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Electrical spin injection in a narropd00] Ing ;Ga&, gAs quantum well in a GaAp-i-n optical device

is reported. The quantum well is located 300 nm from an AlGaAs Schottky barrier and this system
is used to compare the efficiencies and temperature dependences of spin injection from Fe and the
Heusler alloy C¢/Mn, (Ga grown by molecular-beam epitaxy. At 5 K, the injected electron spin
polarizations for Fe and GaMn, ¢(Ga injectors are 31% and 13%, respectively. Optical detection is
carried out in the obligue Hanle geometry. A dynamic nuclear polarization effect below 10 K
enhances the magnetic field seen by the injected spins in both devices. IMnggGa thin films

are found to have a transport spin polarization~-e50% by point contact Andreev reflection
conductivity measurements. 005 American Institute of PhysidDOI: 10.1063/1.1949722

The spin light-emitting diodéspin-LED) has become a spin injection and highT: ferromagnetic metals offer the
self-contained experimental platform in which to explore possibility of spin-injection devices operating at room tem-
spin dynamics and spin transport in semiconductors as weperature. The purpose of this work is to examine the feasi-
as the interplay between spin and charge degrees of freedoility of injecting spins from the half-metallf¢ ferromag-
The requirements for spin qubit-based quantum comphtingnetic ternary alloy Co,Mn, ¢Ga in the device architecture of
in the solid state has motivated intense research to create th@ InGaAs quantum wellQW) spin-LED. IlI-V layers are
ideal materials system and device design for probing spigrown by molecular-beam epitaxMBE) to form a p-i-n
states and generating completely spin-polarized currents idoping structure with a surface-AlGaAs barrier and a
semiconductors. The search for such ideal spin-injection de5 nm wide InGaAs QW, 300 nm from the ferromagnetic
vices based on semiconductors has divided into three renetal-semiconductaiFM/SC) interface. The device consists
search avenuesl) use of a tunnel barrier oxide or semicon- of 15 nm n-AlgGagAs (3% 10¥cm™®), 15nm
ductor Schottky barrier with ferromagnetic metallic thin film n-Al, ,Ga sAs  (1x10®¥ cm™3), 100 nm n-GaAs (1
as spin injectors(2) the use of dilute magnetic semiconduc- x 1018 cm™3), 200 nm GaAs, 5 nm .Gay gAs, 500 nm
tors (DMS) as spin aligning contacts, ar@) the use of the  Gaas, and 500 nnp-GaAs (1x 108 cm™3). The AlGaAs
theoretically predicted half-metallic ferrorr;agnetic materialsgchottky barrier is designed to enable tunneling of spin-
as 100% spin polarized contacts. Jigtgal” have recently pojarized carriers with a spin-dependent resistance at the
demonstrated injected spin polarization of 60% from ang\ysc interface and satisfies the Rowell criteria for single-
Fe/MgO contact at 100 K and spin polarizations of 80%step tunneling. The spin-LED wafer was arsenic capped and
have been recently seen in a DMS spin-LED-based Ofnen transferred to a ternary metal MBE chamber where the
GaMnAs." For half-metals, the conductivity mismatch be- grsenic layer was thermally desorbed. A 5 nm thick Co-Ga
tween the metal and semiconductor may not be an issue gy frer layer is grown followed by a 10 nm GgMn, (Ga film
(at a growth rate of 0.75 A$) and then a 5 nm capping
¥Electronic mail: mch40@cam.uc.uk layer of Au. The Co-Ga buffer layer was grown as an inter-
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FIG. 1. A schematic of the spin-LED device with a Schottky character- -20 fx‘ A :i 0 | ‘
istic at 300 K and an EL emission spectrum from a 9 mA excitation current. Y
-0.5 BOQI_ 0.5 5 11Q(K1)5 20

rupt layer so as to retain the €Mn, (Ga spin-transport

properties at the AIGaAs interface. The growth temperatur&'C- 2 (@ The injected spin polarization from the £n, (Ga spin-LED,
showing a DNP offset in the total magnetic field at 5 K at a current density

o e .
O_f the CQ-“Mnl-GGa layer was 200 °C. _StOIChIQm_emC analy- of 3 Acm™. (b) The Hanle data from a GgMn, (Ga device(2.8 A cn?)

sis by inductively coupled plasma optical emission spectrosangd a fit to Bloch theory. From this fit, the effective spin lifetime was
copy of the wafer indicates a composition of GbIn; (Ga  calculated. The data show a small MCD linear comporeiit.2%). (c) The
rather than the ideal Heusler structure with a composition ofhjected spin polarization from the Fe device at 8 K measured in the OHE
Co,MnGa. The Fe wafers were deposited by MBE onto angeometry showing a hard-axis magnetic field dependence. The DNP offset is
. . . A marked with an arrowd) The temperature dependence of the injected spin
identical LED wafer in order to compare spin-injection ef-_ polarization in the CoMn; (Ga device.

fects from both metals. The device structure is depicted in
Fig. 1.

o tical polarization of 2.4% at 5 K with a magnetic circular
Room-temperature emission from the InGaAs quantun?!3 . .
well is observed at 1.30 eV. We use the emission arisingj'Chro'Sm(MCD) hackground of<0.2%. The optical polar-

from the QW electron ground state to heavy-hole valenc zation is related to the injected spin polarization via

band transition to determine the optical polarization effi- PeL Ts
ciency (Pg,), as defined by codd)sind) = ij 3
L= |(‘T+)_|(‘T_), (1) Where ¢ is the Hanle angle]l is the spin-injection effi-
1(o™) +1(07) ciency, and the effective spin lifetime is related 4 (the

spin scattering time and 7 (the radiative lifetimg by 1/Tg

wherel(¢") is the intensity of positive helicity luminescence —1/rs+1/7. The ratio(T;/T) represents the spin detection

andl(o") is the intensity of negative helicity luminescence. . . a .

The abiue Hanle efeciOHE geomeny i used wih e 1010} 0F 110 QAT s et o pe 140420 b0 1
magnetic field applied at an angle of 30° to the plane of the .. y . quat ) P
device mesa as outlined by Motsngi al’ This geometry erapng a‘f’ﬂ‘CWrer!tde”_S'ty of 2.8 A chiisee Fig. 20)]. The
requires small magnetic field8< 1 T) to saturate the spin- radiative lifetime is estimated to be 400+10 ps from stan-
polarized signal. A LED with an epitaxial Au contact shows dard time-resolved photoluminescence measurements on un-

no polarization properties witRg <0.01% at 0.8 T. Using doped reference QW samples, which gives a spin-detection

the OHE eometry we can estimate the effective spin Iife_efficiency ratio of 35+5% at 5 K. As a result, the injected
. =9 oy we ; . P carrier polarization can be estimated to be 31+2% for Fe
time (Tg) in the intrinsic region of the device, where the [see Fig. 20)] and 13+3% for Ce,Mn, Ga at 5 K. At

effective spin lifetime is related to the Hanle curve half- 300 K, 11 for Fe is 8+2% while the spin injection from

width (AB) by Co, /Mn; (Ga vanishes at 20 Ksee Fig. 23)]. The saturated
g:U’BT*S -1 magnetization of the Fe and €in,; (Ga thin films are
AB= ) (20 measured by a superconducting quantum interference device

magnetometer to be 1.8+0:8 per atom and 3.5+0.25
whereg is the electron Land§ factor andug is the Bohr  per formula unit, respectively. The saturated magnetization
magneton. The electroluminescen@&L) emission is col- of bulk Fe and CgMnGa are 2.1ug per atonfi and 4.1ug
lected along the (100) direction (see Fig. 1L The per formula unit respectively. The in-plane switching fields
Co, ;,Mn; (Ga device shows a much more abrupt EL polar-for the magnetic thin fims are 5 and 20 mT for Fe and
ization switching with magnetic fielfisee Fig. 2a)], com-  Co, Mn; ¢Ga, respectively, whereas the out-of-plane magne-
pared with the Fe spin-LEDsee Fig. 2c)]. The polarization tization saturates in fields of 2 T. In the Fe spin-LED, the
of the spins injected from the Gg\Vin, (Ga film retains the maximum injected spin polarization of 31% occurs at a bias
easy-axis characteristic of the in-plane component of th@f3.2 V(2.5 A cnt?), followed by a gradual decrease to 0 at
magnetization, which saturates at lower fields than the outa bias of 4.7 (4.3 A cni?) indicating a transition from tun-
of-plane component. In the 5 nm Fe film, surface anisotrop;neling transport to thermionic emission as noted in previous
is more dominant, and the magnetization tilts more easily outvork. 10

of plane with an applied field. As a result, the measured The magnetic field dependence of the injected polariza-
polarization reflects the hard-axis characteristic of tt@0)  tion in the Cg qMn; (Ga device[see Fig. 2a)] shows a de-
direction. Injection from Fe gives an optical polarization parture from Bloch theory at 3 A ¢t This data was taken
from the InGaAs QW emission at 5 K of 5.0+0.5% and with a slower magnetic field sweep rgte0.002 T s* com-

1.3+0.1% at 300 K. The GgMn, (Ga spin-LED exhibits an pared with 0.01 T'$) and would indicate a coupling to phe-
Downloaded 07 Jun 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



252106-3 Hickey et al. Appl. Phys. Lett. 86, 252106 (2005)

Co, /Mn; (Ga injector and compared this measurement with
the estimated injected spin polarization injected across
300 nm of GaAs into the QW. We have outlined discrepan-
cies between measured transport spin polarization and spin-
injection efficiency from the CoMn, (Ga film, and we at-
tribute its poor comparison with Fe to interfacial disorder.
While the aforementioned effects are observed in our films, a
comparison with a perfectly stoichiometric Heusler thin film
FIG. 3. The normalized conductance as a function of applied voltage for 4 desirable. Recent wotkhas demonstrated that the Heu-
Nb-Co, JMn; (Ga point contact and a numerical fit to BTK theory. The fit- g|er alloy CgMnGe shows an injected spin polarization of
ting parameters are the transport spin polarizat®n49.7 %), oxide barrier 27% with a GaAs/AlGaAs QW detector. We found that op-
strength(Z=0.23, Nb superconducting energy gap=1.4 meV}, and tem- . . . o .
perature(T=6 K). tical detection in the OHE geometry is sensitive to magnetic
anisotropy, dynamic nuclear spin polarization, and the effec-

nomena with long relaxation times such as the orientation Ogve spin I|fet|me. The Sp.'n'LED device _demonstrates. the
ossibility of using dynamic nuclear polarization to manipu-

nuclear spins. The use of the OHE geometry provides sensj- . . . : . .
tivity to the onset of dynamic nuclear spin polarization ate ngclear spins in semlc_onductor spintronic devices with
(DNP) as previously observed as a current density-dependeﬁp optical readout mechanism.

effect! generating effective nuclear fields of up to 0.9 T. ,
Injected spin-polarized electrons interact with the nuclear 1€ authors thank K. Cooper and T. Meng for processing
spins via hyperfine coupling and the dynamically polarized®?d MBE growth, and D. Gevaux, M.B. Ward, and A. J.
nuclear field enhances the applied field seen by the injectegnields for help with optical setup. One of the authors
electron spins according to the relatiorB,=B, M.C.H.) ac_knowledges financial support from EPSRC and
+CB,((S)-B,)/|B,J? as suggested by previous wdfkwhere the Cambridge European Trust. Other authd@&D.D.,

B, is the applied field(S) is the time-averaged electron spin 3-B-H:, and C.S.J.acknowledge support from the Danish
ﬁechnlcal Research Council and the Danish Natural Sciences

and C depends upon the overlap between the electron an hC i
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