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Generating, manipulating and detecting electron spin polarization and coherence
at room temperature (RT) is at the heart of future spintronics and spin-based quantum
information technology™™. Spin filtering, which is a key issue for spintronic applications,
has been demonstrated by employing ferromagnetic metals>®, diluted magnetic
semiconductors®'?, quantum point contacts™, quantum dots*?, carbon-nanotubes*? and
multiferroics™, etc. This filtering effect was so far restricted to a limited efficiency and
primarily at low temperatures or under a magnetic field. Here, we provide direct and
unambiguous experimental proof that an electron spin-polarized defect, such as a Ga;
self-interstitial in dilute nitride GaNAs, can effectively deplete conduction electrons with
an opposite spin orientation and can thus turn the non-magnetic semiconductor into an
efficient spin filter operating at RT and zero magnetic field. This work shows the
potential of such defect-engineered, switchable spin filters as an attractive alternative to
generate, amplify and detect electron spin polarization at RT without a magnetic

material or external magnetic fields.
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In Fig.1a we illustrate the physical principle of the approach. If an electron localized at
a defect is spin polarized, the defect will only capture a conduction electron with an opposite
spin due to the Pauli exclusion principle and can subsequently annihilate it with a hole. If the
corresponding process is efficient, spin-polarized defects will effectively deplete the
conduction electrons with the opposite spin and will leave behind only those with the same
spin as the defect electrons. This process will turn a pool of spin-unpolarized electrons
entering the material into spin-polarized ones when they exit, making the material a spin filter.
The incoming electrons to be spin filtered as well as the spin polarization of the electrons at
the defects can be provided either by electrical injection or by optical excitation, making this
versatile spin filter relevant to a variety of applications in future spin electronics or spin
photonics.

For a proof of concept purpose, we employed optical excitation and detection as
illustrated in Fig.1b-c. We show below that Ga; self-interstitials in GaNAs are identified as
suitable defects for efficient spin filtering. This is because each Ga; is occupied by a single
electron in the doubly positively charged state Ga;>". When this electron is spin polarized, the
defect can efficiently capture a conduction electron with an opposite spin and subsequently

rapidly annihilate with a free hole. The complete carrier recombination path is identified as:

Gai2+ photo—excitation ; Gai2+ teth —€ capture Ga; L h capture Gai2+. Spin
polarization of the electrons at Ga;*" was provided by optical orientation' using circularly

16-21 . .
, as described in the

polarized light (¢*) via spin-dependent recombination (SDR)
“Methods” section . The spin-filtering effect induced by the spin-polarized defects drives the
spins of the conduction and localized electrons at Ga;>" towards complete alignment when no

further electron capture and recombination can occur via the defects as shown in Fig.1b.

Consequently, a high degree of conduction electron spin polarization P, can be achieved. P, is
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Figure 1: Principle of defect-engineered spin filtering and the experimental approach at RT and B=0. (a) 4
schematic illustration of the spin filtering effect of conduction electrons via spin-polarized defects in a non-
magnetic semiconductor, e.g., Ga; self-interstitials in GaNAs. (b) In our approach, spin polarization of the first
electrons at the defects is achieved by circularly polarized photo-excitation (o as an example), leading to the
spin filtering effect and spin blockade of carrier recombination via the defects when both conduction and defect
electrons are completely polarized to the same spin orientation. Consequently, higher free carrier
concentrations and thus stronger intensity of the associated band-to-band (BB) PL transition are expected in
case (b) as compared with case (c). (c) As a reference in our approach, linearly polarized photo-excitation (o)
corresponds to the case when no spin polarization of the first electrons at the defects can be created and thus no
spin filtering effect is expected. CB and VB denote the conduction band and valence band, respectively. The
charge transition (1+/2+) of the spin-filtering Ga; defects is also indicated, corresponding to a transition
between Ga;'" and Ga;" that have two and one bound electrons, respectively. The numbers in the parentheses
associated with the electron capture and annihilation via the defects shown in (c) indicate the sequence of events.
The thickness of the PL arrows symbolizes the relative intensity of the BB transition.

ny—n_ : : .
defined as P, =———, where n.(n) denotes the spin-up (spin-down) conduction electron
n, +n_

concentration. For comparison, linearly polarized optical excitation (¢*) was also employed.



Such excitation equally generates electrons of both spins, and will thus lead to zero electron
spin polarization of the defects at zero magnetic field (B=0). Now, the defect can capture
conduction electrons of both spins with an equal probability (Fig.1c), i.e., spin filtering ceases
to function. This leads to zero P. and shorter lifetimes for the photo-generated carriers as
compared to that under 6~ excitation, which can be monitored by photoluminescence (PL) of
the band-to-band (BB) transition.

In Fig.2a we show the BB PL spectrum from GaNAs obtained at RT and B=0. It
consists of the strongly overlapping electron-heavy hole (e-hh) and electron-light hole (e-1h)
transitions, which split under the tensile strain leaving the e-hh emission at the shorter

I(cT)-I(c7)
() +1(c7)

where

wavelength®. The PL polarization of these transitions, defined by

I(c") and I(c7) denote PL intensities with the corresponding polarizations, directly reflects P..
(Due to strong spectral overlap with the more intense e-hh emission with opposite PL
polarization, the PL polarization of the e-lh emission is severely undermined in the measured

[(c")-1(c7)

when only the e-hh transition is considered, which is used
I(c")+1(c7)

spectra.) Pe=-

below to obtain P.. It should be pointed out that the actual P, values should be higher than that
deduced in this way when hh-lh mixing and spectral overlap are taken into account. Under 6™
excitation, zero P. was observed as expected. Under * excitation, on the other hand, a sizable
P. can be detected. Its sign can be changed following a change in the helicity of the excitation
light. P. was found to critically depend on N composition and growth conditions, which
determine the concentration of Ga;. The observed values (~32%) are much higher than that
observed in N-free GaAs (< 6%), being a direct consequence of the strong spin filtering effect
due to Ga; preferably introduced in GaNAs. The observed strong P, is accompanied by a

higher PL intensity under c* excitation than that under " excitation (Fig.2b-c). This arises
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Figure 2: PL intensity and polarization (i.e., corresponding to the conduction electron spin polarization P,)
with or without the spin filtering effect. (a) A typical BB PL spectrum under o excitation, and PL polarization
obtained under c* and " excitation. A schematic picture of the CB and VB states and the associated e-hh and e-

Ih transitions is also shown. The notations £1/2 and +3/2 refer to

c
ms> and

m}> of the conduction and

valence band electrons. (b) and (c) Temporal evolution of the BB PL spectra (by detecting the total PL intensity)
after ¢ and o' polarized pulsed laser excitation, respectively. Time-integrated PL spectra, under o* (black
curve) and o' (red curve) excitation, are shown in the inset. (d) Decay curves of the total intensity of the BB PL
under ¢ and " excitation, normalized to their peak intensity for easy comparison. All results were obtained
from the as-grown GaNy p97s450.0924 epilayer grown at 420 °C. The wavelength of the excitation photons is 840
nm. All results were obtained at RT and B=0.



from spin blockade of the Gaj-mediated carrier recombination under ¢* excitation, consistent
with the slower PL decay shown in Fig.2b-d.

To obtain quantitative information on the concentration of spin-filtering defects and
their effect on P, we carried out a detailed study of P, dependence on excitation light
intensity (i.e. on the number of photo-generated free carriers). Representative results obtained

at RT and B=0 are shown in Fig.3, and were analyzed by the following coupled nonlinear rate

equations'”:
dny Ny —nx ny
—==—y Ny ——+ Gy ——
dt Vell+ Nz 27, + 74
dN Niy—-Nz 1
— = — n—N _ - N
di VelFiV+ 27, 27hp ™ (1)

dp ny +n_
— ==y PN+ +G, +G_ ———
i YhPN1] + 7

N, :N’N« +N,+N_
Here G. is the photo-generation rate of free carriers and n. (NV.) the density of conduction
electrons (the density of the defects occupied by a single electron), where the “+” signs refer
to the electron spin orientations S, =+1/2. N;| corresponds to the concentration of the defects
having two spin-paired electrons, and N, the total defect concentration. The density of free
holes is denoted by p. 75 (z) is the spin relaxation times of conduction (localized) electrons. 74
denotes the free carrier decay time, including all radiative and spin-independent non-radiative
recombination channels except that via the spin-filtering defects. y.(y;) is the trapping
coefficient of free electrons (free holes) by the defects. In the analysis we use 74=10 ns, 75
=1.5 ns and 7,=150 ps."”*! Here we assume that 74 is governed by the radiative time of the BB
PL transition. The analysis is not sensitive to 74 as long as it is much longer than the electron
capture & recombination time via the spin-filtering defects, i.e. z¢>>(y.N.)" and t>>(ynlNy l)'l.
The analysis is insensitive to 7y, as long as it is >1.5 ns. This leaves only y./y, and y.N. as

fitting parameters. As the absolute values of y, and defect concentration N, cannot be
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Figure 3: Dependence of conduction electron spin polarization on the optical excitation power and the
concentration of the spin-filtering defects. The dots denote the P, values determined from the PL polarization of
the e-hh transition detecting at the peak position of the PL spectra under & cw laser excitation at 840 nm,
obtained from (a) the GaNy 913450953 MOWs grown at 420 °C and (b) the GaNy 914509590 MOWSs grown at

580 °C. Results from both as-grown (filled circles) and RTA-treated (filled triangles) samples are shown. The
time-integrated values of P, from the GaN y97s459.9924 epilayer grown at 420 °C are shown in (c) by dots,
obtained by detecting the PL polarization at 950 nm (see Fig.2a) under o pulsed laser excitation at 840 nm.
The dashed lines are the simulated curves based on the best fit of Eq. 1 to the experimental results, yielding the
fitting parameter y.N, for each sample. The results clearly show that P, increases with increasing excitation
intensity until the concentration of the photo-generated conduction electrons is comparable with that of the spin-
filtering defects. With a further increase in the excitation density, P, saturates, and even slightly decreases under
the cw laser excitation, because the minority spins of the excess conduction electrons can no longer be depleted
by the defects. The maximum value of P, achievable in each sample is determined by its y.N, value and thus its
defect concentration. Typically, higher P, values were obtained under the pulsed laser excitation with a similar
average laser power as compared with that under the cw laser excitation. This can be attributed to the much
higher excitation density during the laser pulses and a discontinued supply of minority spins after the laser
pulses, when the pulsed laser excitation was employed. All results were obtained at RT and B=0.

determined independently here, we used a combined fitting parameter y.N, that is proportional
to the capture rate of free electrons by the defects and can also be employed to compare
relative defect concentrations in different samples. The fitting curves based on Eq.1 are
displayed by the dashed lines in Fig.3, with y./y, =4 and y.N, values given for each sample.

The analysis reveals that the defect concentration increases with decreasing growth



temperature and increasing N concentration (not shown in Fig.3). Post-growth rapid thermal
annealing (RTA) is found to significantly reduce the defect concentration by a factor of ~2-15.
The observed increase of P, with excitation power clearly manifests the spin-filtering effect.
To identify the exact chemical nature of the spin-filtering defects, we carried out a
detailed study by optically detected magnetic resonance (ODMR). ODMR? is ideally suited
here because it monitors both the conduction electron concentration (via the intensity of the
BB PL) and the spin polarization of the electrons at the spin-filtering defects (via the ESR
intensity that is proportional to [N+-N.|), as well as the link between them (via ODMR as a
change in the intensity of the BB PL induced by the ESR transitions). Under ™ excitation, an
equal number of spin-up and spin-down conduction electrons are created. If the capture and
annihilation of the electrons by the defects dominates over spin relaxation of both conduction
and localized electrons, no population difference between the two spin states of the defects is
expected, i.e., [N+-N_|=0, rendering a vanishing ESR (thus ODMR) signal. Under c* excitation,
on the other hand, the dynamic spin polarization of the electrons at the defects leads to a
sizable [N.-N.| and thus ESR. The ESR-induced spin flips of the spin-polarized defect
electrons will open up an otherwise spin-forbidden recombination channel, see Fig.4a. This
will lead to a reduction of free carrier concentrations and thus of the corresponding BB PL
intensity, giving rise to a so-called ODMR signal. As examples, we show in Fig.4b typical
ODMR spectra from GaNAs. As expected, a vanishingly weak ODMR signal was observed
under c* excitation, whereas rather strong ODMR signals were observed under 6™ excitation.
These findings clearly show that a sizable spin polarization of the defect electrons was
generated under 6~ excitation, and a slight change of this polarization by the ESR directly

affects the free carrier concentration proving the role of the defects in spin filtering.



A Ga; self-interstitial is unambiguously identified by ODMR as the core of the spin-
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Figure 4: Identification of the spin-filtering defects by ODMR. (a) Schematic pictures of the expected ESR
transitions under ¢ and o' excitation. In the former case, an equal population of the two electron spin states of
the Gai’" defects results in vanishing ESR and ODMR signals as the ESR and ODMR intensity is proportional to
the population difference |N.-N.|. Under & excitation, on the contrary, a sizable |N.-N.| induced by dynamical
electron spin polarization leads to a detectable ESR transition between the two spin states. The ESR transition
opens the otherwise spin-forbidden carrier capture and recombination channel, leading to a reduced number of
free carriers available for the BB PL transition - an ODMR signal. The numbers in the parentheses indicate the
sequence of events. (b) Typical ODMR spectra by monitoring the total intensity of the BB PL from an RTA-
treated GaNy 3,450,979 epilayer, obtained at 3K under o and o excitation at 850 nm. The microwave frequency
used is 9.2823 GHz. A simulated ODMR spectrum of the identified Ga; defect (denoted by Ga-C) is also shown.
(c¢) Calculated energy levels associated with the electronic and nuclear spin states of the Ga;?" defect. The
allowed ESR transitions (Ams==1 and Am;=0) occur when the electron spin splitting matches the microwave
photon energy, and are marked by the vertical lines. The calculations and simulation were done with the aid of
Eq. 2 by using the spin Hamiltonian parameters given in the text. (d) ODMR intensities from the identified Ga;
defects as a function of y.N.. The latter are determined from the rate equation analyses (Eq.1). The line is a
guide to the eye.



filtering defects. This conclusion is based on the following experimental facts. Firstly, the
observed multiple ODMR lines arise from a hyperfine structure derived from a strong
interaction between an unpaired localized electron spin (S=1/2) and the nuclear spin of an
atom that has two isotopes with a nuclear spin 1=3/2 and a 60/40 ratio of natural abundance.
This gives rise to four magnetic-dipole allowed ODMR transitions (Ams==1 and Am;=0) for
each Ga isotope with an intensity ratio of 60/40, see Fig.4c. Ga is the only atom with such
unique properties, i.e., two naturally abundant isotopes, “Ga (60.4% abundant) and "'Ga
(39.6% abundant), and I=3/2 for both isotopes. Secondly, the ODMR spectra are isotropic
with a rotation of magnetic field B with respect to the crystallographic axes. This finding
reveals that the electron wave-function at the defects should be s-like. This is consistent with
the observed strong hyperfine interaction, as the s-like electron wavefunction results in a
strong Fermi contact term. The involved defects should then be in the Ga;*" charge state
occupied by a single unpaired electron with an electronic state of A; symmetry, as the

alternative Ga,, antisite was predicted to possess a T,-symmetry state***

. To quantitatively
confirm this identification, we have carried out a detailed analysis of the ODMR results by a

spin Hamiltonian

H=pupgB-S+A4S-1. )

Here, u, is the Bohr magneton, g the electronic g-factor, and A the hyperfine parameter.
2=2.000 (2.005), A(¥Ga)=620 (770) x10™* cm™ and A("'Ga)=788 (1000)x10™* cm™" are
obtained from a best fit to the experimental data for the Ga; defects in the RTA-treated (as-
grown) samples. The ratio A("'Ga)/A(®Ga) is in excellent agreement with that of their
nuclear magnetic moments u(”Ga)/ u(69Ga)=1.27. A simulated ODMR spectrum by Eq.2
using the obtained parameters is displayed as Ga;-C in Fig.4b, showing excellent agreement
with the experimental data. The difference between the Ga; defects in the RTA and as-grown

samples lies at their neighbouring atoms and geometric locations. By using a one-electron
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linear combination of atomic orbital scheme? and the charge density of the 4s electron

25,27

|1//4 s (0)|2 =72.7x10** cm” for a free neutral Ga atom”*’, the localization of the electron wave

functions at the Ga;>" defects is estimated to be 20% (as-grown) and 16% (RTA). The rather
strong localization shows that they are deep-level defects, a prerequisite for efficient carrier
recombination.

To further quantitatively confirm that the identified Ga; defects are indeed responsible
for the spin filtering, we examined their ODMR intensity as a function of the spin-filtering
defect concentrations deduced by Eq.1. The excellent correlation, shown in Fig.4d, provides
further support for the predominant role of these Ga; defects in spin filtering that has led to the
observed strong P, at RT.

Further improvements in the efficiency of the defect-engineered spin-filtering can be
envisioned by (i) increasing the ratio between the capture rate of conduction electrons by the
Ga; defects (oc y.N) and the spin relaxation rate of conduction electrons (1/t), and (i1)
increasing the ratio between y.N and the spin-independent carrier recombination rate (1/t4)
via other defects. Indeed the spin relaxation of conduction electrons tends to drive P, towards
zero value at thermal equilibrium (B=0). Spin-independent carrier recombination via other
defects equally depletes conduction electrons of both spins, competing with spin-filtering. The
maximum P, value is expected to approach 100% when y.N>>1/z; and 1/z4, independent of
initial spin polarization of the incoming electrons before being spin filtered. Future efforts
should therefore focus on prolonging the spin relaxation time of conduction electrons®® and
increasing the concentration of the spin-filtering defects without introducing other competing,
spin-independent carrier recombination centers.

So far there is a lack of an efficient room temperature spin filter — a key element for
spintronics, despite intense efforts. This work demonstrates a significant development of our

ability in drastically increasing spin-filtering efficiency at RT by purposely introducing spin-
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filtering defects. Our approach offers another attractive feature - the freedom and ease in
switching the spin direction of the spin filters by reversing electron spins of spin-filtering
defects either optically or electrically. The proposed spin filtering can not only generate P, or
amplify weak P, but also detect spin polarization of injected electrons by monitoring the ratio
between the numbers of electrons passing and being blocked by the spin filter. This work has
thus demonstrated the potential of defect-engineered, switchable spin filters for creating,
amplifying and detecting electron spin polarization at RT in a non-magnetic semiconductor

without requiring external magnetic fields, desirable for practical device applications.

Methods

Samples. The dilute nitride GaNAs samples were grown by gas-source as well as solid-source
molecular beam epitaxy (MBE) on (100)-oriented semi-insulating GaAs substrates with a
2500A-thick GaAs buffer. Two types of samples were studied: (i) 7-period GaAs/GaNAs
(200/70A) multiple-quantum-wells (MQWs) structures. They were grown either at T, = 420
°C with N composition [N]=1.2% and 2% or at 580 °C with [N]=1.1%; and (ii) GaNAs
epilayers (about 0.1 um thickness) with [N]=0.76%-2.1%, grown at 420 °C. Post-growth

RTA was carried out at 850 °C for 10 s with a halogen lamp in a flowing N, ambient.

Dynamical polarization of the spin-filtering Ga; defects. In our experiments, the initial spin
polarization of conduction electrons was generated by circularly polarized light excitation at
energy above the e-hh and e-lh BB transition in GaNAs, taking advantage of the selection
rules and the three-fold higher oscillator strength of the e-hh optical transition as compared to
the e-lh transition'®. A spin polarized conduction electron can only be captured by the Ga;*"
defect if the first localized electron has a spin orientation opposite to that of the conduction

electron, due to the Pauli exclusion principle. After the subsequent recombination between
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one of two localized electrons and an unpolarized free hole (due to much faster spin
relaxation), a half number of the Ga;>" are left with a localized electron with its spin
orientation parallel to that of the conduction electrons. Such a continuous SDR process'®*!

will dynamically polarize the spin of the first localized electrons at the Ga;>" towards that of

conduction electrons.

Experimental techniques. Both cw and time-resolved PL experiments were performed at RT
and at zero magnetic field. Photo-excitation above the bandgap energy of GaNAs was
provided by circularly polarized light (and linearly polarized light) from a Ti:sapphire laser at
a wavelength of 840-855 nm, propagating along the direction normal to the sample surface.
Laser power of up to 200 mW was used with a typical spot size of about 0.1 mm. The
resulting polarized PL was measured in a back-scattering geometry. In time-resolved PL
experiments, the samples were excited by 1.5 ps pulses generated by a mode-locked
Ti:sapphire laser with a repetition frequency of 80 MHz. The time resolved PL was then
recorded using a streak camera with an overall time-resolution of 8§ ps.

The ODMR experiments were done at 2.5-300 K with a modified ESR spectrometer
working at the X-band (~9.3 GHz). PL was excited by a Ti:sapphire laser at a wavelength of
850 nm. The ODMR signals were detected as spin resonance induced changes of the PL

intensity monitored by a cooled Ge detector with a proper selection of optical filters.
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