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Spin dephasing of fluorine-bound electrons in ZnSe
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The spin coherence of an ensemble of electrons bound to fluorine donors in epitaxially grown ZnSe layers
is studied by time-resolved pump-probe Kerr rotation. Long-lived spin dephasing with decay times up to 7, =
33 ns is found for a sample with a low fluorine concentration of 1 x 10'3 cm™ at cryogenic temperatures. The
time is close to the limit set by nuclear-spin fluctuations, for which we measure a strength of 1.65 mT. We find
T to be constant up to 40 K, with a strong drop for higher temperatures. The dephasing time also shortens with
increasing fluorine concentration, indicating an interaction between the spins at different fluorine centers.
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Impurities in semiconductors promise a combination of the
homogeneity of atomic systems with a controlled location in
the solid state. The location can be controlled by doping or
implantation of the impurities. In addition, impurities and
the related bound charge carrier states can provide strong
optical transitions and long-lived spin coherences. Among
the presently investigated materials the impurities in silicon
possess excellent homogeneity' and long coherence times?
but are optically dark. Deep impurities in diamond, such as the
nitrogen-vacancy (NV) centers, are bright’ and particularly
attractive as they provide robust spin coherence even at room
temperature.* However, the fabrication of heterostructures
such as high-Q microcavities with diamond is challenging.
The impurities in GaAs-based semiconductors are also quite
homogeneous, but the small binding energy of electrons to
them makes a defined isolation and robust manipulation of
single impurities rather difficult. Furthermore, it has been
shown that the nuclear spins in I1I-V semiconductors cause fast
decoherence of electron spins through a hyperfine interaction.

We suggest that impurities in wide-gap II-VI semiconduc-
tors have a substantial potential to consolidate most of the
advantages of such solid-state systems, because the direct band
gap in II-VI materials offers efficient coupling to photons
and integration of the impurities into the lattice does not
lead to large inhomogeneities of the optical transitions. Most
important may be, however, the low natural abundances of
nonzero nuclear-spin isotopes in II-VI materials. The existence
of zero nuclear-spin isotopes can be also isotopically purified
to deplete nonzero nuclear spins.® This method has led to
increased spin dephasing times in ZnO colloidal nanocrystals’
and in silicon.® Finally, the ability to combine different II-VI
materials with a small lattice mismatch to GaAs substrates
provides advanced fabrication and nanostructuring techniques.

Particularly, fluorine is an attractive impurity in ZnSe,
since it resembles a donor impurity when it replaces a
selenium site in the ZnSe crystal.”!” The large electron binding
energy of 29 meV allows thermal stability of donor-bound
electrons.!! The spin 1/2 of the fluorine nucleus with 100%
natural abundance has the additional potential for a long-lived
quantum memory because it could allow for schemes involving
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the transfer of electron-spin entanglement to the nuclear spin
via double-resonance techniques.'? In earlier experiments the
indistinguishability of photons emitted from two independent
excitons that are bound to distinct isolated fluorine impurities
has been demonstrated.!> Magnetospectroscopy studies of
single impurities also confirm the possibility of creating a
three-level optical A system through the Zeeman splitting
of the electron spin.'*!> Despite all of the above-mentioned
achievements, to the best of our knowledge, no studies of the
spin coherent properties of fluorine donor electrons have been
presented so far.

In this Rapid Communication we report time-resolved Kerr-
rotation studies of the optically induced spin coherence in an
ensemble of electrons bound to fluorine donors in ZnSe layers
with various fluorine concentrations. We analyze the role of
nuclei fluctuations and donor concentration on electron-spin
dephasing and test the thermal stability of the coherence.

Three structures with homogeneously fluorine-doped ZnSe
layers of thickness 70—-100 nm are studied. The samples were
grown by molecular-beam epitaxy on (001)-GaAs substrates
on top of a thin buffer layer of ZnSe to define a clean interface
for the II-VI/III-V heteroepitaxy. The applied fluorine fluxes
correspond to doping concentrations of 1 x 103, 6 x 107,
and 1 x 10'® cm~3 for samples A, B, and C, respectively. The
fluorine concentration was obtained from capacitance-voltage
curves of indium/nickel Schottky contacts with 300-um
diameter which were deposited by using optical lithography
and a lift-off process. The ZnSe:F layers were grown on
top of a 20-nm-thick Zn,_,Mg, Se layer that prevents carrier
diffusion into the lower band gap GaAs used as a substrate.
The magnesium concentration of this layer was kept below
15% to maintain good crystal quality.

Figure 1 shows the reflectivity (red/light gray) and photo-
luminescence (PL) (gray shaded area) spectra for sample B.
The reflectivity spectrum exhibits two strong resonances that
correspond to the free-exciton complexes involving the heavy
hole (HH) at 2.806 eV and the light hole (LH) at 2.818 eV.
The splitting between the HH and LH excitons, which are
degenerate in bulk materials, becomes prominent by the stress
induced by the pseudomorph ZnSe lattice on top of GaAs.'®
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FIG. 1. (Color online) Spectroscopic study of ZnSe:F, sample B.
The black line with the gray shaded area is a photoluminescence
spectrum excited at 3.06 eV. The red (gray) line on top of the figure
is a reflectivity spectrum measured with a halogen lamp. The solid
circles give the dephasing time of donor-bound electrons measured
by pump-probe Kerr rotation around zero magnetic field. The black
shaded area shows the spectrum of the laser used in time-resolved
experiments.

Additional peaks on the higher-energy side of the HH and LH
peaks can be assigned to the quantization of exciton polaritons
in thin ZnSe films.!”

The PL spectrum demonstrates a peak pattern where
each feature can be assigned to different exciton complexes.
Labels mark the transitions, with FE being the free exciton
and D°X the donor-bound excitons containing HH or LH.
The broadening of transitions is related to the strain in
the structure.’ The PL emission was also analyzed by a
synchroscan streak camera with an S20 photocathode giving
recombination times of (210 % 40) ps for D°X and (30 & 3)
ps for FE-HH. Similar PL decay times were reported in Ref. 9.

To obtain insight into the electron-spin coherence we
apply time-resolved pump-probe Kerr rotation (KR). Both the
pump and probe have the same photon energy, taken from
a Ti:sapphire laser emitting pulses at a rate of 75.75 MHz
(corresponding to 13.2-ns pulse separation). The laser pulse
duration is 1 ps. The laser frequency is doubled by a BBO
(beta barium borate) crystal to convert the Ti:Sa range of
photon energies from about 1.25-1.7 to 2.5-3.4 eV. The
sample is placed in a superconducting split-coil optical magnet
that allows one to generate fields up to 3 T. The sample
temperatures can be varied from 1.7 to 300 K.

After excitation of the sample along the growth axis z
with the circularly polarized pump pulse, the reflection of
the linearly polarized probe is analyzed with respect to the
angle of polarization rotation as a function of delay between
the pump and probe. To reduce the possibility of dynamic
nuclear polarization we use a photoelastic modulator for a
pump helicity modulation at 84 kHz.'® A characteristic KR
signal measured in a magnetic field of B = 0.5 T applied
normal to z (Voigt geometry, B1z) with a laser energy at
2.801 eV is shown in Fig. 2(a). We choose this energy because
the KR amplitude is maximum at this spectral position.
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FIG. 2. (Color online) (a) Kerr rotation signal for sample B at
T = 1.7 K. Ppumpiprobe = 6/0.6 W/cm? and 2.801 eV photon energy.
(b) Spin dephasing time as a function of external magnetic field.
The inset is the Larmor frequency dependence on the magnetic field
(B) with a linear fit giving an electron g factor of 1.1 £0.1. (¢)
Resonant spin amplification signal measured at 2.801 eV. The width
of the central peak gives T," = (11.4 & 0.1) ns. The bottom curve is
measured at 2.798 eV and leads to (14.8 4= 0.2) ns spin dephasing
time. The red (gray) curves are fits to the data using Eq. (1) (see the
text).

The long-lived, nanosecond-lasting KR signal arises from
the resident electrons localized at the fluorine donor centers.
The frequency and decay time of this signal are measures of the
average g factor and the spin dephasing time 7, in the excited
spin ensemble of spins. To determine these parameters we use
the fitting function for the data, fxr(t) o exp(—t/T,") cos(wt),
which gives the best-fit results. Here w = gugB/h is the
Larmor frequency, with the Bohr magneton p 5 and the Planck
constant /1. A corresponding fit is shown by the thin red (gray)
curve on top of the measured data in Fig. 2(a).

The magnetic field dependence of the spin dephasing time
T is shown in Fig. 2(b). It can be described by the following
function:

T,(B) =1/\/(AgupB)? + (gupAB)?, (1)

with fit parameters Ag = 0.001 being the spread of g factors,
which is about 0.1% of the g value, and AB = 0.9 mT
representing the limiting factor at low fields. We note that
Ag was similar in all three samples.

For fields B > 0.5 T the spin dephasing time decreases with
B, following a 1/B dependence. This well-known behavior
arises from the dispersion of electron g factors excited by the
laser of finite spectral width, which leads to a spread of Larmor
frequencies Aw = AgupgB/h that increases with magnetic
field. At low fields the dephasing time saturates at a value,
which is determined by intrinsic processes in the system, such
as spin-orbit interactions or the nuclear-spin fluctuations, as
discussed later in this Rapid Communication.

As one can see from the Fig. 2(a), the amplitude of
the KR signal does not decay completely within the pulse
separation time of the laser (T = 13.2 ns). As a result, the
next pump pulse excites spins before the previously excited
spin polarization has completely dephased. This leads to
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some uncertainty in evaluating 7.°. Hence, we also apply a
complementary technique called resonant spin amplification
(RSA)." For that purpose we fix the probe pulse delay at
At = —50 ps, shortly before the next pump pulse, and scan the
magnetic field. The total spin polarization is then resonantly
enhanced whenever w(B)Ty is a multiple integer of 2w, a
condition that is met periodically when ramping the applied
magnetic field—see Fig. 2(c). To extract the spin dephasing
time around zero field from these data, we fit the measured
signal by the following form, using 75" as the only free-fitting
parameter:

e
_ AR Ar)—e® At + T,
FrB) e B cos(wAt) —e™ cos[w( —|; R)]' @)

cos(wTg) — cosh(Tg/T;)

The solid circles in Fig. 1 give the spectral dependence
of the spin dephasing time as measured by the RSA method.
For times shorter than 8 ns we have used the time-resolved
KR signal to extract the decay constant. As one can see,
the dephasing time grows for lower energies and reaches a
maximum at a spectral position around the donor-bounded
exciton, D°X, energy. Here it saturates and stays nearly
constant for further decreasing energy. An exemplary RSA
spectrum for the maximal 7' = 14.8 ns is shown at the bottom
of Fig. 2(c).

To evaluate the role of nuclear-spin fluctuations in the
electron-spin dephasing on the time scales observed here, we
use the following equation:>%-%!

Ty =1 N — 3)
221 I](]]+ I)Ajy]

where the sum is running over the nuclear spins /; of isotope j
with the abundance y;. A; is the hyperfine constant and N the
total number of nuclei which overlap with the wave function
of an electron localized on a fluorine donor. N = 21000 is
estimated from the ratio of the Bohr volume Vp = 4/37a} =
470 nm® (using ap = 4.825 nm—see below) and the single-
cell volume containing eight atoms of ZnSe. For the single
cell in tetragonal strained ZnSe we use a, = 0.56686 nm and
ay.y = 0.5653 nm,* and the Bohr radius for a shallow donor
is estimated by 1.5£ZnSeO.053/(m§ff/me) nm. Here ez,5. =
8.8 is the dielectric constant of ZnSe, the 0.053 nm is the
Bohr radius of hydrogen, and m¢ = 0.145m, is the effective
electron mass. For ZnSe we find from literature: ’Zn (I =
5/2, y =4.11%) Az, =3.7 neV,” and ""Se (I =1/2, y =
7.58%) As. = 33.6 neV.?! Using Eq. (3) we get as an estimate
for T, = 14 ns.”® Based on such a simple estimation, this
value is quite close to the measured spin dephasing time of
14.8 ns—see Fig. 2(c).

The fluorine nuclei '°F [I = 1/2, y = 100%, and Ag ~
200 neV (Ref. 24)] replaces selenium and also contributes to
spin dephasing. For a fluorine density of 1 x 10'® cm™ the
average distance between neighboring fluorine atoms is larger
than the Bohr radius of bound electrons. Therefore, compared
to the number of nonzero nuclear spins within the Bohr volume
(~430 for ’Zn and ~790 for 7’Se) the interaction with a
single '°F atom should be very small. We estimate the effect of
fluorine by using Eq. (3) with an effective fluorine abundance
yif = 1/N = 0.0048% and get T = 13.9 ns. It corresponds
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FIG. 3. (Color online) Spin dephasing time 7, measured at the
DX energy (2.798 €V) vs fluorine concentration in the corresponding
samples. The line is a guide to the eye. Left-hand inset: RSA
measurement (B_Lz) for sample A with the red (gray) curve being a fit
using Eq. (2). Right-hand insert: Magnetic field dependence (B || z)
of the electron-spin polarization for sample B and fit by Eq. (4).

to less than 1% of spin dephasing time reduction compared to
the time estimated without a fluorine contribution.

To support the estimation we measure directly the nuclear-
spin fluctuation. For this purpose, experimental conditions
similar to those for RSA are used with the probe pulse fixed
at At = —50 ps delay position, but the scanned magnetic field
is applied in the Faraday geometry (B || z). The inset in the
top right-hand corner of Fig. 3 demonstrates the result of this
measurement for sample B. We observe an increase in the
spin polarization for higher fields that can be interpreted as a
suppression of the influence of all components of nuclear-spin
fluctuations by the external magnetic field. The width of
the observed dip can be used as a direct measure of these
fluctuations, which are commonly described by an average
hyperfine magnetic field B, defined by*

2/3 }

1+ (B/By)? ¥

fxr(B) = fo |:1
with By = 1.65 mT being the half width at half minimum
(HWHM) of the dip. Therefore the electron-spin dephasing
time caused by the field B; is T," =2+/3h/(gusB;) =
(20 £ 1) ns.”® This value is close to the T) =14 ns from
Eq. (3), giving additional support for our above estimation
and the nuclear-spin involvement in the spin dephasing.
The nature of the electron-nuclear interaction does require
deeper investigations and is out of the scope of this Rapid
Communication.

Figure 3 shows the longest T, data measured for the three
studied samples as functions of the corresponding fluorine
concentration. As in the case of sample B, shown in Fig. 2(c),
the longest time is measured at the donor peak position, D°X
(2.798 eV). The observed dependence demonstrates that an
increase in fluorine concentration accelerates the electron-
spin dephasing. The reason for this could be the increased
probability of scattering events between neighboring electrons
or electron jumps between closely spaced donor centers.
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FIG. 4. (Color online) Temperature dependence of spin dephas-
ing time 75" measured at the DX energy for sample A. Poump/probe =
6/0.6 W /cm?. The solid (red) line is a fit by Eq. (5). The inset gives
the pump power dependence of 7;. The solid line is a guide to the
eye.

Finally, we use sample A to test the spin dephasing as a
function of laser power and temperature. First, the inset in
Fig. 4 demonstrates that the pump power does not have a
large impact on the dephasing time over a broad range of
powers. This is valid for all samples and indicates strong
localization of the electrons. For support we measure the
temperature dependence of the spin dephasing time—see
Fig. 4. Here the laser energy is shifted according to the
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expected band-gap shift by using the equation E(T)[eV] =
2.798-5.9 x 107*T[K]?/(T[K] + 197). A fit to the data is
given by a function describing thermal activation from the
ground state with a relaxation time (7) to an excited state
with relaxation time (7,):

L_1 1 E. -
— =—+ —exp|— )
T, TP kst

E, is the activation energy of the donor-bound electron and
kp is the Boltzmann constant. The fit gives T, = (31 £ 1)
ns, T, = (220 £ 3) ps, and E, = (27 = 1) meV. The T, falls
into the range of measured exciton recombination times (see
above) and E, coincides well with the fluorine-bound electron
activation energy of 29.3 0.6 meV.'!

To conclude, we have demonstrated high fluorine-bound
electron stability and measured spin dephasing times in the
10-ns range. The dephasing time limitation at low fluorine con-
centrations is caused by the nuclear isotopes with nonzero spin,
while for higher fluorine concentrations (ng > 10" cm™2) the
interaction between neighbor electrons accelerates the spin
dephasing.
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