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Asymmetric spin transitions of nonthermalized Mn”* ions in (Zn,Mn)Se-based quantum wells

D. Kudlacik,! K. V. Kavokin,? C. Liiders,! K. Barthelmi,' J. J. Schindler®,' H. Moldenhauer®,' P. Waldkirch,' V. F. Sapega,’
D. R. Yakovlev,"* A. Waag,* M. Bayer,"* and J. Debus®'*
1Experimentelle Physik 2, Technische Universitdt Dortmund, 44227 Dortmund, Germany
2Spin Optics Laboratory, Saint-Petersburg State University, 198504 St. Petersburg, Russia
31offe Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
*Institute of Semiconductor Technology, University of Braunschweig, 38106 Braunschweig, Germany

® (Received 13 May 2019; revised manuscript received 10 February 2020; accepted 2 April 2020;
published 30 April 2020)

In Zn,_,Mn,Se/(Zn,Be)Se quantum wells with x < 0.035, nonthermalized Mn>* ions demonstrate in spin-flip
scattering spectra multiple Stokes and anti-Stokes transitions whose absolute energies deviate by up to 20%
from each other. This asymmetry is tuned significantly by the optical power density, magnetic field direction,
and Mn ion concentration. The nonequidistant Mn>* spin transitions are modeled by the Zeeman splitting and
quadrupolar crystal-field components taking values of up to 7 GHz. We suggest that nonequilibrium carriers
dynamically polarize the Mn-ion spins so that they occupy levels with positive and negative spin projection

numbers giving rise to asymmetric spin transitions.
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Magnetic semiconductors offer great potential for efficient
spin injection and magnetization manipulation by electri-
cal and optical methods and demonstrate promising spin-
processing functionalities with regard to collective spin or-
dering phenomena [1,2]. The magnetic ions, predominantly
manganese ions embedded in II-VI or III-V semiconductors
that possess a total electron spin of s = 5/2, have unique prop-
erties showing giant magneto-optical effects and microsecond
spin lifetimes, which make them attractive to optical manipu-
lation [3-8]. Recently, a vivid research on optical properties of
Mn?>" ions in perovskite nanocrystals has started [9-11]. For
developing optical manipulation protocols, it is highly crucial
to identify and tailor the interactions between the spins of the
Mn?t ions and carriers. In that context, peculiarities in the
spin splitting of the Mn>* ions which defines their Larmor
spin precession have been observed; in II-Mn-VI structures
with selenides or sulfides and Mn concentrations above the
percolation threshold of 18%, effective internal fields lead to
shifts in their electron-paramagnetic resonance fields mainly
due to the Dzyaloshinsky-Moriya interaction between Mn>*
ions [12]. In (Cd,Mn)Te-based quantum wells, the Mn2*
g factor is changed by the interaction with photogenerated
holes [13], and in a bulk (Cd,Mn)Te crystal the effect of
the local crystal field is suppressed at specific magnetic field
orientations [3].

We report on energetically asymmetric spin transitions of
nonthermalized Mn?>* ions for resonant exciton excitation
in Zn;_,Mn,Se/(Zn,Be)Se quantum wells (QWs) with x <
0.035 using the spin-flip Raman scattering technique. The
Stokes and anti-Stokes spin transitions differ in energy by
up to 113 weV from each other. The difference is enhanced
by an intense photoexcitation and at magnetic field directions
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slightly tilted from the QW growth axis. For weak laser power
densities or considerably oblique magnetic fields, the spin
transitions become symmetric and equal to the Zeeman split-
ting expected for Mn>* ions with an isotropic g factor of 2.0.
We theoretically describe the asymmetry in the spin-transition
energies by the quadrupolar component of the crystal field
at the Mn ion sites taking values of 7 GHz. Comparison to
simulation provides evidence that nonthermalized Mn ions
with negative spin quantum numbers m; are necessary to
allow for observing anti-Stokes spin scattering and, in turn,
the asymmetry in the spin-transition energies. Our results are
relevant to photoexcited systems with spin s > 1/2 in low-
symmetric crystal fields or in presence of strong anisotropic
exchange interaction, and may be used to manipulate spin-
transition energies of transition metal ions in semiconductor
nanostructures for optical and magnetic resonance experi-
ments.

We studied Zn;_,Mn,Se/ZnyosBegpsSe QW structures
with x = 0.004, 0.012, 0.020, and 0.035 and type-I band
alignment. The nominally undoped samples were grown by
molecular-beam epitaxy on (001)-oriented GaAs substrates.
Unless specified otherwise, results for the QW with x = 0.012
are shown in the following. The samples were mounted strain
free inside a magnet cryostat, which provided magnetic fields
up to 10 T. The temperature was set to 1.6 K. The 10-nm-
thick QWs were excited by the second harmonic of a tunable
continuous-wave Ti:sapphire laser with intracavity frequency
doubling. The laser power was stabilized by a liquid-crystal
variable attenuator and the power density was usually about
5 W /cm? at the sample surface. Each sample was covered by a
mask having a hole of 300-ym diameter; typically, the central
part of 50 x 50 um? size of the fully illuminated accessible
sample area was selected for the detection by a cross slit. The
QW emission was spectrally resolved by a double monochro-
mator equipped with a Peltier-cooled GaAs photomultiplier
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FIG. 1. (a) Mn?* spin scattering spectra for circularly cross- and copolarized configurations; E.. = 2.7980 eV. (Inset) White-light
reflectivity contrast spectrum with the resonance of the bright exciton (solid line) and the n = 1 Mn*" spin-scattering resonance profile
(squares). Magnetic field dependence of the (b) absolute energy shifts and (c) scattering intensities of the |n| = 1 Mn** resonances. (d) Spectra
of high-order S and AS Mn?>* resonances. (e) In Voigt geometry up to ten clear Mn>* resonances (see inset, /,.-axis rescaled) are observed in

the anti-Stokes regime; B = 2.9 T and E,. = 2.8164 eV.

[14,15]. The backscattering experiments were performed in
Faraday geometry (¢ = 0°) and in tilted geometries, where
the magnetic field B and QW growth axis z enclosed an angle
of 6 within the yz plane. The circular polarization of light is
denoted by o*, where the signs + are determined by the sign
of the photon angular momentum projection on the optical z
axis [16]. The spectra were merely measured in the (o *, o)
polarization configuration.

In Faraday geometry, see Fig. 1(a), the spin scattering of
Mn?* is observed at the Stokes (S) and anti-Stokes (AS)
side, for ot polarized excitation of the QW exciton (X)
with total angular momentum of +1, as shown in the inset
of Fig. 1(a). The energies of the first-order (|n| = 1) spin
resonances are AEs = (437 &+ 5) ueV and AExs = (=505 +
5) neV measured at 4 T. Remarkably, they differ by 6E =
|AEas| — |AEs| = 68 peV from each other. Describing the
Mn?* spin splitting in terms of a g factor, we obtain gy, =
1.887 (2.181) for Stokes (anti-Stokes) scattering. Both values
deviate significantly from the isotropic Mn>* g factor of
2.0 [12,17,18]. Moreover, the Mn>* spin scattering appears
predominantly at o* polarized excitation. It is consistent
with both the signs of the electron and heavy-hole exchange
constants as well as the magnitude of the giant Zeeman
splitting of the exciton states [19,20]. For the QW with
x = 0.012, the exciton Zeeman splitting is given by about
38 meV at 4 T which reduces drastically the probability of
state mixing giving rise to strict polarization selection rules
[21].

For increasing the magnetic field strength from 4 to 7 T, the
difference between the S and AS spin scattering energies re-
mains practically unchanged, as shown in Fig. 1(b). Linear fits
of the magnetic field evolutions of |AE| yield §E =~ 61 ueV,
see the blue dashed lines [22]. It is worthwhile to outline
that the asymmetry in the energies is not only limited to the
first-order Mn?* spin resonance; also high-order resonances
exhibit a pronounced §E, as depicted in Fig. 1(d) for |n| < 3.
Here, the Stokes and anti-Stokes lines differ by a constant
SE from each other. Differences are also observed in the
intensities Iy, of the Mn?* spin resonances. While the Stokes

line is at least two times larger than the respective anti-Stokes
line, as is shown in Figs. 1(a) and 1(d), the magnetic field
dependence of Iy, see Fig. 1(c), indicates that the S scattering
is more strongly enhanced than the AS process with increasing
magnetic field strength, in particular, due to the decrease of
153 forB>5T.

A clear interdependence between the intensity ratio and §E
is outlined by tuning §E through the optical excitation density,
as depicted in Fig. 2(a). Increasing the laser power density
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FIG. 2. (a) Dependence of SE on the laser power density;
100 um width of the intermediate cross slit, B =4 T. Natural
logarithm of the ratio of the S and AS spin scattering intensities
as a function of (a) P, see right scale, and (c) the absolute Mn?*
resonance number for different P.; lines are guides for the eye.
Dependence of §E on the (b) Mn ion concentration and (d) tilting
angle 0; fit results on basis of Eq. (2) are shown by the curves.
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P« enhances the Stokes/anti-Stokes energy asymmetry and,
in turn, decreases the natural logarithm of I3, /I5S. SE can
further be changed by selecting specific laser illuminated
sample areas; the central part of the laser spot with a high
average laser power yields larger E values compared to the
spatially outer parts of the Gaussian shaped laser spot.

The asymmetry in the spin-transition energies is a fea-
ture of the (Zn,Mn)Se-based QWs. By comparison, in
(Cd,Mn)Te-based QWs SE vanishes, for exciting the exciton,
irrespective of the laser power applied. In a 20-nm-thick
Cdo.os3Mng 017 Te/(Cd,Mg)Te QW SE amounts to —4 ueV
[Fig. 2(b)]. Changing the Mn ion concentration may enhance
the asymmetry in the energies. For the Zng 996Mng gpsSe QW,
SE = (—8 £ 6) neV is also negligibly small, while the sam-
ple with x = 0.020 demonstrates a §E of (—113 £ 6) ueV.
A further increase in the Mn ion concentration, as in the
case of the ZnggesMng o355e¢ QW, results in a considerable
broadening of the S and AS lines, which prevents from
determining an asymmetry in the energies. The broadening
is most probably due to enhanced Mn-Mn spin interactions
which also manifest themselves in short Mn-spin coherence
times being characteristic for high Mn-ion doping levels
[23].

A further set screw of the spin scattering asymmetry is
provided by the magnetic field direction; the dependence of
SE on the tilting angle 6 is shown for B =4 T in Fig. 2(d).
For large tilting angles |0| > 10°, SE decreases to small
values. Of particular interest is the behavior around the
Faraday geometry: For |#| < 15°, §E demonstrates a W-
shaped behavior symmetric to 0°. The angular dependence is a
key aspect in finding the mechanism of the asymmetric Mn?*
spin scattering, as will be discussed in the following.

The multiple Mn>* spin scattering is realized through
anisotropic exchange interaction between the photoexcited
heavy-hole and a number of Mn?t jons, which form a hole
magnetic polaron [24-27]. For Stokes (anti-Stokes) scatter-
ing, the exciton energy is reduced (increased) by changing the
spin of an Mn ion to a higher (lower) lying level. While Stokes
scattering predominantly occurs between levels with initial
my > 0, anti-Stokes scattering requires a finite occupation of
Mn?* spin levels with negative m,. These Mn ions, which
are not thermalized to the lowest spin levels with positive
my, are present due to exchange scattering with photoexcited
carriers which do not have a maximum spin projection on
the exchange field. When these carriers relax through flip-flop
transitions involving some Mn spins to their spin ground state,
they turn the magnetic moments of these Mn spins opposite
to the external magnetic field. The nonthermalized Mn ions
have different spin orientations with respect to B. A similar
effect of the formation of hot spin domains was observed by
Teppe et al. [28] and was theoretically analyzed by Kavokin
and Malpuech [29].

The 3d electron levels of an Mn? ion are split not only by
the Zeeman energy, Ez = upgmnB with the Bohr magneton
us, but also by the crystal field (CF) at the Mn site. A QW
with symmetric confinement potential has the point symmetry
D54 [30]. In presence of in-plane strain or a magnetic field,
the symmetry is reduced and, therefore, the quadrupole con-
tribution of the electric field from the host crystal ions is taken
into account at the Mn?* ion site. For such a CF gradient, the
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FIG. 3. (a) Mn*" spin levels and exemplary spin transitions
for E =0 and Eq > 0; B > 0. Energy differences are indicated
by double-sided arrows. (b) Crystal-field correction to the Zeeman
energy and (c) scattering intensity as function of n calculated for
B=75T,Eg =60 pueV,0 =30° and Ty, = 11.5K.

Hamiltonian of the electric quadrupole interaction reads [31]

Hqg = %[msz — @}[3 cos’ ¢ — 1 — nsin® g cos(2¢)].

) (1)
Here, Eq is the quadrupole splitting energy, / the quadrupole
tensor operator, 0 < n < 1 accounts for the CF symmetry, and
the polar angle between B and the quadrupole axis is given by
¢ which approximately coincides with 6. The angle ¢ ranges
from 0° (x axis) to 90° (y axis). The impact of the CF on the
3d level splitting and spin transitions is sketched, for Faraday
geometry, in Fig. 3(a). The different shifts in the energies of
the spin levels result from the quadrupole interaction term.
The Mn** Stokes spin transition is smaller than the Zeeman
energy, while the anti-Stokes spin transition is increased by Eq
or 2Eq with respect to E7. The experimental data demonstrate
that the energy of the AS spin transition typically exceeds
that of the Stokes transition. It indicates that the AS (S)
scattering is predominantly performed from spin levels with
negative (positive) my including transitions from spin levels
with |mg| = 3/2 and 5/2. On basis of the Zeeman and CF
terms, the energy difference between anti-Stokes and Stokes
transitions is given by

8E = Eq(Jmy| — 1/2)[3cos? 6 — 1 — nsin® 6 cos(2¢)]. (2)

This equation accounts for, in particular, the angular depen-
dence of the asymmetry in the spin transitions. It merely
depends on the initial Mn spin orientation m, and the magnetic
field geometry.

Fitting Eq. (2) with |m;| =5/2, ¢ =0° and n = 0 to the
experimentally obtained angle dependence of §E yields the
orange curve presented in Fig. 2(d). The Eq value amounts to
about 30 eV (7 GHz). By increasing the asymmetry factor
to n = 0.7 and weighting the transitions from |m,| =5/2
with respect to that from |m,| = 1/2 in the proportion 10 : 1,
the blue curve results from the fitting. However, the points
measured at the Faraday geometry (£1°) significantly deviate
from Eq. (2). The agreement of the fitting curve with the data
points at the Faraday geometry may be enhanced by including
high-order crystal-field terms, see p. 236 in Ref. [31]. Such
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an inclusion would attach additional importance to n and,
in particular, to the field gradient ¢, see [32], which appears
in the high-order components. A further ingredient of the
8(0) dependence may also be the dynamic polarization of the
Mn?t ions and, in turn, the transition probabilities between
the different Mn?* spin levels in dependence on the magnetic
field direction. Both the explicit value of g as well as an
extension of §(0) by the transition probabilities fall outside
of the scope of our current study.

In order to describe the asymmetric spin transitions for a
nonthermalized Mn spin system, we now evaluate the proba-
bility of spin transitions for a single Mn ion and the statistical
distribution of the number of spin transitions in the Mn-ion
ensemble; both positive as well as negative spin projection
numbers are included. The transition probability between, for
example, the levels |m;) and |m; + 1) of a certain Mn spin is
given by perturbation theory to

‘/Vm:,ms-&-l = Wms+l,ms = (m; + 1|My|ms)2b§f/h2,

where M, is the Mn?* magnetic moment projection on the y
axis perpendicular to B, by is the y projection of the exchange
field, T is the spin scattering time. In an ensemble of N
Mn spins, the average number of transitions between levels
with m, and mg + 1 is described by ps ., = N omWu+1.m,
and pas,m, = N Pm,+1 Wi, +1,m,» Where p,, and p,, | are the
probabilities to find an Mn ion in a respective spin state. For a
thermalized Mn spin system, the S and AS average transition
numbers differ in the Boltzmann factor. Random numbers of
transitions to low- and high-lying levels, ng and ng, obey the
Poisson distribution:
1S, my

S,my
P(”S.m;) = mA’ CXP(—PS,mS),
ns m, -

3

pn/\S.nL;
P(nas.n,) = ——" exp(—Pas,n,):

NAS,m;,

The distribution of the total number L,, of Zeeman energy
quanta Ez,, in a multi-spin-flip scattering spectrum is ob-
tained from Eq. (3) by averaging over all possible S and AS
transitions:

Lms |Lmg |
Dsmy \ 2 (PS,m,PAS,m, ) 7K _
P, (L) =\ —— " (4
(L) <pAS,ms> 1;) (ILn,| + K)'K!

with y = ps, + pas.m,- A multi-spin-flip scattering spec-
trum is formed by superimposing series of lines corresponding
to different pairs of spin levels (my, m, + 1). Since these series
of lines have different energies, the peaks in a multi-spin-flip
scattering spectrum will be broadened and may be shifted
towards lower or higher energy. In the following, we suppose
that transitions corresponding to different m; are not resolved
due to spectral line broadening. We calculate the deviation of
the mean energy position from the Zeeman resonance, for the
n-th peak in the multi-spin-flip scattering sequence, and the
total intensity of the n-th peak:

AEn = 11\7[;’,, |:Z l_[ Pms (Lms)g/ Z LmJEZ,mS:| ’ (5)

AL my my
IMn,n = Z 1_[ me (me)a/ (6)
AL my

with §' = 8,1_2”‘s L, and AL=1L_, ..., L, For a nonther-
malized Mn spin system with an effective spin temperature
of 11.5 K, Ag,, exhibits an asymmetry, marked by the dashed
lines for negative and positive n in Fig. 3(b). This is possible
due to the finite occupation of Mn levels with negative m.
This level occupation is tunable through the laser power den-
sity which is coupled to the number of photoexcited carriers.
They, in turn, change through spin flip-flop processes the spin
orientations of the Mn™2 ions with respect to the external
magnetic field. Moreover, the calculation yields five AS lines
which further underlines the nonthermalized state of the Mn
spin system, as shown in Fig. 3(c).

The appearance of AS lines as well as the intensity ratio be-
tween the Stokes and anti-Stokes scattering lines are relevant
to decide on the thermalization state of the Mn spin system.
For thermalized Mn ions with a spin temperature Typ,, the
difference between the S and AS average transition numbers
is determined by the Boltzmann factor exp(upgmnB/ks Tvin)-
The logarithm of the ratio between the S and AS peak inten-
sities with the same number 7 is then given by

In (ISn/103) = 1 usgvinB/ (ks Tan)- ©)

Thus, the dependence of the logarithm of the intensity ratio
on n is linear only for thermalized Mn ions with m; = 5/2.
For a high laser power density in Faraday geometry, see solid
squares in Fig. 2(c), In(ly;, /) deviates from a linear de-
pendence; hence, it indicates the presence of nonthermalized
Mn ions. In that case, the intensity ratio is small, as the AS
line becomes more intense than the S line. In Voigt geometry
(6 = 90°), the intensity ratio follows a linear dependence.
At such large tilting angles, the Mn spin level splitting is
determined by the Zeeman term predominantly giving rise
to energetically equidistant Mn spin levels; therefore, the
asymmetry is negligibly small.

A further evidence for the presence of nonthermalized Mn
ions is provided by the appearance of the intensity enhance-
ments at specific magnetic fields [Fig. 1(c)]. This results from
the mixing of spin states of single Mn>* ions and nearest-
neighbor Mn ions, which are antiferromagnetically coupled
to pair clusters [21]. One may claim — in contrast to previous
publications [24,26] — that Mn pairs contribute to the multiple
spin scattering of single Mn>* ions. Electrons can inelastically
scatter at Mn pairs [33], when the pair axis is not parallel
to the QW plane; hence, the squared wave function of a
quantum-confined electron is different at the two Mn ions. In
contrast to the low-magnetic-field scenario considered in Ref.
[33], the giant Zeeman splitting — in our case — will prevent the
spin-flip scattering of electrons. As a result, the projection of
the total spin of the pair on the magnetic field is conserved. If
we further neglect scattering processes to high-excited states,
which is correct for intermediate electron temperatures, the
electron-induced transitions will couple the states s, = 0 and
the excited triplet s, = 1 with m;, = 0 of the Mn pair, where
sp and my are the quantum numbers of the pair total spin and
its projection on the magnetic field, respectively.

One may think of two possible scenarios within the excited
triplet states with s, = 1. (i) The Mn pairs are heated up
by excitons, and resident electrons provide their cooling to
the lattice temperature. Accordingly, the triplet state with
ms, =0 of the Mn pair becomes less populated than the
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states with my, = =£1. (ii) Under optical excitation electrons
are strongly excited, so that their kinetic temperature exceeds
the lattice temperature. If one assumes that the scattering
of excitons at pairs is less effective than that of electrons,
the triplet state (m,, = 0) becomes more populated than that
with ms, = £1. In the first case, the Stokes transitions within
the excited triplet states of the Mn pair go predominantly
from my, = —1 to 0, while the anti-Stokes transitions go from
ms, = +1 to 0. In the case (ii), the Stokes processes within
the excited triplet are performed in particular from the states
ms, = 0 to —1, and the anti-Stokes scattering is described by
the transition (s, = 1, my, = 0) — (s, = 1, my, = +1). For
both cases in consideration of a crystal-field splitting given
by Eq. (2), the Stokes and anti-Stokes transitions differ in
energy. The sign of the difference will be opposite for cases
(i) and (ii). Since the axes of the Mn ion pairs involved in
the scattering should not be parallel to the QW plane, the
quadrupole crystal-field splitting may in fact originate from
anisotropic spin-spin interactions within the pair which split
the states with m; = 0 and m,, = %1 of the excited s, =
1 triplet. Such a scattering of excitons or electrons at Mn
pairs may lead to a population difference of states with pos-
itive and negative pair-spin quantum numbers. This together
with the coupling between single and paired Mn ions may
explain the increase of SE observed for increasing Mn ion
concentration.

An alternative idea to explain the asymmetric Mn>* spin
transitions is less probable: The nonlinear energy dispersion
of the hole-magnetic polaron or that of an Mn spin wave may
give rise to different energies in S and AS scattering processes
by analogy with the Brillouin scattering of exciton-polaritons
in bulk crystals [34,35]. However, k-vector dependent scatter-
ing experiments could not verify these assumptions.

As described within the frame of Fig. 2(b), a highly excited
Mn spin system and thus a spin-transition asymmetry is
observed in (Zn,Mn)Se-based QWs, but not in (Cd,Mn)Te

QWs. We propose that the spin-lattice relaxation, which is
faster in (Cd,Mn)Te than in (Zn,Mn)Se [36], is one of the
key aspects for this observation. In (Cd,Mn)Te, the Mn ions
become thermalized more effectively due to a strong coupling
to the phonon bath so that the occupation of Mn spin lev-
els with negative my is less probable. Moreover, in weakly
strained low-dimensional (Cd,Mn)Te structures a magnetic
anisotropy is negligible [37]. This also excludes an asymmetry
in the spin transitions for the (Cd,Mn)Te QWs studied. For the
(Zn,Mn)Se QWs, as mentioned within the context of Eq. (1),
we propose a low symmetry and, in turn, the presence of
biaxial (and compressive) strain. Accordingly, the crystal-field
amplitude as well as the quadrupole component of the electric
field at the Mn ion site become significant [38], probably
exceed those in weakly strained (Cd,Mn)Te QWs, and lead
to large SE values.

In conclusion, we have found that, for Mn?" ions, which
are nonthermalized due to exchange scattering with photoex-
cited carriers, the low-symmetric CF leads to highly differ-
ent Stokes and anti-Stokes spin scattering energies. Due to
the laser-power and magnetic-field tunability the asymmetric
spin transitions provide a versatile possibility to meet the
resonance conditions of magnetic and optical experiments.
The asymmetry in the spin transitions may also provide
an optically tunable alternative to strain-induced magnetic
anisotropy and, as fine structure affects spin dynamics, it
may control the relaxation of spins of transition metal ions
in semiconductor nanostructures. In addition to advancing
the fundamental understanding of spin scattering of magnetic
ions, these results will prove crucial in applications of systems
with strong magnetocrystalline effects.
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