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Spin relaxation in CdTe quantum dots
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We have measured photoluminesceftek) spectra and time-resolved PL in CdTe quantum dots under the
longitudinal magnetic field up to 10 T. Circular polarization of PL increases with increasing magnetic field,
while its linear polarization remains zero under linearly polarized excitation. This behavior cannot be explained
by the anisotropic exchange interaction of excitons. Time-resolved PL measurements clarified that this behav-
ior is caused by the suppression of spin relaxation induced by the longitudinal magnetic field. We believe that
this behavior is related to the hyperfine interaction of electron spin with magnetic momenta of lattice nuclei.
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The spin state of electrons in quantum d@@®s9) is con-  lieve that the spin relaxation of electrons localized in QDs is
sidered as one of the most promising candidates for theaused mainly by hyperfine interaction of electron spin with
implementation of spintronic and quantum information magnetic momenta of lattice nuclei. The hyperfine field is
technologies. A key challenge is to obtain long relaxation suppressed by the external longitudinal magnetic field.
time of electron spin. The carrier spin-flip mechanisms, in- The CdTe self-assembled QD was grown by molecular-
cluding exchange interaction, mixing between the conducbeam epitaxy on a relatively thidlk.6—1.0um) ZnTe buffer
tion and valence band states through spin-orbit coupling, anthyer formed on a GaA$100) substraté. The sample was
spin splitting of the conduction band due to the lack of in-not doped intentionally. Atomic force images show that the
version symmetry;® have been studied in bulk and two- average size of CdTe QDs was20 nm in diameter and
dimensional systems. In QDs, the discrete energy levels and2.7 nm in height. The area density of the dots was
the corresponding lack of energy dispersion lead to a pre8x 10 cm™2 The PL and time-resolved PL measurements
dicted modification of the spin relaxation dynamics. In gen-were performed in a magnetic field up to 10 T and at 10 K in
eral, the D’yakonov and Perel’ mechanism does not work ire Faraday configuration. An optical parametric amplifier of a
zero dimension because this spin-flip mechanism relies oifi:sapphire laser was used as an excitation source with a
translation invariance, which is already broken in G0%he  photon energy of 2.217 eV, corresponding to a quasi-
electron spin relaxation mechanism connected with the spincesonance excitation of CdTe QDs. Circular and linear polar-
orbit interaction of carriers is strongly suppressed for localdzations were obtained by using quartz wave plates and linear
ized carriers in QDS8.The absolute lack of energy states polarizers, respectively.
between QD energy levels is expected to inhibit not only the The representative PL spectra of our sample are shown in
elastic processes of spin relaxation but also the inelastic ondsg. 1(a). In these measurements, the luminescence was col-
such as phonon scattering. As a result, electron spin relaxected under co-circulaithe incident and emitted light with
ation via interaction with nuclei becomes relatively impor- the same circular polarizatipmnd cross-circular geometries
tant for localized electrons. Recently, Merkulast al® (the incident and emitted light with counter-circular polariza-
pointed out that the hyperfine interacting with nuclei maytion). In order to study the intrinsic spin dynamics, the PL
become the dominant mechanism of electron spin relaxatioapectra were obtained by selectively exciting the sample with
in quantum dots at low temperature. Although the hyperfingophoton energy 2.217 eV slightly above the PL band of the
interaction has been demonstrated to induce the addition&Ds. The PL bands of the QDs have a smooth profile with
Zeeman splitting or polarization of electrons and exciton intwo sharp features, LOand LG, (24.5 and 19.5 meV, re-
QDs/ 8 no direct experimental evidence has proved the imspectively, which are caused by fast relaxation of hot carri-
portance of hyperfine interaction with nuclei responsible forers with emission of LO phonons of ZnTe and CdTe.
spin relaxation in QDs up to now. At zero field, the PL band shows very weak circular po-

In this report, we investigated the spin relaxation mechaiarization (7%). With increasing magnetic field the circular
nisms of carriers in CdTe QDs. We measured the magnetgolarization of PL band increases. When the direction of
photoluminescencéPL) spectra and time-resolved PL under magnetic field was reversed, the same results were obtained.
the magnetic field with a Faraday configuration. An unusuaWe further measured the circularly polarized PL spectra un-
magnetic field dependence of circular polarization was obder linearly polarized excitations at 4 T in Fig(bL It con-
served in steady-state PL spectra, which cannot be explaindiims that no circular polarization was observed under
in the framework of anisotropic exchange interaction of ex-linearly polarized excitation. Therefore, the circular polariza-
citons confined in an elongated QD. Time-resolved PL decagion is not related to the thermalization between Zeeman split
proved that the suppression of spin relaxation by the longilevels.
tudinal magnetic field is the origin of this behavior. We be-  Figure 2 shows the circular polarization of the emission
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gt ] the ground state of the el-htils) heavy-hole exciton in a
Exc/Det % () zinc-blende quantum well is fourfold degenerate with the
DAY angular-momentum projectiorM=s+j=+1,+2 on the

i RV growth axisz/ /[001] of the structure. The exchange interac-
e i A 1 tion splits this state into a radiation doubletl) and two

closely lying optically inactive singlets, which are a super-
position of the|+2) states. In some QD structures, the sym-
metry is lowered and the exchange interaction is thus no
longer isotropicd®!! The anisotropic exchange interaction
splits the|+1) radiative doublet into two eigenstates labeled
X)=(|11)+|-1))/(v2) and|Y)=(|1)~|-1))/(i\2), linearly po-
larized along thg110] and [110] directions, respectively.
This anisotropic exchange splitting may originate from QD
elongation and interface optical anisotrdgy?
e . When the magnetic field was applied, and if the Zeeman
212 214 2.16 218 220 2.222.12 2.14 2.16 2.18 2.20 2.22 splitting €, =gugB is much larger than the exchange en-
Energy (eV) Energy (eV) ergy iw, the QD exciton eigenstates are no longer [fKe
and|Y) linearly polarized states, but tHe 1) and |-1) cir-

FIG. 1. Circularly polarized PL spect(@ in co-circular(solid  cular ones. We thus expect to observe circularly polarized PL
lines) and cross-circula(dotted line$ geometries, at various mag- under o-polarized excitation. This circular polarization was
netic fields.(b) Circularly polarized PL spectra in four geometries at jndeed observed by several groups in various nanostructure
4 T. Linearly polarized excitation gives the same intensity of right- systemd%-241n our case, we did not observe any linear po-
and left-circularly polarized Plin/¢" and lin/o~, respectively. |arization at zero field under linearly polarized excitation
(c) Linearly p_olari_zed PL spectra in co- and cross-linear geometriesdbng [110] and [110] directions, as shown in Fig.(d). At
along[110] direction. higher fieldB=4 T, the PL spectra under linearly polarized

. o ) _excitation in Fig. 1b) did not show circular polarization,
peak as a function of magnetic field. The circular polarizayyhich contradicts this model. We also checked the linearly
tion is defined byP=(I"-17)/(I"+17), wherel” and1” are  ho|arized time-resolved PL under linearly polarized excita-
the PL intensities under the co-circular and cross-circulagjgn along[110] and[ﬁo] directions, and did not observe
geometries. It shows that the circular polarization increasegny polarization in the temporal profile. All these experimen-
with increasing the magnetic field and saturates at the highy"results indicate that anisotropic exciton fine structure is
magnetic field above 6 T. The circular polarization of phonon g responsible for our results. Although the anisotropic ex-
replica LO, was also prese_nte_d in the flg_ure. Flgur(a)l_ change energy splitting was observed in elongated QDs, its
shows that the phonon replica is not polarized at zero fieldgpgence is not strange in the isotropic QDs. Surrounding
while it becomes strongly polarized in co-circular geometrypixed crystal ZpCd,_Te (Ref. 19 might induce isotropic
with a}pplying magnetip fie.Id.. _ inner core CdTe QDs.

Thls bghawor is qun'e S|mlla}r to the effect induced by the  apother possible explanation of the experimental results
anisotropic exchange interaction of excitons. As we knows that the circular polarization originates from the suppres-
sion of spin relaxation by the longitudinal magnetic field.

=0T, [110] (c)
| — co-lin ]
.......... cross-lin

PL Intensity (arb. units)

0.8 L Our results indicate that the spin relaxation time is very fast
at zero field, and the spin orientation is practically destroyed
. . ® during the electron lifetime. If we assume that the spin re-
06} . 1 laxation is suppressed by the longitudinal magnetic field,
s o’ then the circular polarization of steady-state PL band in-
= R a | creases with increa_sing magnetic field. We can use a com-
N ooab - i mon formula to estimate the spin relaxation time from the
o ° = steady-state PL measurements:
g .
Po
02 ®m  PL peak ] P=—"""- 1)
_— . ] Phopnon 1+ 27/
]
0.0k L \ . , , ) . Here, P, is the initial spin polarization, ang and 75 are the
0 2 4 6 8 10 lifetime and spin relaxation time of carriers, respectively.
Magnetic field (T) The lifetime 7, and the initial spin polarizatio?y use the

values obtained from the time-resolved PL measurements,
FIG. 2. Magnetic field dependence of the circular polarization ofwhich will be discussed latefThe calculated spin relaxation
QDs emission peak and phonon resonancg IfCsteady-state PL  rates from the steady-state PL polarization degree will be
spectra. shown in Fig. 4.
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Time (ps) The experimental values from time-resolved Riircles and the

estimated values from steady-state PL spe@icaares are shown
FIG. 3. Time dependence of the circularly polarized PL for co-together for comparison. The solid line is the theoretical fitting ac-
circular (solid lineg and cross-circulafdotted lineg geometries at ~ cording to Eq.(2).
various magnetic field€0—8 T) at 10 K. Smooth curves are fittings D . . .
g 087 9 of magnetic field in Fig. 4 by circles. We can see that the

by a combination of a rise function and two exponential decay d spi laxati i istent with th ’
functions, whose decay times are related;t@and 7. measured spin rejaxation rates are consistent wi e est-

mated ones from steady-state PL speésqguares The dis-

The protuberant phonon structure observed in the cw lucrepancy at low field may come from the fluctuation of laser
minescence band of QDs is formed by the competition bepower, or the difference of detected energies in PL and time-
tween the phonon-mediated relaxation and nonradiativéesolved PL measurements. The time-resolved PL measure-
loss!® Further, in case of the circularly polarized lumines- ments proved further that the unusual magnetic field depen-
cence, the competition between the phonon-mediated relagence of circular polarization observed in steady-state PL
ation and spin relaxation is thought to determine the phonofeasurements originates from the suppression of spin relax-
structures in the cross-circularly polarized luminescencétion by the longitudinal magnetic field.
spectra. In this model, the assumption of suppression of spin TNe Spin relaxation rate is not affected remarkably by the
relaxation can be used to explain the circular polarization offgnetic field in the framework of anisotropic exchange in-
phonon structures simply. As is seen in Figa)1LO phonon  eraction of exciton, as was reported by Paillatal* How-
structures in the cross-circular polarization geometry dever, we observed that the spin relaxation rate decreases re-

- ; o : ‘markably with the increase of the longitudinal magnetic
crease with the increase of the magnetic field, while those '.rﬁneld. Therefore, the model of the anisotropic exchange inter-

the co—c_ircular p.olarization geometry QOes not change. .Th'gction of excitons cannot explain our results. We need to

Leature |s|expla|nrt]ad bz th_e a?surr;]ptlor: that spin ;I!p t'(;nsconsider other possibilities. A suppression of spin relaxation
ecomes longer than the time for the relaxation mediated DY, e external magnetic field has been reported for the case

the LO phonon plus acoustic phonons with the increase bt gpin relaxation of electrons localized at donors in bulk

the magnetic field. _ crystal!®1° These authors have found that spin relaxation of
The time-resolved PL measurements confirmed the Supsiectrons localized in potential wells is caused mainly by
pression of spin relaxation by external magnetic field. Thehyperfine interaction of electron spins with magnetic mo-
temporal profiles of circularly polarized PL signal under thementa of lattice nuclei, the hyperfine magnetic field being
co-circular and cross-circular geometries at various magneticandomly changed due to the hopping migration of electrons
fields are shown in Fig. 3. We can see clearly that the spiver localized states in the crystal. This mechanism should
relaxation time becomes longer with increasing magnetiavork for localized electrons in QDs. In a strong magnetic
field. In order to investigate the spin dynamics and recombifield, the nuclear hyperfine fields only perturb the precession
nation process, we calculated the s(ii+17) and the differ-  frequency of the electron spin about the external magnetic
ence(l*-17) of the circularly polarized luminescence, where field. As a result, the spin component parallel&ds con-
| is the intensity of circularly polarized PL. The sum served, while the transverse spin component precesses with
(I*+17) is proportional to exp-t/ 7,), wherer, is the lifetime. ~ Larmor frequency. The dependence of the electron spin re-
We obtained the lifetime at the maximum position of the PLIaxation time 7 on the longitudinal magnetic field can be
band, 7,=190 ps, which is independent of magnetic field. described by the expression
The time-dependent degree of circular polarizatfe() is 1 1
defined by P(t)=(1"=17)/(1*+17). P(t) is proportional to s T oo
exp(—2t/ 7o)} where r, is the spin relaxation time. The spin s 01+ Q%)
relaxation time can be estimated from the deca@j. The  Here, 7(0) is the spin relaxation time under the zero mag-
obtained spin relaxation rates, 4,/ are shown as a function netic field, Q=g.ugB/7% is the precession frequency of the

(2)
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electron spin in the fiel®, and 7. is a characteristic time of lov et al. calculated the hyperfine interaction in nanocrystal
the order of correlation time of the fluctuating magnetic fieldCdSe QDs, the obtained spin dephasing time is around 1 ns,
responsible for the spin relaxation. Here we usgdas a  and longer than our data. Further theoretical and experimen-

fitting parameter. If the nuclear fiell is present, the quan- 5| work is needed to clarify the spin relaxation time for
tity in Eq. (2) is defined by the total field acting on the \aious materials.

electron spin. By this formula, we can simulate the magnetic In conclusion, we have measured the PL spectra and time-

field dependence of spin relaxation time, which is in gOOdresolved PL in the CdTe/ZnTe QDs under a longitudinal

agreement with the experimental data. I .
Merkulov et al. studied theoretically electron spin relax- Magnetic field up to 10 T and at 10 K. An unusual magnetic

ation in InAs QDs and CdSe QDs via interaction with field dependence of circular polarization was observed in
nuclear spins, and they proposed the hyperfine interaction &teady-state PL spectra. However, we did not observe any
the dominant mechanism of carriers in these GOey linear polarization at zero field. This cannot be explained by
obtained the spin dephasing time on the order of 50-100 pe anisotropic fine structures of excitons. Time-resolved PL
for InAs QDs, which is close to our data. Correspondingly,confirmed that electron spin relaxation is suppressed by the
we think that the fast relaxation in CdTe QDs is due mainlylongitudinal magnetic field. We attribute it to the effect of
to the hyperfine interaction with nuclei spin at zero field. Thenuclear field. We believe that the spin relaxation is deter-
spin relaxation is suppressed by the external magnetic fieldnined mainly by the hyperfine interaction of electrons with
However, the hyperfine interaction constants in CdTe are natuclei. The Larmor precession of electron spin about the
experimentally determined. Reliable quantitative calculatiorstrong external magnetic field can suppress the precession
is difficult to obtain. In this material only a fraction of the about the internal hyperfine field, thus preserving the initial
nuclei (25% of the Cd ionshave magnetic moments, and orientation of electron spins. We expect our experiments can
they have spin=1/2. As aresult, the electron spin interac- help to understand the spin relaxation processes and to ex-
tion with the nuclei in these QDs is weak. Although Merku- tend the relaxation time in CdTe QDs.
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