HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 162107(2005

Electron spin interferometry using a semiconductor ring structure
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Aring structure fabricated from GaAs is used to achieve interference of the net spin polarization of
conduction band electrons. Optically polarized spins are split into two packets by passing through
two arms of the ring in the diffusive transport regime. Optical pumping with circularly polarized
light on one arm establishes dynamic nuclear polarization which acts as a local effective magnetic
field on electron spins due to the hyperfine interaction. This local field causes one spin packet to
precess faster than the other, thereby controlling the spin interference when the two packets are
combined. ©2005 American Institute of PhysidDOI: 10.1063/1.1906301

Recent progress in electron spin manipulation using noneptical transmission experiments. The device has a two-
magnetic semiconductors includes the ultrafast all-opticatontact resistance of 6.2kat a temperatur@=>5 K.
schemé, electrical control usingg-factor engineering in To monitor the electron spin dynamics in the device, we
parabolié® and coupled quantum welfsthe strain induced employ time-resolved Faraday rotattdn® in the Voigt ge-
spin-orbit interactiorn’® and the spin Hall effect,demon- ometry with the sample growth axis parallel to the optical
strating the broad scope of techniques that can be achievexis. A mode-locked titanium sapphire laser produces
using state-of-the-art semiconductor engineering. The flex=-150 fs pulses at a repetition frequency of 76 MHz and its
ibility offered by semiconductor spintronftg®is anticipated ~wavelength is tuned to 818 nm to address the band gap of
to lead to devices and may eventually become useful folGaAs. A circularly polarized pump pulse injects spin polar-
qguantum information processing. Another advantage offereized electrons, and the Faraday rotation of a linearly polar-
by spin systems in semiconductors is their long coherencied probe pulse measures the electron spin component along
times. For example, conduction electron spinsnitype  the laser propagation direction at a time delsty The laser
GaAs can have a coherence time exceeding 100 ns and chgams are focused to a spot size-®#0 um, and the average
be transported over distances exceeding 260"*?In con-  laser powers are 500 and 6V for the pump beam and the
trast, the coherence time of the orbital part of the electrorprobe beam, respectively. The circular polarization of the
wave function is at most a few picoseconds even in highpump beam is modulated with a photoelastic modulator at 50
mobility two-dimensional systems. Here, we demonstrate &Hz for lock-in detection andt is controlled with a me-
device which takes advantage of the long coherence time afhanical delay line. Measurements are conducteti=gi K
the carrier spin system. A ring structure is fabricated fromwhere the longest electron spin lifetimes have been
n-GaAs in which electron spins are optically initialized, split observed?
into two different paths, and recombined on the opposite =~ We focus the pump beam to the right side of the ring to
side. Local nuclear polarization gives rise to an additionalgenerate electron spin polarization, while the probe beam
spin precession phase in one path, causing constructive agtects the spins at the left side of the rifigg. 1(b)]. A
destructive interference between the two spin packets. positive voltage is applied to the contact on the left while the

On a semi-insulating001) GaAs substrate, Zm of un-  right contact is grounded, establishing an electric field which
doped A}.Ga¢As and 2um of n-GaAs (Si doped forn
=3X 10 cm3) are grown by molecular beam epitaxy. The
interferometer is fabricated from theGaAs film, while the @ B//E
AlGaAs film underneath acts as an etch stop layer. The sub-
strate is polished te-200 um prior to processing, and the
ring structurg/Fig. 1(a)] is defined by standard photolithog-
raphy techniques. The mesa is formed by selective spray
etchind‘3 with a mixture of one part NfDH (30%) to 30 probe
parts HO, (35%), and a second photolithography step is
performed to define the contact areas. The metal layers for
the contacts are deposited by electron beam evaporation in
the following order: Ni(5 nm)/Ge (25 nm/Au (65 nm)/
Ni (20 nm/Au (200 nn). The sample is annealed at 420 °C \ . ! .
for one minute to form ohmic contacts, and a third photoli- vl pump o 1 2 3

. . . DNP Time delay (ns)

thography step defines a square window on the back side of
the substrate. Selective spray etching is used again to etehG. 1. (a) Device schematic. Dark areas are contacts and light gray area is

the substrate from the back, forming a membrane to allowhe GaAs spin interferometefh) Schematic of experimental geomet(g)
Faraday rotation as a function Bfat At=-10 ps and an applied voltage of
3.5 V. (d) Faraday rotation as a function dft at B=1 T and an applied
¥Electronic mail: awsch@physics.ucsb.edu voltage of 3.5 V.
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causes the spins to drift across the structure and into the (a) (d) 4n ' ' ™
probe spot. In general, the Faraday rotation signal can be
described as 22 3n
> 2

: 3 &

E S)e_(AHmrep)/TCOS{wL(At + ntrep)]a (1) g 1 2

n=0 [
whereS, is the amplituden is an integer specifying succes- a
sive pulsest,,=13.15 ns is the repetition time of the laser, (b).,(l) Orem
is the spin lifetime, ando, =gugB/# is the electron Larmor 3
frequencyg is the effective electron g factoug is the Bohr B ]
magneton,B is the applied magnetic field, antl is the z
Planck constant: In order to simplify the data analysis, the © (1’ } 5
voltage is chosen such that only the 1 pulse contributes to g
the signal. This is possible as the spin packets from succes- % =
sive pulses are spatially well separated affgy if a large 5 simulation sirmilation
enough electric field is applied.In Fig. 1(c), the magnetic s 1 L 11 -03nk 1 1 L
field dependence of the Faraday rotation aroBed. T with ¢ 20 10 1500 @ B0 1000 1300

Lab time (s) Lab time ()

a bias voltage of 3.5 V is shown. The absence of other har-
monic components indicates that pulses with 1 are not G, 2. (a) Series of time-resolved Faraday rotation data as a function of lab
contributing to the signal since the spins generated from earime with an applied voltage of 3.5 V @=5 K andB=1 T. (b) Amplitude
lier pulses have drifted past the probe spot. In Figd),1  of the spin precession signal obtained from fits to dat@nnormali‘zed to
Faraday rotation is plotted as a function &f. We see no the value §t=15_00 s.(c) Amplitude of the expect(_ad spin precession signal

: . . . from the simulation(d) Phase of the spin precession signal from fits to data
a}brupt Jjump atAt=0 ns, ShO.WI.ng that there is no contribu- (filled circles and exponentially decaying backgrouftide). (e) The data in
tion from then=0 pulse. This is expected as the pump and(d) with the background subtractetf) Phase of the expected spin preces-
the probe spots are spatially separated. The frequency of ths@n signal from the simulation.
spin precession signal is used to extract the elearfactor,
and givesig|=0.42. We aiso note that the voltage has been recession signal should occur as a result of the interference
tuned such that the spin precession signal has uniform a Term AA cosd?
plitude throughout the available range &f, meaning that We ilrlitialiie the device by waiting for 30 mins &
the center of the spin packet goes through the center of thgl T with the DNP b thy Ig d the bi It
probe spot at aroundit=1.5 ns. The strain-induced effective Wi € €am on the sampie and the bias voftage

magnetic field plays a negligible role at these large applied setto O V. The_: vo_Itage IS _turned off in an eff_ort to localize the
magnetic fields. nuclear polarization, while the magnetic field is needed to

In order to establish a phase difference between the tw SFabI!Sh the nu_clear polarizatigh.” Af.ter the nuclear po-
paths, optically pumped dynamic nuclear polarizatiphiP) arization has built up, the DNP beam is blocked, the voltage

is utilized. A circularly polarized third beam with an average IS nscetitotr? ngAE/ ,a?g dmrgggsze;naigéﬁygif Fz;(r;c]iaySirr?éitl?hneas :
power of 5 mW is derived from the same laser and is focuse . P g. ;
on the lower arm[Fig. 1(b)]. A slight tilt of the sample NP beam is turned off, the nuclear spins begin to relax over

causes refraction of the DNP beam and results in some ele o tt'\r;l]:eﬁctahlg ;’L;?’Oamgs Aasng :;(:]uscee Jgﬁcghatﬁi ?gg%ﬁg?ﬁe d
tron spin polarization alondd. A part of the electron spin P : q '

angular momentum is transferred to nuclear spins, establisl?%fgaror? ig:sgﬁg\'/zeat:nnd a(tjgs]frulgitvzldiitg:fg:gnr(lzg% C?//vcri(iacsh
ing DNP along the applied magnetic field which acts as ar% 19 T . '
additional effective magnetic field for the electron spinsmanIfeStS as an oscillation in the amplitude of the spin pre-

through the contact hyperfine interactifrt” In this manner, cession signal. Two and a half oscillations are observed in

the electrons traveling through the lower arm gain an addi-1500 s, corresponding fo a difference in an average effective

tional phase to their spin precession. After the two packeténagne’[IC field of 28 mT between the two arms.

have recombined, the expected time-resolved Faraday rota- 'U F’rd.ef to qqantltatlvely characterize ”“? mterferenpe,
tion is we fit individual time-resolved Faraday rotation data with

A coqw At+¢). The parameterd and ¢ obtained from the
A,coqw At) + Acow At + D) = Acoqw At + @), (2) fits are plotted as a function of lab time in FiggbRand
2(d), respectively. The amplitude does not dip down to zero,
which is expected if the spin packets from the two arms do
A= (A2+ 2A Acosd + AD)? (3)  not have equal amplitudes. Additionally, the oscillation am-

plitude increases with lab time, which we attribute to the

where

d e . .
an decrease in signal at early times due to inhomogeneous
Ll Asind nuclear polarization that extends to both arms. Diffusion of

¢=tan Am . (4) spin polarized electrons generated by the DNP beam can

result in such nuclear polarization, which in turn causes the
Here, A, andA, are the amplitudes of the spin packets in theelectron spins used for the interference to dephase. The
upper and the lower arms, respectively,is the phase dif- dephasing will diminish as the nuclear spins depolarize, and
ference between the two packets, and lagtlgnd ¢ are the  this will increase the amplitude of the spin precession signal.
amplitude and the phase, respectively, of the combinedhis is consistent with the behavior of the phase, which

packet. As®d is varied, a change in the amplitude of the spinshows an exponential deca?/ with small oscillations superim-
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posed. This decay can be explained by changes, ims a vantage of the long lifetime of spin polarization relative to
result of nuclear polarization in both arms. charge coherence, and may find applications in detecting
Assuming that both the amplitude and the phase differmagnetic field gradients. The measurements also provide in-
ence recover with the nuclear spin relaxation timgthe  sights into the effect of nuclear polarization on electron spin
amplitude of each packet and the phase difference are modephasing. Although DNP is only efficient at low

eled as temperature¥® it may be possible to use the spin-orbit
_ R effects* > or ac Stark effectfor manipulating the loca
A= Py(1-p,eVm) 5  effects Stark effectf ipulating the local
vt ! ’ magnetic field at higher temperatures.
— _ —t/, .
A=P(1-pe™™), (6) The authors thank G. Salis and acknowledge support
and from the DARPA and the DMEA.
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