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Electron spin dephasing in Mn-based II-VI diluted magnetic semiconductors
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In various manganese-based II- VI diluted magnetic semiconductors and their quantum structures, the measured
variations of electron spin dephasing time in an external magnetic field are conflicting with the most advanced
spin relaxation theory based on quantum kinetic equations. We demonstrate, by time-resolved optical spin
beat measurements performed on high-mobility n-doped CdMnTe quantum wells, that these contradictions are
resolved if one takes into account the electron spin dephasing induced by laser heating of the manganese spins. We
then provide a test of the spin relaxation theory in Mn-based quantum wells by a careful comparison with existing
data, including our measurements. It turns out that the theory systematically underestimates the relaxation rates

by a factor of 5.
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The research on electron spin relaxation processes in
semiconductors has a long history,":? but is still very active
as it is driven by eventual spintronics applications.>* While
electron spin relaxation is reasonably well understood in non-
magnetic semiconductors,’ a clear interpretation of electron
spin relaxation in diluted magnetic semiconductors (DMSs) is
still missing, even if spin-flip scattering of band electrons by
the magnetic dopants is likely to be the dominant relaxation
mechanism in these materials. This widely accepted picture
is based on the fact that the electron spin relaxation observed
in DMSs is much faster than in the nonmagnetic host semi-
conductors. Most of the reported results have been obtained
by time-resolved Faraday and Kerr rotation experiments,
in which the electron transverse spin relaxation time 7, is
deduced from the damping of the electron spin precession.®'?
Typically it is observed that in low Mn concentration samples
7, first decreases when a magnetic field is applied, reaches
a minimum, and then increases again at higher field, while
in high Mn concentration samples 7, decreases steadily (see
Fig. 1).

Fast relaxation is indeed expected from the s-d spin-flip
rates calculated with Fermi’s golden rule,'>'# or from a more
elaborate theory based on quantum kinetic equations, which
also predicts the evolution of the transverse and longitudinal
relaxation times with the external magnetic field.'> However,
the theory fails to reproduce the magnitude and the field
dependence of 7., in various Mn-based quantum well (QW)
structures,'* as well as in bulk CdMnTe'"'? (see Fig. 1).
While the theory predicts an increase of the transverse spin re-
laxation time 7, at low fields, then a decrease at higher fields, 15
an opposite behavior is observed at least for low Mn concen-
trations. Theoretically, the nonmonotonous field dependence
results from a competition between two contributions: The
electron spin flips induced by the transverse components of the
magnetic fluctuations, which dominate at small fields, and the

1098-0121/2013/88(20)/201306(4)

201306-1

PACS number(s): 78.47.jm, 71.70.Jp, 78.20.Ls, 03.67.Bg

electron spin dephasing due to the longitudinal components of
the magnetic fluctuations, which takes over at high fields. The
same predictions follow from the phenomenological model
proposed by Ronnburg et al.,'" which assumes that the spin
relaxation is induced by the fluctuations of the magnetization
seen by the particle as it moves through the crystal. The effect
of interface roughness on electron spin relaxation in QWs has
been also considered theoretically, but has not received any
experimental confirmation until now. !

In this Rapid Communication, we measure t, in CdMnTe
QWs, by time-resolved Kerr rotation, for Mn concentrations
lower than those reported earlier. This low doping regime
favors longer spin relaxation times, and high quality samples
suitable for comparison with theory. Then, by analyzing all
available data, including those from literature, we show that
the conflicting experimental and theoretical field dependencies
of the electron spin dephasing time can be consistently
understood if the inhomogeneous heating of the Mn spin
system induced by the laser pulses is taken into account. This
is shown to contribute to electron spin dephasing, and becomes
the dominant dephasing mechanism at low Mn concentrations.
We also checked that in Mn-based QWs the electron spin
relaxation rate is inversely proportional to the QW width, and
varies linearly with the effective Mn concentration times an
integral, which defines by how much the electron feels the Mn
spin fluctuations. Thereby, we demonstrate that the electron
spin relaxation is dominated by the s-d spin-flip scattering for
a wide range of Mn concentrations varying from x = 0.0007
to 0.30. However, the observed spin relaxation is found to be
typically five times as fast as predicted by theory.

We purposely focus the experimental part of our study on
CdMnTe QWs with low Mn concentrations, to better evidence
the influence of thermal effects, and also because these are the
best quality samples for which one can expect a meaningful
comparison with theory. In addition, complications due to
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FIG. 1. (Color online) Selected data on spin dephasing time taken
from literature and present work: () Ref. 11, (o) Ref. 7, (V) Ref. 12,
(A) Ref. 8, (#) this work. The blue and green solid lines are calculated
with the model of Ref. 15 with parameters corresponding to the
experimental data (4 and V, respectively).

excitonic effects'! are avoided by using n-doped QWs, in
which the exciton is screened. The three studied samples
contain a single modulation-doped CdMnTe QW of high
mobility (see Table I). The Mn doping is uniform in samples
A and B, while it consists of seven evenly spaced monolayers
of Cdpg7aMngg6Te in sample C. We performed ultrafast
Kerr rotation experiments, in which spin polarized electrons
are optically excited in the QW by a circularly polarized
pump pulse, and then precess in a magnetic field applied
parallel to the QW plane. The spin precession produces an
oscillating Kerr signal detected by a delayed probe pulse. In our
experimental setup the pump and probe pulses are spectrally
filtered with two 4 f zero-dispersion lines, and the laser spot
size on the sample is ~100 um.

Figure 2(a) displays the Fourier spectra of the Kerr signal
for a series of magnetic field intensities. The observed line
is associated with electron spin precession in the CdMnTe
QW. The Zeeman effect and the s-d exchange interaction
proportional to the Mn magnetization compete to produce the
observed nonmonotonous frequency shift with magnetic field.
The line splits into two components around 5 T, revealing
an avoided crossing between the electron and Mn spin-flip
excitations. It corresponds to the onset of a correlated electron-
Mn spin precession due to dynamic exchange coupling,

TABLE 1. Main characteristics of the studied QWs: n, is the
electron concentration, x is the effective Mn concentration, W is the
QW width, 5 is the overlap integral defined in the text, u is the
mobility, and g, is the electron g factor.

Samples A B C

n, (cm™2) 3.4 x 101! 1.9 x 10 4.3 x 10"
X 0.0021 0.0007 0.0028
W (nm) 30 30 21

n 2.08 1.77 1.62
w(cm?/V/s) 110 000 146 000 170 000
8e —1.72 —1.68 —1.71
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FIG. 2. (Color online) Left panel: Evolution of the Fourier power
spectra of the time-resolved Kerr rotation as a function of magnetic
field, in conditions where the electronlike and Mn-like modes
cross each other. The spectrum corresponding to the anticrossing is
highlighted in green. Right panel: Frequencies and relaxation times
of the two mixed modes w4 in the region of the anticrossing. The
green diamonds represent the electron spin relaxation time corrected
from the effect of dynamic coupling with Mn?" spins (see text).

and two coupled modes of electron and Mn precession w4
emerge.'%!71% As can be seen in Fig. 2(b), the two coupled
modes exhibit rapidly varying relaxation times 7y in the
crossing region, due to the varying admixture of electron and
Mn spin excitations in the coupled modes. To get rid of the
effect of this admixture in the electron spin relaxation time,
which is not included in the theoretical models, ' we extract the
electron spin relaxation 7, from the usual equation for coupled
oscillators (@ — @,)(@y — &) = Q2, where @&, and &y, are
the complex precession frequencies of the electron and Mn,
respectively, and Q is the coupling parameter.'3?° As Ty, > 7,

we assume that wywy, is real, and get 7, '=Im[o, — ﬁ]
As can be seen in Fig. 2(b), the resulting 7, (green diamonds)
is not far from a mere extrapolation of the data, and smoothly
varies in the anticrossing region.”!

Important parameters of the experiment, such as the
electron g factor g,, the effective Mn** concentration x, and
the effective Mn>t spin temperature T., can be deduced
from the variation of w, with field (see Table I). Indeed,
w, contains two contributions: the Zeeman effect, and the
s-d exchange interaction. It can be fitted using iw, (B, Tef) =
gempB +aM,/(gunitp) [solid lines in Figs. 3(a) and 3(b)],
where gy, is the Mn2* g factors, pp is the Bohr magneton,
a denotes the exchange coupling constant between Mn?* ions
and itinerant electrons, and M, is the magnetization of the
Mn?* ions described by a Brillouin function.?> A salient
feature of w, is its marked dependence on laser power at
2 K, which disappears at 12 K [Fig. 3(a)]. As a corollary, the
nonmonotonous field dependence of 7, observed at 2 K almost
disappears at 12 K [Fig. 3 (c)]. This strongly suggests that the
variations of t, observed at 2 K are a consequence of thermal
effects. Indeed, one expects a strong reduction of laser heating
upon raising the lattice temperature due to a rapid increase
of specific heat. Therefore, we interpret the nonmonotonous
field dependence of 7, as a consequence of the inhomogeneous
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FIG. 3. (Color online) Magnetic field dependencies of electron
precession frequency and spin relaxation time measured in samples
A (left panel) and B (right panel), for different powers and helium
bath temperatures. Solid lines in (a) and (b) are fits to w, with a linear
Zeeman term plus a Brillouin function. Solid lines in (c) and (d) are
fits to T, with the model of inhomogeneous heating described in the
text. The inset shows how the variance of the temperature distribution
AT and the effective Mn>* temperature 7., deduced from the fits,
correlate when the laser power changes.

distribution of temperatures within the laser spot profile. For
simplicity we assume a Gaussian distribution of temperatures
T.i with variance AT, resulting in a Gaussian distribution of
magnetizations with variance

AM. — Nox(gmnit8S)* , (8mnitSB
C kT2 S\ ksT.
B Leff B Leff

Ny is the density of unit cells of the host lattice, S =5/2,
and Bg is the first derivative of the normalized Brillouin
function. As w, strongly depends on magnetization, electron
spins located at different positions within the spot will dephase,
so that the total dephasing rate in presence of inhomogeneous
heating will be

1 _ 1 +1 aAM,
t*(B,Tetr)  Te(B,Tert)  /2h8guMnitn’

For a quantitative comparison with experimental data we
assume T.(B, Tysr) = 1.(0, Tesy).>> Figures 3(c) and 3(d) show
that this simple model reproduces quite well the data
for different samples, temperatures, and laser powers. The
minimum of 7 is reached at a field B,, increasing with
temperature, also in agreement with the model, according to
which B,/ T >~ 0.46 T/K. The inset of Fig. 3 shows that AT
and T are correlated when the laser power changes, and that
AT decreases either upon increasing x or 7. This is a direct
consequence of the increase of the magnetic or lattice specific
heat, respectively. The model also explains the minimum of
7, observed in bulk samples around 2 T (see Fig. 1), while
for large x (up and down triangles) no thermal effects are
in order due to the large magnetic specific heat.”* For these
large concentrations a small decrease of the relaxation time
with rising magnetic field is observed. This is most probably
related to the increase of the magnetic fluctuations along the

)BAT. (1)
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FIG. 4. (Color online) Left panel: Normalized relaxation rates
(see text) vs power for the three studied samples. Right panel:
Experimental (solid symbols), including data taken from literature,
and theoretical (solid line) normalized relaxation rates. The dashed
line corresponds to the theoretical relaxation rates multiplied by a
factor of 5.

external field, which arise due to random spatial distribution
of the magnetic ions.'""!

As the spin dephasing induced by the inhomogeneous
heating disappears at zero field, or at high temperatures, only
in these conditions can a meaningful comparison with theory
be attempted. Here we focus on zero-field spin relaxation,
which is not affected by other possible spin dephasing
mechanisms.'®? From the theory'>
NoxS(S + Da’m,

3 W
where m, is the electron effective mass, n =
w ff;o ”Z—:IZ)W(z)I“ dz, ¥(z) is the perpendicular to the
plane electron envelope function, and n,, and n,,(z) are the
average and local Mn>* concentrations, respectively.

In order to compare the relaxation rates measured on QWs
with widely different widths W, and overlap integrals n, we
plot the normalized relaxation rates defined as 7, ' = g7,
against the product nx [Fig. 4(b)]. We choose as a reference
Weet = 30 nm, corresponding to the QW width of samples
A and B. We estimate the intrinsic 7, ! by extrapolating to
zero laser power the measured relaxation rates [Fig. 4(a)],
and calculate 1 for each sample, by solving self-consistently
the coupled Schrodinger-Poisson equations. The obtained
values of 7, ! are then compared to data adapted from
literature [Fig. 4(b)]. Remarkably, the normalized relaxation
rates closely follow the linear dependence predicted by the
theory, for a large range of Mn?* concentrations, QW widths,
carrier doping and mobility, and integrals 5, including the
nonmagnetic QW with magnetic barriers Cdy 7Mng 3 Te studied
in Ref. 8. As the Mn profile at the interface is not known
for this sample, we estimate nx for two extreme cases. First,
we assume a steplike profile with effective concentration in
the barrier x = 0.12,%° deduced from the measured splitting
of the conduction band, and n = 0.016 calculated assuming
a 60% conduction band offset.2’ Second, we assume a delta
doping of Mn at the interface producing identical electron spin

7, 10,T) =1 : 3)
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splitting. These two extreme cases yield the error bar on nx, as
shown in Fig. 4(b). The linear variation of ?e‘l with nx clearly
confirms that the spin relaxation in these QWs is governed
by the exchange interaction between itinerant electrons and
Mn?>* ions. The digital sample exhibits slightly faster spin
relaxation than other QWs, possibly indicating the influence
of a nonrandom alloy substitution on spin relaxation.

In summary, we have shown that the electron spin dephasing
time deduced from optical spin beat measurements is strongly
affected by laser heating of the Mn spin subsystem, even
at the lowest experimentally accessible laser powers. This
makes experimental checks of electron spin relaxation theory
tricky in DMSs. Laser heating in these systems manifests
itself as an anomalous field dependence of the electron spin
dephasing time, which disappears as the Mn-lattice specific
heat increases upon raising either the Mn concentration or
the lattice temperature. This anomalous field dependence can
be understood in terms of electron spin dephasing in the
inhomogeneously heated magnetization of the Mn>* ions. This
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allowed us to identify the conditions in which a meaningful
comparison with theory can be attempted, such as in zero field.

We thus checked that the zero-field electron spin relaxation
time is governed by the Mn?* concentration, the QW width,
and 7, an integral depending on the overlap between electron
and magnetic ion wave functions, in full agreement with
electron spin relaxation theory. Thereby, we confirmed that
the electron spin relaxation is dominated by the s-d exchange
interaction, for a wide range of Mn>* concentrations between
x = 0.0007 and 0.3. However, the spin relaxation is found to
be typically five times faster than predicted, even in very clean
samples with low magnetic disorder.
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