = Z Z FLa)kCleCka + Z Z h&y - Saa’cltgcko“ 2
k o

k o,0’

clg and cg, are the creation and annihilation operators for
electrons with wave vector Kk in the spin subband o € {1,|}.
wy describes the diagonal, i.e., the spin independent, part of
Hy while 2y is the k-dependent effective magnetic field, e.g.,
due to spin-orbit interactions. The electron-spin matrix vector
Soo! = %awr is proportional to the vector of Pauli matrices
Oyo-

H and H)™™ are the Zeeman energies for carriers and
impurities, respectively:

H =3 2uWusB - Sporc, i, 3)
koo’
Hél/ﬁl = ZgMnMBB . Snﬂ/ Pn[n” “)

Inn’

where g, and gy, are the electron and impurity g factors
and B is the externally applied magnetic field. In general,
g. may depend on the electron wave vector which, e.g.,
gives rise to the imhomogeneous-g-factor spin dephasing
mechanism [41,42] which is essential for the description of
the magnetic field dependence of the spin decay time in
nonmagnetic semiconductors [43]. S, are the spin matrices

"Here, we use the convention that the factor A which appears in
the spin matrices in the SI system is instead included in pg and Jy,,
respectively.
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for the impurities with, in the case of manganese, S = %, SO

that n,n’ € {— , — g, ...,%} The impurity spin is described
by the operator PI/ = |I,n){I,n’| where |I,n) is the nth spin
state of the /th impurity ion.

The most important part of the Hamiltonian for the spin
dynamics in DMSs is the s-d exchange interaction which, in

real space, has the form

Hya = Jia Y (SwwBly)  Soo Vi @Yo (@SR, — 1), (5)

1 ,n,n’[,

i,0,0
where R; and r; are the position vectors of the /th impurity and
ith electron and 1//; (r;) as well as ¥, (r;) are the corresponding
real-space field operators for the electrons. Since most experi-
ments on DMSs are performed on two-dimensional structures,
we choose a single-particle basis comprised of product states
of a z-dependent envelope, where 7 is defined to point along
the growth direction, and an in-plane part described by plane
waves. When restricting to the lowest confined state of the
envelope function (z), we can formulate the effective s-d
Hamiltonian for the in-plane part as

Il
Hgd——dZ|w<z,)| Sun' * SoorChy i B e TOR1(6)

where V is the volume of the sample, d is the quantum well
width, Z; is the z component of the /th impurity position
vector, and Ru is the in-plane part of the position vector of the
I'th impurity. Assuming infinitely high barriers, the envelope

is given by
Y(2) = f cos (Zz), 7

for z € [——' —] and zero otherwise. Thus, due to the factor
|¥(Z;)|?, magnetic impurities at the border of the quantum
well couple much more weakly to the electrons than impurities
at the center of the well.

B. Quantum kinetic equations of motion

In Ref. [33], a set of quantum kinetic equations of motion
based on a correlation expansion scheme has been developed
for the carrier and impurity density matrix as well as the
carrier-impurity correlations in the case of zero external and
effective-spin-orbit magnetic fields. In the present paper, we
additionally consider an in general wave-vector-dependent
effective magnetic field for the carriers and the Zeeman energy
term for the magnetic impurities to the Hamiltonian. Since
all of the terms that are added are effective single-particle
contributions, they do not lead to a buildup of a new hierarchy
of correlations, but only connect the density matrices and
the correlations with themselves. Therefore, the truncation
scheme and the factorization of higher correlations laid out
in Ref. [33] can still be applied when the aforementioned

J
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additional Hamiltonians are accounted for. If an on-average
homogeneous distribution of magnetic impurities in the
quantum-well plane is assumed, equations of motion can be
formulated for the dynamical variables [36]

Cwglzkl = <clt|(rlck1(77)5 (8a)
M (z) = NMn ZS(Z - Z,)( n1n7> (8b)
QZZZZIIEZ(Z) = Ld Z 8(z— 7))
ik Notn

i I k,—k;)R!
X ek o, Chooy B, @B TRORY), (8¢)

nlm

where C<7 i, and M;2(z) are the electron and impurity density

matrices and Q;f:’tf]]:f(z) (for k; # k) represent the carrier-

impurity correlations, where the mean-field part has been
subtracted. Ny, is the number of impurity ions in the DMSs.

Instead of the density matrices, also the average carrier sy,
and impurity spins (S(z)) as well as the electron occupations
ng, can be used as dynamical variables [36] which helps
to understand the dynamics of the physical variables and
simplifies the equations of motion,

S(Z) ann’M (Z) (93)
=2 G (9b)
= Z S0, Cglzkl , (9¢)
0102
ak . mn ko
/kl2 : Z niny 0162 (Tln?kl' (9d)

nirty

From now on, we will use the convention that o indices
describe spin-up and spin-down subbands, » indices enumerate
the impurity states, while all other Latin indices represent
three-dimensional geometric directions, e.g., j € {1,2,3}, and
Greek indices range from O to 3, where the 0 describes
occupations. In this notation, the zeroth spin matrix is defined
to be the 2 x 2 identity matrix sgm = 84,5, Furthermore, we
adopt the FEinstein notation, so that when the same index
appears twice, a summation is implied. Sub- and superscripts
are used, e.g., to distinguish the carrier and impurity degrees
of freedom of the correlations, and do not represent a covariant
formulation. Sums over k vectors, on the other hand, will be
stated explicitly and no sum is implied, if an index k; appears
twice in an expression.

In this notation, the equations of motion of Refs. [36,37],
extended by terms due to the k-dependent effective magnetic
field and the impurity and carrier Zeeman energies, are

d Js 24 e
(812 = @) x SN — T IE S 6 Re(0) (2). (10a)
kK’
0 2 Tl (@) Ny
o = /_ d/zdz 7 Z2I 0k (@), (10b)
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9 dj2 g Nt
ik = @ [ g PSSl S0t et 00

0 )
5, 015 (@) = —ilon, — o) QAT @) + (Ak + AL),,, Oh(2) + €110y, () Q42(R) + B (@) + cii(2),  (10d)
bpl(z) = sdd|w<z>| 24878 @) 5" s ) — ('S @) (s N ], (10e)

where the mean-field precession frequencies for impurities and
carriers are defined as

n Jv 2d
&M MBB+ sa |V (2)] Zsk,

Wyn(2) = N P 4 (11a)
SZ;( = Qk + w.(K), (11b)
sy [ L@ N
ooty = S g f e s @),
(11¢)

The k-dependent precessionlike movement of the electron
degree of freedom of the correlations is described by the 4 x 4

matrix
o\’
Ay, 1= ( I.O/ 1(1 lf') >,
(Zﬂkl) i[ﬂkl]x

where [SZ{(I]x is the 3 x 3 cross-product matrix with
’ _ ’
[Slkl]xv = Slkl X V.
The source terms bf‘kklz (z) involve electron variables ny and
Sk in the form

i ivks 1 Nk 1 1 i
(S SJ)ll: = 8,1[1(1—72)71](] =+ Eskl.sk2i| - Esk]slﬁz

1 . i ny k
— Esélsll(z =+ 561']'1|:<1 — 72)5‘][(1 + 7]S£2i|,

(11d)

(12a)
and
i 0\k; g, i 2
(887 ) = <1 — 7) (— 751(, le,j,sklsk2 (12b)
i Nk, i k
(s%s )tf = <l — 7) A Z‘Sk le,ﬂsklsk2 (12¢)

Also, bf‘kklz(z) contains second moments of the impurity
variables:

(8'87(2)) = (S* (@8 + <S”2(z) )
(S"(2)) (87 (2) /
X —— —|— —€11(S'(z 13
RBE > €i(S(2), (13)
where S := S<S(>Sz) is the spin operator projected onto the di-
rection of the average impurity spin and (S+7) = H$*=s 12y
is the perpendicular second moment, with (§?) = S(S: D %

for a spin-% system.

By going over from the density matrices in Eqs. (8) as
dynamical variables to the variables defined in Eqgs. (9), one
ends up with a set of equations that is not closed. Thus, some
approximations have to be employed to evaluate the right-hand
side of Eqs. (10): First of all, it is necessary to evaluate the
second moments of the impurity magnetization, for which the
equations of motion can in principle be calculated, but they
involve even higher moments. We reduce the complexity of
the equations by calculating a quasithermal impurity density
matrix in each time step, which is consistent with the average
spin (S(z)). Furthermore, the source terms cj, k2(z)2 contain
degrees of freedom of the original correlation functions

ornsk; : . ak;
Ok, that are not expressible in terms of Oy *. However,

the terms ¢; (z) were shown to be irrelevant in numerical
calculatlons 1n the situation described in Ref. [37]. Since
these terms are proportional to some correlation functions
Qg’n"];k’, they mainly renormalize the frequencies with which
the correlations oscillate. As will be seen later, the values of
these frequencies determine the difference in kinetic energies
of the initial and final states of carriers scattered due to the
s-d interaction. On the other hand it will be shown that
neglecting the terms Clk %2(2) leads to equations that conserve
the mean-field energies of the carriers, so that the role of these
terms is mainly to ensure energy conservation including the
carrier-impurity correlation energy. However, this correlation
energy is typically of the order of a few ueV [28], so that it
is typically a good approximation to neglect the source terms
cfkb (2), as we will henceforth do.

With these approximations, it seems straightforward to
solve the coupled system of ordinary differential equa-
tions (10) numerically. However, this task is very challenging,
since the correlations are indexed by two k vectors, where
each one is an element of a two-dimensional continuum
in the case of a quantum well. The problem therefore has
the complexity O(N?NZN,), where Ny, N,, and N, are
the numbers of discretization points of the k-space (linear
dimension), the growth direction in real space, and the time,
respectively. Our strategy to make the calculation tractable
follows Ref. [37]: The computation time can be strongly
reduced, if the correlations are eliminated and only their
effects on the electron and impurity variables are kept. This
can be achieved by formally integrating the equations of
motion for the correlations at the cost of introducing a memory
integral. This memory integral can in turn be eliminated by a

k : k
*The  source terms ¢, are given by ¢’ =
1 1
1 o oan2ky oy ky . .
D103y SmynySenon Lok, with 57720 being defined in
Ref. [36].
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short-memory or Markov approximation, which is established
in the next section.

C. Derivation and applicability of the Markov limit

Before we discuss the Markov limit of the correlations
including the precessionlike movement of the correlations, we
briefly recapitulate the standard way [36,44] of deriving the
Markov limit of quantum kinetic equations in the simplest
possible situation with £, =0 and @y,(z) = 0. There, the
equation of motion (10d) for the correlations becomes
O = i, — )OI H B (9
If the source term b?‘kklz is regarded as a time-dependent
inhomogeneity, one can first solve the homogeneous part of
the equation and take the inhomogeneity into account by a
variation of constants, which yields

Q?kl?(t) = e i@ men)t |:Qak2(fo)

t
+ / dt’ '@ —ok)t bf‘k“f(z’)] (15)
o

We assume that the carriers stem exclusively from optical
excitation and therefore also the correlations are zero before
the laser pulse is applied. Therefore, Q?‘l:‘lz(to) =0 for tp —
—o0. The correlations act back on the carrier and impurity
variables only via sums over correlations with respect to at

least one k index. Thus, we consider, e.g.,
wWR7 t . , K
> onemn = / do D(w) [ dt’ /@) DpRk@ ),
K, 0 —00

(16)

with the quasicontinuous limit

K BZ

de(k)---:/szde(w)..., (17)
0

where hw are the spin-independent single-particle energies
of Hy and hwpgz is a cutoff energy corresponding to the
upper end of the conduction band. Although this expression
is valid also for nonparabolic band structures, we simplify the
discussion by first assuming an effective- mass approximation
in two dimensions, so that D*? := D(w) = ﬁ is constant.

Now, the Markov or short-memory approximation can be
applied to Eq. (16) as follows: Assuming that, because of the k
sum, the effects of the correlations on the carrier and impurity
dynamics dephase fast for not too small values of ¢ — 7 in the
integral kernel, the largest contribution of the integrals stems
from source terms b“k(w)(t’) with ¢’ &~ t. Then, Eq. (16) can be
approximated by

BZ
Yoo~ [T
ko 0

do b (1) / dr’ /@m0

(18)
Using the Sokhotski-Plemelj formula

0 .
f dt/eixt’ = <5(x) _ PL) = JTS(X),
o TX

19)
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where P denotes the Cauchy principal value, allows us to
express the correlations solely in terms of carrier and impurity
variables evaluated at t' = ¢. For the real part of §, the k
sum reduces to an integration over a single energy shell.
The imaginary part has been shown to lead to a small
renormalization of the precession frequencies [28] that can
only reach values over 1% for a small range of realistic material
parameters and excitation conditions, so that we consider only
the real part of § in the further discussion of the Markov limit.

In the above treatment, it was postulated that the memory
induced by the correlations is short. To see in which cases this
is indeed a good approximation and how the time scale of the
memory can be defined, we brieﬂy summarize the findings
of Ref. [45]: The source terms b k> that enter, e.g., in the
dynamics for the carrier spin sy, , 1nv01ve the variables ny,, Sk, ,
nk,, and si,. For the parts that only contain variables at k;,
which we will refer to as by , the real part of the integral on
the right-hand side of Eq. (16) yields

! @BZ . '
Re f dt’ / dw e @)U =0ps (1)
—00 0

_Re /0 gy Snl@sz =)+ sin( 1)

"
00 t

by, (+1").

(20)

Since $MA s 78(r) for Aw — o0, this way of expressing

the integral now shows that the memory has two time scales,
one corresponding to (wpz — wk, )~!, which is typically of the
order of a few fs due to values of wpz in the eV range, and
the other one at wy ! This can explain why, for a -like initial
electron occupation at k; = 0, the spin transfer rate extracted
from the quantum kinetic calculations in Ref. [45] is exactly %
of the Markovian expression for the rate. Thus, non-Markovian
effects are found to be mainly due to the spectral proximity of
the electrons to the band edge. Therefore, if the initial carrier
distribution has a width of a few meV, the Markovian results
coincide with the quantum kinetic calculations [45].

For the other parts of the source terms bfkkf which depend
also on the electron variables at k,, a new time scale emerges
which corresponds to the inverse of the frequency difference
Tk, .k, for which the electron variables s, (n,) start to differ
notably from sy, (ny,).

In summary, it can therefore be said that the correlation
time T, i.€., the time scale of the memory induced by the
correlations, depends on the details of the spectral carrier
distributions. Thus, in order to obtain meaningful results by
using the Markov approximation, it is of key importance that
the dynamics of the source terms takes place on a much slower
time scale than the buildup of correlations .. If this is not
the case, e.g., due to a fast precession of the electron spins
with a frequency w,, it is necessary to split this precession off
of the correlation induced spin transfer, yielding a modified
integral kernel ¢'(“ @%@ and therefore a shift of 4w, in
the respective & functions [37]. Therefore, the identification
of fast and slowly changing parts of the source terms b;'kkf is
crucial for the derivation of the Markov limit of the quantum
kinetic equations of motion (10).
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D. Markov limit of the quantum Kinetic equations

In the last section, the standard procedure of deriving a
Markov limit was summarized starting from a simple set of
equations where all the relevant spin precessions in DMSs
were neglected. Now, for the more general theory of the present
paper, we repeat the same steps while accounting for all terms
in Eqgs. (10). As above, first of all, the homogeneous part of
the differential equation for the correlations has to be solved,

aks hom

. k, hom
Qlk] = —i(wk, — wkl)Q7k12

Kk, h ; hom
+ (Ax, + A%,), szkf Ut e, 06
2D

Equation (21) can be represented in a more abstract form, if

hom . . . .
Qﬁ:‘l 2" is rewritten as a single vector Q"™ with respect to
the set of indices [, «, ki, and k;. Then, Eq. (21) becomes

d
thom — MQhom, (22)

where the matrix M is defined by the terms on the right-hand
side of Eq. (21). The formal solution of Eq. (22) is the time-
ordered exponential:

10 +AL

Qhom(t() + Al) — Teft(;’) dl/M(t,)QhOm(lO) (23)

However, since in the Markov limit the solution of the
homogeneous differential equation is only required on a time
scale comparable to .. in the fs range, we can assume that
neither the precession frequencies nor the precession axes will
change significantly on this time scale. This assumption makes
it possible to approximate M (") ~ M(ty) in Eq. (23) so that
the time-ordering operator 7 can be dropped.

The expression for the solution for Q"™ can be further

simplified, because the different contributions to the right-hand
aks hom

side of Eq. (21) act on different degrees of freedom of Qf°
and therefore commute. As also Ag, and Aﬁz commute, which
can be checked directly using the explicit expression for those
matrices in Eq. (11d), the homogeneous part of the equation
of motion for the correlation is solved by

Qakz (t() + At) — e—i(wkz—wkl)Al (eAkl AteAﬁzAf)ay
nlx A ko h
x (el@mlAry, Q}xkf "(t0)- (24)
The exponential e!“¥1<! of the cross product matrix
[@umn]x is

e[wM”]XI — RwM”(ant), (25)

where Ry(w) is the 3x3 matrix describing a rotation around
the axis n with an angle «. Similarly, it is possible to calculate
an exponential of the matrices A:

Ey, (1) := e™!
T
/ Qi{ 0 21 sz;]
_cos< >1~|—sm< 2‘t> P % %k
(w2,
(26)

with the inverse [Ey, (1)] ' = Ex, (—1).
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Now, the solution to the inhomogeneous equation can be
found by a variation of constants yielding
k
Q;Xk]z(to + At)
= el N B (ADER,(AD],,

to+At ) ,
X [Roy, (0un AD)],, [Q?ﬂ‘f(to) + / dt’ ' @amm )

X [Ek] (_t/)E*Z(_t/)]yK [R(A)M”(_a)Mnt/)]l 1 b;(//]:(?l (t/)}

27

Equation (27) can be further simplified by decomposing the
matrices Ry, (wunt) and Ey, as well as Ey in components
oscillating with different frequencies:

Rn(wt) — R2+R+ iwt +R7 7lwt’
i1/ 1 +Efefi(1/2)§2i(lt

(28a)
Ex (1) = E) + Efe (28b)
E () = (Eg,) + (EL) TVl 4 () e D%,

(28¢)

where the components of Ex can directly be read off from the
definition in Eq. (26) and the decomposition of R,(«) is

0y _ N
(Rn)ij - W

1 nin;
Rl:]t .AZ—((S," ]j:llk )
( )l] 2 J | |2 J | |

For the components defined in Eq. (28), an important
relation is

(29a)

(29b)

RIRE = 68,,,,RE, (30a)
E;;‘ ng = (SM,EX (30b)
(Ex,) " (Eg,)* = 8,5, (Ex)", (30c)

where from now on we assume x; € {—1,0,1} for any x index.
As stated earlier, it is necessary to identify fast oscillating
and slowly changing contributions to the source terms bfkk]z. To

this end, we consider the dynamics of b"‘k2 in the mean-field
approximation, where

(S'S7(tg + AD) ~ [Ruy, (@ AD)],,

X [Roy, (@un AD] (SS7 (1)), (3la)
n(to + At) ~ nk(to), (31b)
sk(to + A1) ~ [Re (AD)]. sk (t0). 3lc)

With these approximations, the source terms can be

decomposed into

o ako (@m) iw
bty + At & Y b (tg)e ™, (32)
m

where m counts all the possible oscillation frequencies w,,
which consist of combinations of the frequencies wys,(z) and
Q.

k
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Now, the Markov limit of Eqgs. (10) can be established
by using the Markov approximation in Eq. (18) with the
Sokhotski-Plemelj formula in Eq. (19) on the expression for

J

8

ako ~

lk]

DIEDY

M XMns Xk s Xk,

or more explicitly

(@) ~ o Jaly(@)Pd

2

/ ’
Xk > Xigy > Xk s Xicy » XMn

2

’
Xk,)

i o
S (ST @V REY L) [ax/ ol — ”kl)(Rﬂ/

2
X
) llilskz]) + [Eklk1

. Xk
— 2ie; ~<R ,') <R
IR )
~ i,

5 (8'87'(z) + 878! (2)) ny,
2 4

+

sz

Slkz

+

2

@y (2)

i o
+ Eéj’lt”(S' (@) S jxSurr — 8 jaSrrr — 8jir S ) (REM" )

i (S'S7(2) + SV SH2))
s 2

sz

(Rae ) | (R

1 i n Xk
— g€ (ST @NREN o) [(Rszlf

Q

), 8,001 =

Finally, inserting the expression for Q'(k2 of Eq. (34) into
the quantum kinetic equations of motion ( 10a)—(10c) for the
carrier and impurity variables yields the desired set of ordinary
differential equations for ny, sk, and (S) where the correlations
are eliminated, but their effects are still accounted for.

E. Numerical implementation of the Markovian
equations of motion

The numerical advantage of the Markov limit over the
original quantum Kkinetic equations is mainly that, because
of the § function in Eq. (34), only those electronic states with
wave vectors K, contribute to the time evolution of electron
variables with wave vector k; that are allowed by energy
conservation. Here, the total energy consists of the kinetic
energy as well as Zeeman-like spin-dependent energies due to
the impurity magnetization, the external magnetic field, and
the k-dependent effective magnetic field due to the Rashba or
Dresselhaus terms as well as the impurity Zeeman energy.

The complicated interplay of the different contributions to
the total energy makes it hard to find the roots of the argument
of the § function in Eq. (34), which is necessary in order to
identify the wave vectors k; of the electronic states which are
relevant for the calculation of the time evolution of electronic
states with wave vector k;. In particular, the k dependence of
the energies, the dimensionality of the k vector, and the fact

1 1
[“’“2 B (‘““' X+ 2200, + 0, “’mﬂ[’f“l (E)™ 1., (RS,

_ 1

8{wk2 — |:C()kl + <§Xk1 - X{(,)Q
. S'S7(z)+ SV S!(z /

% {[ EX ‘(E )Xk ] << () + (2)) (Réll‘;’;(z)) |:8X1/<|'0<R;;/2

) S8y ol - nkz)<RQ,

(0)™ 1 (x

i y
=€1in{S" (2

kz)il’axk Oskz <R )
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the time evolution of the correlations in Eq. (27), simplifying
the products of exponential matrices with the relations (30)
and decomposing the source terms according to Eq. (32):

ykz( Om)
'k,

)bl @y (33)

/
ki

1 / /
+ <§Xk2 - Xk2>9k2

3 ) Sk7 5 / (
2/ ik

Xl'(l ) s
ki / jk'

- anan(z)} }

|

Xkl

ki ik

v
ki

v
ki

XMn

wM,l(z))kj/‘Sx.Ll q08x|12 0

i

ng, + Nk, — N, Nk, >i|

) (Ra), (+

sz

il
Sk, §

Osk ]
Xy r
most, = (R, ). 84,01 = nkz)skl]>},

(34)

(

that the number of roots is in general not known turn out to be
major obstacles for the direct numerical solution of Eq. (34).

Here, we solve this problem by rediscretizing the electron
variables. The roots of the argument of the & function in
Eq. (34) are given by

Wi, (62) = @i, (—&1) — Xmn@mn(2) (35a)
with
k(&) 1= ok — EQ, (35b)
3 113
S {_E,—E,E,z}. (35¢)

After the space of @ is discretized into small intervals, we
create a list of discretization points in k space which contribute
to the corresponding interval with respect to @. Since the
construction of this list has the complexity (’)(Nkz), where N,
is the number of discretization points of a linear dimension in
the two-dimensional k space, and the correlations } Q?‘kklz
which enter in the equation for a single electron variable with
wave vector k; become of the order of O(N,?) due to the §
function, the problem of solving the Markovian equations in
the full k space is O(N?). This provides a significant advantage
over the full quantum kinetic theory which has the complexity
O(N, ,f ) for a quantum well.
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F. Case Ny, > N, without spin-orbit fields

The Markov limit (34) of the equations of motion (10)
yields quite lengthy expressions. However, these can be
simplified dramatically in a case which is very common
for experimentally studied DMS samples: If the number of
the magnetic impurities Ny, exceeds largely the number of
quasifree carriers N,, such as in the case of optically excited
intrinsic DMSs, the impurity spin (S) only changes marginally
due to the influence from the quasifree carriers. One can
therefore assume that the impurity spin will approximately
be defined by its thermal equilibrium value in the external
magnetic field. In particular in the paramagnetic regime,
the impurity spin will be parallel (6 = +1) or antiparallel
(GSB = —1) to the magnetic field,

(36a)

Since usually the Zeeman contribution to the energy of the
magnetic ions is much stronger than the mean-field s-d term
due to the carrier spins [39], we assume that

B
B

and that wy, is independent of z. If only electrons with
small wave vectors are excited, no electric field is applied,
and the sample has a rather high impurity concentration, the
s-d interaction usually dominates over spin-orbit coupling
effects, so that one can neglect the latter [21]. Here, we shall
first concentrate on this case and defer the discussion of the

P a2
nT/¢|cor ~ / dzm
ot —d)2

Ortn = 08 o (36b)

J

Jl¥ @I* Nund

2y2
4% -

Z {5(wk2 - wk,)< )( Ml lt]/l) + 8(wk
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interplay between s-d interactions and spin-orbit coupling to
Sec. III B. Since the external magnetic field as well as the
effective s-d field due the impurity spins are parallel, we find
also

s B

Q =w, =0, w,—. (36¢)
k B

Because of the k independence of the effective magnetic
field for the carriers, the matrix E, E;z can be simplified to

Ex, Ex, = <(1) R(:)> 37
Additionally, comparing Eq. (13) with Eq. (29) yields
(s's7y = (S”z)(R?S>)i,j, + (SYRE, + Rig)iry
IS5 (RE) — Rig), e (38)

Now, the products of matrices in Eq. (34) can be evaluated
using
o (7' O’B
R<§>X = Ro"" = Ry = R{, (39)
and the relation (30a). After a lengthy but straightforward
calculation, we arrive at the Markov limit of the equations of
motion for the occupations of the spin-up and -down subbands

with respect to the direction of the external magnetic field

nlt/ V= o x |§\ sk and the perpendicular spin component
1. .
S =Sk — \B\(\B| - S):

—[on £ (00 =0 o))

2 I(S) 2 I(S)
8 |:((SL > jEO,SBT 1=l — (151 ]FUSBT (1 —nt/Nal |1, (40a)
) P I Y@ Nad <S"2> -
. ~ dg p Zsd P22 M — 8(wx, — k) —— (s + 8
9t Kilcor /d/Z i A kz (w, — k) ( kT kl)
1 2, (S)| |(S)]
—S(wk2—[wkl+(03we—0 C()Mn |: < + )+ ny, ST Sl
1 2 )| |(S)]
—8(60k2 - [wkl - (UB('UL — 0, an + i .ég_ S
2 2 |
1 1 |: ( Lz )I) :| B
i (S
T Wk, — [a)kl + (GBwe — 0, an | | ki
1 1 2 [(S >|> ! |<S)| 1
+— —( (ST +of =) —n o X st 40b
T Wk, — [wk] - (aeBwe - GeBan)] |:2 << ) s 2 o |B| . ( )
where E”k/ ‘ |or and _Skl |.or describe the contributions to the time derivative of the respective quantities beyond the mean-field
dynamics. In the case studied here, the total time evolution is given by
9 v _ 9 ni/t
at oS at |cor (41a)
a
Est = We X Slt + 9 S]t cor’ (41b)
L8) = 0un x () + (8| (410
ar T M ar o
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where 3?7<S)|cor can be obtained by replacing Ny, _d‘/iz dz
by —d Zkl on the right-hand side of Eq. (40b). This follows
directly from the fact that the s-d interaction conserves the
total spin.

Note that Eqgs. (40) generalize Eqgs. (6) of Ref. [37] by
incorporating a k-dependent precession frequency for the
electrons, an external magnetic field and the z dependence
of the coupling due to the form of the envelope function of the
quantum well.

Equation (40a) can be interpreted like equations resulting
from Fermi’s golden rule: A spin-up electron is scattered either
to another spin-up state with the same value of the kinetic en-
ergy hwy [term proportional to 8 (wk, — wk, )] or to a spin-down
state with kinetic energy hwy, = hox, + Mofw, — ocfwuy,)
and vice versa. To understand the latter term it is important
to keep in mind that the total mean-field energy of a spin-up
electron is M(wy + %aeBa)e) while for a spin-down electron

one finds A(wyx — %O’EB w,). Also, since the s-d interaction
conserves the sum of the electron and impurity spins, a flip
of an electron spin in one direction is always accompanied by
a flip of an impurity spin in the opposite direction. Thus, in
order to fulfill the conservation of the total mean-field energy,
the energy Mo fw, — ofwyy,) that is freed by an impurity
mediated flip of an electron from the spin-up to the spin-down
state has to be compensated by a difference of the kinetic
energies of the electronic states wg, — w, .

Although Eq. (40a) for the spin-up and spin-down occupa-
tions can also be derived by Fermi’s golden rule, the energy
shifts in the § functions are often not correctly accounted for
in the literature [22,32]. The consequences are discussed in
Sec. IIl A. Here, the spin-flip terms of Eq. (40a) also correctly
account for Pauli-blocking effects by the terms proportional to
1 - nlt/ l) which are usually put in by hand in a golden-rule
derivation. Furthermore, a golden-rule treatment only allows
us to derive transition rates between energy eigenstates and
does not provide equations governing the dynamics of the
coherences between those eigenstates, i.e., the components of
the electron and impurity spins perpendicular to the direction
of the external magnetic field, which is given in our derivation
by Eq. (40b). As in the equations for the spin-up and spin-down
occupations, we find that the equations for the perpendicular
spin components connect states whose difference in kinetic
energies fi(wx, — wy, ) is either zero or £hi(cfw, — o b wuy).
Note that in contrast to the equations for nltl/ ¥, here we find
terms proportional to the imaginary part of §. While the real
part leads to a ratelike damping of the perpendicular electron
spin, the imaginary part yields an additional contribution to the
precession frequency. Such frequency renormalizations have
been extensively discussed in Ref. [28].

From Egs. (40) one can also find decay rates for spin-up
[(rkTU)fl] and spin-down [(rkiu)fl] electron states as well as the
spin components parallel [(rlﬂo)*l] perpendicular [(rli )71] to
the external magnetic field, if it is assumed that only very few
quasifree carriers are excited, so that one can regard only single

electrons by setting nltz/i = S, _wkznil/i and Sy, = Suy, o, Sk ¢
-1 _
(rlfo) =TI Ofwk, + (aeBa)e — aﬁna)Mn)], (42a)
-1
(5) " =T 0[wn, = (0fw = oj,0m)].  (@2b)
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(m) = (@)™ +(m) (420)
-1 1 ~1 -1
() =T+ 3[(@0) " +(m) ], (42d)
with
J2N n 2
0 = 1D 2 (sh), (42¢)
JoNu 2 1(S)]
+ 2D Ysd n 1 B
¥ = I D*P 20 ((S )Eof =), 420
d/2
I = d/ dz [y (), (42g)
—d/2

where ©(x) is the Heaviside step function.

Thus, the main effect of the frequency shifts due to the
precession of the correlations is the opening and closing of
decay channels due to the corresponding step functions which
originate from the step of the two-dimensional density of states
at wk—o.

III. RESULTS

A. Magnetic field dependence of the spin transfer rates

Now, we compare the theory derived in the present paper
with the different treatments of the s-d interaction presented
by other groups. To this end, we focus on the case without
spin-orbit interactions and Ny, > N,, so that the correlation
induced changes in the carrier variables can be described by
Egs. (40). Often in the literature rates for the carrier-impurity
spin transfer dynamics are obtained from Fermi’s golden
rule [25,29-31]. In two-dimensional systems one finds in the
absence of magnetic fields:

d T2 Natn
oo = 1T

2
S = ZI86+ 1)

X f dow D*P()8(w — w1)sl, = —Trcrs,,. (43a)

Jig Nun 2 Am*

h vz3 [S¢5 + 1] 2 h’
where we assume isotropy so that the carrier spin variables
are independent of the angle of the wave vector and can
equivalently be described by S\ik| or s, with the kinetic energy
ho = % Trgr 18 Fermi’s golden-rule spin-transfer rate at
B = 0. In contrast, if an external magnetic field is applied, the
conduction band is energetically split by 0% w,. This leads to
the appearance of an additional energy offset in the § function.
In our treatment, we also find an energy offset corresponding
to the impurity Zeeman splitting o'y, @y, which is necessary
for the simultaneous conservation of the total carrier and
impurity energy as well as the total spin. Furthermore, Fermi’s
golden rule is only able to predict transitions between energy
eigenstates, whereas it makes no statement about the transfer of
the carrier spin components perpendicular to the quantization
axis. The distinction between parallel and perpendicular
components does not arise for B = 0, since in this case all
directions are equivalent. Additionally, the factor S(S + 1) has
to be modified in the presence of a magnetic field that causes
a nonzero paramagnetic impurity magnetization.

(43b)
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In particular, the energetic offset caused by the impurity
Zeeman splitting is often overlooked in studies based on
the golden-rule approach [22,29]. In Ref. [22], which is
based on the kinetic spin Bloch equations (KSBEs), even
the band splitting o 8w, is disregarded, but the magnetic field
dependence of the second moments of the impurity spin, which
enters in the rates, was kept. There are also studies [25,26,30]
that explicitly include the band splitting as well as the impurity
Zeeman terms, but since there the rates are derived by Fermi’s
golden rule, no expression for the perpendicular spin transfer
component was given.

In this context, one particularly notable theoretical deriva-
tion of magnetic field dependent carrier-impurity spin transfer
rates was given by Semenov in Ref. [32], which is based on
a projection operator method. There, the electron spins are
treated as a subsystem which interacts with a bath of impurity
ions. In Ref. [32], it was assumed that the electron density
matrix can be factorized into one part accounting for the spin
degree of freedom and the k-dependent part, which is described
by a Fermi distribution. Tracing out the k-dependent part of
the carrier density matrix as well as the impurity system, rates
were obtained for the spin degree of freedom of the carriers. In
contrast to the theory of the present paper, where only energetic
shifts associated with the spin-flip-flop processes of the form
lofw, — o wumn| appear, the projection operator method of
Ref. [32] also finds terms proportional to |08 w, + o5 wunl.
As mentioned earlier, such energy shifts are in conflict with
the conservation of the total carrier and impurity energy. We
trace the appearance of the energy nonconserving terms in
Ref. [32] back to the fact that, there, only the positive frequency
component of the electron-spin precession was regarded,
whereas the negative frequency component explicitly shows
up in the theory of the present paper and leads to a cancellation
of terms in the expression for the correlations which oscillate
with :i:(aeBa)e + a}ff,an,l).

Having discussed the different expressions for the magnetic
field dependence of the carrier-impurity spin transfer rates that
can be found in the literature, we compare them at the example
of the situation discussed in Ref. [32]. There, it was assumed
that the spectral electron distribution is

nM(w) = n4(w) x /T (44)

for some carrier temperature 7', irrespective of the spin-split
subband. With this assumption, the decay rate of the total
parallel (Tl_l) and perpendicular (Tz_l) carrier spin with
respect to the magnetic field direction can be obtained from
Eqgs. (42) of the present theory:

o0
7! oc/ doe el )" o7 + T,
0

o0
1
T, o / dwe Tt ()] « T + 5(TT—‘ +77h).
0

o0
7! oc/ doe Tt )] T~
0

. B, __B
x min(1,e% @ un@nn)/ Ty

(45¢)
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-]. u ’L:2,u}6—WMn: ]

magnetic field B [T

FIG. 1. Magnetic field dependence of the parallel (i = 1) and
perpendicular (i = 2) spin transfer rates normalized with respect to
B = 0in a 8-nm-wide Cdg 9g3Mng ;7 Te quantum well at temperature
T =4 K. Red and blue lines (PESC) represent rates according
to the theory of the present article [Eqs. (45)] and red and blue
crosses show the rates calculated by the projection operator method
(proj.) of Ref. [32]. Furthermore, cyan and orange triangles and lines
show the results of Eqs. (45), when the energetic shifts due to the
Zeeman impurity splittings in spin-flip-flop processes (wy, = 0) or
additionally the spin splittings (w, = wu, = 0) are neglected. T, and
T, are the relaxation rates of spin-up and spin-down occupations,
respectively.

e ¢}
T o</ doe ™ [tH (@)™ o« TF
0

% min(1 76—((rfwe—05ann)/T)’

(45d)

where also the values for the decay rate of the spin-up (TT_I)
and spin-down occupations (Tfl) are given explicitly. For
B=0,therates 7, ' =T, ' =27, = 27" coincide with
the rate calculated by Fermi’s golden rule tpgr, which defines
the normalization of the rates in Eq. (45).

Figure 1 shows the magnetic field dependence of the parallel
and perpendicular spin transfer rates according to Egs. (45)
with the parameters of Ref. [32], where a d = §8-nm-wide
Cdj.9s3Mng 917 Te quantum well was considered at 7 = 4 K.
The value for the coupling constant is Jy; = 15 meV nm? and
the electron and Mn g factors are g, = —1.77 and gy, = 2.0
respectively. The present theory predicts that the parallel spin
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FIG. 2. Magnetic field dependence of the electron (red solid
line) and impurity Zeeman energy (green dashed line) as well as
their difference (blue dotted line) for a DMS quantum well (same
parameters as for Fig. 1).

transfer rate Tl_1 first decays fast from B=0to B~ 1 T,
then levels off. The perpendicular spin transfer rate Tz_] first
decays with increasing magnetic field, reaches a minimum
at B~ 1 T, and finally increases again. This behavior of
Tl_1 and T2_1 can be explained by considering the rates T{l
and Tl_l separately, together with the values of the energy
shifts 02w, — of wu, presented in Fig. 2. The mean-field
impurity energy %o 2wy, is mainly dominated by its Zeeman
energy and therefore increases linearly with B. In contrast,
the mean-field carrier energy hofw, is strongly modified by
a contribution proportional to a § = % Brillouin function due
to the impurity magnetization, which starts linearly in B but
begins to saturate at B &~ 2 T. For high magnetic fields (B > 6
T), ho 2w, decreases again, when the impurity magnetization
is fully saturated and the negative electron g factor becomes
important. Although ofw, — J,Sna)M,, eventually becomes
negative for very high magnetic fields (not shown in Fig. 2), for
typical experimentally accessible fields, it is mostly positive
and increases linearly up to B ~ 2 T, just like 0 2 w,.

It follows from Eq. (45¢) that Ti_l decreases approximately
exponentially with B in the regime where 0fw, — o wumn
increases linearly. Therefore, we find that the spin-splitting
introduced by the external magnetic field closes the transfer
channel Tfl. In the case studied here, the magnetic field

dependence of the rate TT_] comes exclusively from the

prefactor, since due to the positive value of 0w, — o Wy
the corresponding transfer channel is maximally open. Noting
that

I'’%B — o) - 51’1:(}1{, (46a)
I'(B - o0) = 0, (46b)
' (B— o0) — %IFGR, (46¢)

we find that Tl_l approaches %‘L’FGR and Tz_l — %‘L’FGR ~
1.291pgR for large values of B.

The magnetic field dependence of rates predicted from the
projection operator method of Ref. [32] is qualitatively similar

PHYSICAL REVIEW B 93, 205201 (2016)

x=0.17%

magnetic field B [T]

FIG. 3. Magnetic field dependence of spin transfer rates for a
Cdy 9983 Mny 9017 Te quantum well (cf. Fig. 1).

to that of the present theory, as can be seen in Fig. 1. However,
they suggest quantitatively smaller values for the rates, with
deviations of the order of ~0.27ggr. In the case studied here,
the offset due to the impurity Zeeman splitting o5 @y, plays
a less significant role, so that the rates calculated neglecting
these terms (triangles in Fig. 1) coincide with the calculation
which conserves the total energy. However, neglecting the spin
splittings o 5w, is found to lead to the correct rates only for
large values of the magnetic field while for smaller magnetic
fields qualitative features, such as the minimum in Tz_l, are
not obtained.

In our analysis of the magnetic field dependence of the
spin transfer rates it was important that 0 2w, — o5 wp, > 0.
The situation can change significantly, if this is not the case.
In order to study this regime of parameters, we repeat the
same calculations shown in Figs. 1 and 2 but we assume a Mn
concentration x = 0.17% which is smaller by a factor of 10
than in the previous calculations. The results are displayed in
Figs. 3 and 4 respectively. We find in Fig. 4 that now also the
electron spin splitting is dominated by the Zeeman term and
the mean-field contribution from the impurity magnetization
is rather small. In particular, one finds that 0 fw, — 0wy is
now negative for all values of B > 0. This fact has immediate
consequences on the magnetic field dependence of the spin
transfer rates. The main qualitative difference between the
rates shown in Fig. 3 and in the previous case is that now
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FIG. 4. Magnetic field dependence of the Zeeman energies for a
Cdy.9983Mng 917 Te quantum well (cf. Fig. 2).

the parallel spin transfer rate Tl_l decays to zero for large
values of B. Here, the spin transfer channel corresponding
to T{l is closed due to the energy splitting, whereas T[l
decreases to zero, because the prefactor I'" tends to zero for
B — oo. The physical reason for this behavior is that due to
the negativity of 0w, — o wu, spin flips from the spin-
up to the spin-down band face an energy penalty, while a
flip from the spin-down to the spin-up band would require a
corresponding decrease of an impurity spin in order to satisfy
the spin conservation. However, for B — oo the impurity spins
are already fully aligned antiparallel to the magnetic field,
so that this spin flip is also forbidden. The magnetic field
dependence of the perpendicular spin transfer rate T{l for
x = 0.17% is quantitatively similar to the case of x = 1.7%.
However, here, the asymptotic value for strong magnetic fields
is T{l(B — 00) —> %‘EFGR.

For the smaller impurity concentrations, the projection
operator method of Ref. [32] overestimates the spin transfer
rates. Figure 3 also shows that, in this case, neglecting the
impurity Zeeman terms leads to significant deviations from
the energy-conserving rates.

In order to establish a connection between the theories dis-
cussed above and the experimentally determined electron-spin
relaxation rates, it has to be noted that in most magneto-optical
experiments on II-VI DMS quantum wells so far (cf. Ref. [3]
and references therein) the pump laser is tuned to the electron-
heavy-hole exciton energy. To model these experiments also
the Coulomb correlations between electrons and holes have
to be taken into account, which is beyond the scope of the
present paper. It was found in Ref. [3] that different groups
consistently measured perpendicular electron-spin relaxation
rates T[l which are about five times larger than 7ggr at
B = 0. This discrepancy can be understood by the fact that
the effective electron mass has to be replaced by the exciton
mass in the expression for the rate gy [46], which yields an
increase of the rate by a factor of ~4.6 in the case of CdMnTe.
Nevertheless, the finding of the present paper that the rate Tz_]
varies only weakly with the magnetic field and stays essentially
within 30% of gy is consistent with the tendency of most of
the experimental results summarized in Ref. [3]. However,
especially for samples with low impurity concentration at
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low temperatures, there are also some experiments which
measured a maximum (instead of a minimum predicted by
the present theory) of the magnetic field dependence of the
perpendicular spin transfer rate as well as changes in the
rate which span about one order of magnitude of its value at
B = 0, which was suggested [3] to stem from local fluctuations
of the impurity magnetization. In order to distinguish these
imhomogeneity effects from Coulomb correlation effects we
suggest experiments where the pump pulse is tuned to energies
well above the exciton resonance.

B. Interplay between s-d and Rashba interactions

The fact that in the derivation of Eq. (34) the k dependence
of an effective magnetic field was taken into account makes
it possible to discuss the interplay between the spin-orbit
coupling and the s-d interaction on a rigorous microscopic
basis, where the spin-orbit interaction also acts during s-d
scattering events. In earlier works, the interplay between
these effects was studied [21,47], where only the direct
effects of the spin-orbit coupling on the electron spins was
considered, yielding an additional k-dependent contribution
to the mean-field precession frequency, whereas the dynamics
of the correlations was not modified, i.e., the spin-orbit
interaction was only accounted for between s-d scattering
events. It was found that already on a mean-field level,
the carrier spin dephasing due to the k dependence of
the precession frequencies can be strongly suppressed by a
motional-narrowing-type mechanism caused by the precession
in the mean field of the impurity magnetization. Furthermore,
it was argued that both mechanisms can be tuned in a wide
range, especially in Hg,_,._ Cd,Mn,Te quantum wells with
applied electric fields. In this material, the strength of the s-d
interaction is determined by the Mn concentration x, while the
Cd concentration y can be used to change the gap between
conduction and valence bands which controls the strength of
the Rashba [19] field. When both types of interaction are
similarly important, a complex oscillatory time evolution of
the carrier spin was found, which is absent when either one of
the interactions dominates.

Now, the question arises whether neglecting the effects of
the Rashba field on the dynamics of the correlations is indeed
a good approximation or if qualitative changes have to be
expected if they are accounted for. We study this question
in a case in which the strengths of the Rashba and the s-d
interactions are comparable. We consider a d = 20 nm wide
Hg,_,_,Cd,Mn,Te quantum well with electric and magnetic
fields applied along the growth direction z. The voltage drop
between the barriers of the quantum well leads to a strong
Rashba interaction of the form

Hyp = ZhOlR Z (kyS;Gr — kxsig/)clﬁacka’a (47)

koo’

where we assume a value of ap = 4.87 meV nm [21].
Further parameters that enter the calculation are the
effective mass m* = 0.093m, the s-d coupling constant J;; =
15 meV nm?, the lattice constant @ = 0.645 nm and the Mn
concentration x = 7%. The initial Mn state is modelled by a
thermal equilibrium state following a Brillouin function with
temperature 7 = 4 K in an external magnetic field pointing in
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the —z direction with |B| = 50 mT. The g factors for impurities
and conduction-band electrons are gy, = 2. and g, = —1.5,
respectively. Furthermore, as we consider an intrinsic DMS
where the quasifree carriers originate purely from optical
excitation, Ny, > N, is clearly fulfilled, so that we can
neglect the back action of the carriers on the impurities.
Thus, the Mn magnetization remains homogeneous, which
allows us to integrate along the growth direction yielding a
factor of 1 = 1.5. The initial electron spin was modelled by a
Gaussian distribution in the spin-up band centered at the band
edge with standard deviation E; = 1 meV corresponding to
a o~ polarized laser with pulse duration (full width at half
maximum) ~140 fs. For these parameters, the mean-field
energy splitting caused by the impurity magnetization is
~ — 0.75 meV (the spin-up-subband is energetically favored),
while the strength of the Rashba interaction for an electron with

kinetic energy Zif(z’ =1 meV is 2hagky ~ 0.89 meV. Here,
the Zeeman terms yield significantly smaller contributions of
getp|B| &~ —0.004 meV and gy, up|B| & 0.006 meV to the
respective spin splittings.

Figure 5 shows the results of numerical simulations for
this set of parameters. As reported earlier [21], the Rashba
interaction alone (blue dashed line) leads to a fast dephasing
of the carrier spins. If additionally magnetic impurities with a
finite magnetization are present, already a mean-field treatment
(purple circles) can lead to a strong suppression of the

Blle.
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= “1/\/“\/ ,,,,,,,,,,,,,,,,,,,,,
N Y
2
N Y O
é complete —
® Vi sd only
g§-05 " Rashba only - _
£ mean field
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q) - ™ -
0 20 40 60 80 100
time t [ps]

FIG. 5. Time evolution of the total electron-spin polarization after
spin-polarized optical excitation in a magnetic field perpendicular
to the quantum well plane (cf. text for parameters). The red solid
line describes the results according to Egs. (10b) and (10c) with the
Markovian expression for the correlations from Eq. (34). The green
dashed line corresponds to a calculation without Rashba coupling,
where only the s-d interaction is considered. The blue dotted line
presents the results of the case in which only the Rashba interaction
is present. The mean-field calculation, which is obtained by dropping
the correlations completely, is shown as the purple circles. The cyan
crosses describe the results where the effects due to the Rashba
interaction on the dynamics of the carrier-impurity correlations are
neglected, so that in addition to the mean-field terms, the time
derivative of the carrier variables obtains the correlation induced
contribution of Egs. (40).
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FIG. 6. Time evolution of the total electron-spin polarization after
spin-polarized optical excitation in a magnetic field parallel to the
quantum-well plane (cf. Fig. 5).

dephasing by motional narrowing caused by the precession of
the carrier spin in the mean field of the impurity magnetization.
Without the Rashba interaction, the s-d interaction causes a
spin transfer from the carriers to the impurities which can
be seen in Fig. 5 as an exponential decay to a nonvanishing
equilibrium value. In the previous studies [21], the correlation
induced spin transfer was combined with the mean-field
precession, but the effects of the Rashba interaction on the
dynamics of the correlations were neglected (here shown
as cyan crosses). In Fig. 5, also the complete carrier spin
dynamics is shown, where the Rashba interaction is explicitly
accounted for in the calculation of the correlations (red solid
line). By comparing both calculations, it can be seen that the
total carrier spin is hardly influenced by the effects of the
Rashba spin-orbit coupling on the correlation dynamics.
The same result is also obtained for the situation where the
magnetic field is applied parallel to the quantum well plane,
as shown in Fig. 6.

Similar to the fact that the precession-type motion of
the correlations discussed so far leads to changes in the
kinetic energy of scattered carriers, also the Rashba inter-
action enforces a precession of the correlations resulting in
corresponding changes in the electron energies. In Fig. 7 the
carrier occupations at t =0 and ¢t = 50 ps are shown for
calculations with and without accounting for the Rashba effect
on the correlation dynamics for the situation described in Fig. 5
with magnetic field parallel to the growth direction. Without
the Rashba interaction, the kinetic-energy dependence of the
occupations at t = 50 ps shows a distinctive step at hwyx =
|ho 2w, — ha B, @, | which corresponds to a redistribution of
carriers with an excess energy in the spin degree of freedom
to states with higher kinetic energies. When the Rashba
coupling is turned on, the step shifts towards slightly higher
kinetic energies. This can be explained by the fact that in the
configuration with a magnetic field along the growth direction
and a Rashba field in the quantum well plane the energy
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FIG. 7. Kinetic-energy dependence of the occupation of carrier
states at times r = 0 ps and ¢ = 50 ps for the calculations shown in
Fig. 5.

eigenvalues of an electron with wave vector k are

E. = hoy + %h\/ Qaglk])? + (0 2w,)’. (48)

Including the shifts due to the impurity Zeeman splittings,
the step in the kinetic-energy dependence of the occupation

is therefore shifted to h\/ Qaglk)’ + (0 Fw, — 0B o).
However, the shift of the energy splitting is too small to cause
a significant impact on the time evolution of the total spin.

C. Connection to the theory of collective carrier-impurity
precession modes in DMSs

In the derivation of the theory, the z dependence of the
carrier envelope function was taken into account. We see from
Eqgs. (42) that one effect of this z dependence is that the spin
transfer rate obtains the prefactor /. Assuming a constant
linear impurity density %, a constant z envelope yields a
value of I = 1 while the extreme case of a quantum well with
infinite barriers yields I = % This effect has also been found

in previous studies of DMSs [3,15,32].
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Like the spin transfer rates, also the electron-spin precession
is influenced by the z dependence of the envelope of the
electron wave function. In particular, it can be seen from
Eq. (11c) that the contribution to the electron-spin precession
frequency from the impurity spin is proportional to

d/n
/ dz [y @) S@)).

d/2

Thus, the impurity spin as a function of z can be decomposed
into this mode which couples to the electron-spin precession
and Ny, — 1 orthogonal modes, which do not influence
the electron spins directly on a mean-field level. In the
parameter regime where the precession frequencies of the
electron and impurity spins almost coincide, the coupling
between the above impurity mode and the electron spin is
particularly large, leading to an avoided crossing indicating
a collective motion of impurity and carrier spins. This
fact has been discussed in a number of recent papers by
different groups [6,11,39,40,48,49]. In these works, however,
the carrier-impurity correlations have been disregarded.

In the following, we will derive equations describing the
situation studied, e.g., in Ref. [39] taking the effects due to the
correlations into account. There, an n-type CdMnTe quantum
well in an external magnetic field parallel to the quantum well
plane (x direction) was considered, leading to equilibrium
values of the impurity and carrier spins antiparallel to the
magnetic field. A circularly polarized pump beam induces
electron-hole pairs with spin polarization along the z direction.
During the decay of the hole spins on a time scale of ~5 ps, the
impurity magnetization precesses around the p-d exchange
field of the holes, causing a small tilt of the impurity spins
away from the equilibrium x axis into the y axis. The optically
induced electron spins contribute to the z component of the
total carrier spin. Thus, after the holes are decayed, one ends
up with a situation where the impurity and carrier spins precess
around each other.

The fact that the spin components perpendicular to the
equilibrium values are small compared with the parallel
components allows one to linearize Eqs. (40) and (41) with
the expression for the rates from Eq. (42):

el 1 8eMB L Jsa Npin x,(1) L Jsa Npin X 1,(1) 1 [4? >/< n
g T T BX St T ST s X ST = f_d/z dzI™" @8y, (492)
ol , N Js .
S = SMnllE g o §LU) V‘—;LSX'““) X (st +s5) + V;_L(s); +5%) x §HUFD
. a2 .
+d’™! / dz |y @M @82 + D= (@8], (490)
—d/2
Am* PN o[ (85 18] B 5
ko) = 7o SEt Py (1) + | 25— —of == |Olan+ [0 @ — 0 wu )]}
s2 s
(557 ot 5 oton - o~ o) )
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with

=30 s (502)

k

>/<

r/~z):=) " T'ka), (50b)

k

) ) d/2 )
SOt [ P ). 600
—d/)2

where the indices x and _L denote the spin components parallel
and perpendicular to the equilibrium axis x and Y, /<
describes the sum over all wave vectors k with wyx > wg or
wk < wy, respectively, where wy = 02w, — o @yl The
distinction between states with higher or lower kinetic energy
than wy is a direct consequence of the steplike k dependence
of the spin transfer rates.

Equations (49) of the present paper differ mainly from
Egs. (4) and (5) of Ref. [39] in that carriers with wkx < wy
are distinguished from carriers with wx > wy and in that the
terms proportional to the rate I'>/<(z) are omitted in the
mean-field treatment of Ref. [39]. Instead, a phenomenological
relaxation rate 7, ! was added manually in Ref. [39]. Another
difference is the appearance of the corresponding spin transfer
term in the equations for the impurities. This is due to the
fact that the s-d interaction is spin conserving so that the
electron spin that is removed from st /- has to be transferred
to the impurity system. Taking these corrections with respect
to the description of Ref. [39] into account would lead to
a more accurate modelling of the collective carrier-impurity
precession modes. However, as discussed earlier, the variation
of the perpendicular spin transfer rate in the presence of an
external magnetic field is limited to < 30% of the golden rule
value at B = 0, so that the spin transfer rate remains in the same
order of magnitude. Thus, the phenomenological treatment of
the rate can be justified for the purpose of the discussion in
Ref. [39].

IV. CONCLUSION

A quantum kinetic description of the carrier spin dynamics
in paramagnetic intrinsic II-VI DMSs was presented which,
in contrast to previous works [33,36,37], also accounts for
a wave-vector-dependent effective magnetic field as well as
Zeeman terms for carriers and impurities. The Markov limit
of the quantum kinetic equations allow us to extract rates
for spin transfer processes between carriers and magnetic
impurities. From the rigorous treatment of a precession-type
dynamics of the carrier-impurity correlations it is found that
the redistribution of carriers in k space is not only influenced
by the spin splitting of the electron subbands due to the
Zeeman energy enhanced by the impurity magnetization, but
also acquires an energetic shift corresponding to the Zeeman
level splitting of the magnetic impurities. This shift accounts
for the fact that a spin flip of an electron involves a spin flop of
the magnetic impurity in the opposite direction and the total
energy of the magnetic impurity and the electron spin has to
be conserved. The energetic shifts in the description of the

PHYSICAL REVIEW B 93, 205201 (2016)

spin-flip-flop processes are often not correctly accounted for
in the literature.

The impact of these energy shifts was investigated using
the example of the magnetic-field dependence of the carrier-
impurity spin transfer rates parallel and perpendicular to the
impurity magnetization. Two distinct parameter regimes were
identified, one for rather high doping concentrations of the
order of x ~ 1% and one for extremely diluted systems with
x < 0.1%. These regimes correspond to cases where the total
change of the kinetic electron energy as given by (02w, —
o} @uy) is mainly positive or negative. In both situations the
perpendicular spin transfer rate T{l varies within ~30% of
the value for B = 0, which also coincides with the results for
Tl_l obtained by Fermi’s golden rule. However, in the first
case, the parallel spin transfer rate Tfl decays monotonically
for an increasing magnetic field to % of the golden-rule value

at B = 0, while in the extremely diluted case, Tl_l eventually
vanishes. In calculations where the carrier spin splitting hw, or
the impurity Zeeman splitting fwyy, is neglected, as is often
done in the literature, the magnetic field dependence of the
spin transfer rates deviates significantly from that predicted
by the accurate description involving both energetic shifts.
Accounting for the impurity Zeeman splitting for the spin-
flip-flop processes turns out to be particularly important in the
very dilute case.

Furthermore, the interplay between the s-d interaction
between carrier and impurities and the Rashba interaction in
a Hg,_,_,Cd,Mn,Te quantum well was investigated. In the
standard rate description approach one usually calculates for
each interaction a corresponding scattering rate and ignores
that other interactions might change the dynamics during the
scattering process. This was the point of view adopted in
previous studies of the combined dynamics of s-d and Rashba
couplings [21,47]. However, such mutual dependencies of
different interactions have been shown in the literature to be
of importance, e.g., in the case of a static electric field acting
during phonon-scattering process known as intracollisional
field effects [38]. Technically, the dynamics during an ongoing
interaction process is represented by correlation functions. In
the present paper, we presented a quantum kinetic description
where s-d and Rashba interactions have been fully accounted
for in the combined dynamics of the single-particle density
matrices and the carrier-impurity correlations, thus fully
covering all mutual cross effects between these interactions.
While itis a priori difficult to predict how important these cross
effects actually are, we have demonstrated for the present case
that the total carrier spin is hardly affected by this mechanism.

Finally, taking into account also the z dependence of the
carrier envelope function makes it possible to show how
the phenomenological treatment of the spin transfer rate
in the description of collective carrier-impurity precession
modes in Ref. [39] can be based on a solid microscopic
foundation.

In summary, our microscopic treatment of the effects of
a k-dependent magnetic field and the impact of the shape
of the carrier envelope function justifies the approximations
made in earlier studies of the dynamics of the total electron
spin [21,39]. Apart from this insight, the present theory further
contributes to the progress in the field of spin physics in
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DMS by not only deriving rates for carrier spins parallel
but also perpendicular to the impurity magnetization in the
presence of an external magnetic field. The latter are expected
to be the dominant contribution to the carrier dephasing
time in time-resolved magneto-optical Kerr measurements
in Voigt configuration. In contrast to earlier approaches
found in the literature [22,32], the rates derived in this
paper are fully compatible with the energy conservation
of an individual spin-flip-flop process. Our study reveals
that the difference between the predictions of the discussed
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theories is most prominent for extremely diluted magnetic
semiconductors.
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