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We demonstrate the epitaxial growth of optical-quality electrically-gated Il1I-V ferromagnetic quantum struc-
tures. Photoluminescence spectroscopy reveals that initially unpolarized photoexcited holes in a GaAs quantum
well become spin-polarized opposite to the magnetization of an adjacent digital ferromagnetic layer in the
Al /Ga 6As barrier. A vertical bias is used to tune the spin polarization froh4% to 6.3% aff=5 K and
B=1 kG during which the luminescence becomes quenched, indicating that the polarization is mediated by
wave function overlap between heavy holes in the quantum well and Mn ions in the barrier. Polarization is
observed under negligible current flow and is insensitive to the initial spin orientation of the carriers, differ-
entiating the effect from both electrical and optical spin injection.
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Much recent work has focused on studying the interachigh mobility 11l-V’s, the gated QW structure is grown by
tions between free carrier spin and magnetic ion spin irMBE at 585°C and consists of the following layers:
semiconductors. It is desirable to engineer a heterostructu0 nm GaAs buffer/180 nm superlattice >3(B nm
in which the strength of the interaction between free carrieiAlAs/3 nm GaAs)/200 nmn-GaAs (Si:n=1x 10 cm™3)/
spin and magnetic ion spin can be studied locally; such struc200 nm GaAs/500 nm LT 4l,Ga, ¢As/350 nm A}, ,Ga, As/
tures have been studied in 1I-VI systems in which paramag7.5 nm GaAs QWd Al ,Ga, As (whered is either 5 nm or
netic digital layers of Mn were deposited within a quantumg nm). The samples are capped with As and transferred in air
We”.l Spln-LEDS have recently become the structures Ofto Chamber B. After desorbing the AsS Cap at 630°C the
choice for studying spin injection processes in magneliamples are cooled to 230 °C for LT magnetic overgrowth.
semiconductors,but due to spin scattering during transport the magnetic layers consist of digital ferromagnetic hetero-
the polarization measured in these devices does not d'reCtB/tructures(DFH)“ grown by ALE, in which the composition
reflect t_he_ local interaction between the _spins of the ferro-Of each monolayer is controlled by sequentially depositing
magnetic ions and those of the free carriers. In an effort tQ,, ., ¢ onatityent element with submonolayer precision allow-
develop an architecture to study the local interaction between

magnetic ion spin and free carrier spins, we have engineered” for digital alloying within a single monolay&ML) and
9 b pins, g e formation of thin ferromagnetic layers of MnAs. Three

heterostructures in which the spatial overlap between rnag%if‘ferent magnetic structures are grown where in each struc
netic ion spin and free carrier spin can be controlled electri- 9 9

cally and probed optically. ture the first MnAs layer is deposited at a spadinfjom the

Here we describe the optical characterization of I1-v €d9e of the QW and the magnetic layer is capped by
quantum wellSQW) with a ferromagnetic barrier grown by 177 ML Alg Gay As/27 ML GaAs also grown by ALE.
a combination of high temperatufeT) molecular beam ep- Samples with magnetic structure X§0.5/20) and 5
itaxy (MBE) and low temperaturé.T) atomic layer epitaxy < (0.3/20) consist of five periods of DFH superlattice of Mn-
(ALE).® Free carrier spin polarization is observed in whichrich layers (0.5 ML and 0.3 ML of MnAs, respectively
initially unpolarized photoexcited holes in a GaAs QW be-spaced by 20 ML A,GageAs. Samples with magnetic
come spin-polarized through interaction with an adjacenstructure 1x(0.5/84) consist of a single Mn-rich layer,
digital ferromagnetic layer in the flGa, As barrier. This 0.5 ML MnAs/84 ML Aly /Gag ¢As. Finally, a Mn-free con-
spin polarization is measured through the polarization of thérol sample consisting of 85 ML of ALE grown AlGa, ¢As
photoluminescencéPL), which qualitatively tracks the mag- is prepared. For gating measurements, we use standard pho-
netization of the ferromagnetic layer as a function of bothtolithography and wet etching followed by In soldering to
field and temperature. We apply a vertical bias in the regimebtain Ohmic contact to the bottom layer mfdoped GaAs
of negligible current flow, resulting in a distortion of the to serve as the back gate. A transparent front gate, which
potential and hence displacement of the wave function in theonsists of 50 A Ti/40 A Au is evaporated on the sample
absence of charge injection. The fact that under these condsurface. With the 500 nm LT plLGa ¢As serving as an in-
tions we observe a modulation of the PL polarization sug-sulating layer, we apply a voltage biagy) defined as front
gests that the polarization arises from exchange interactiominus back voltage. The structures can be biased from
between heavy holéHH) spins in the ground state of the —15V to +2 V with current flow less than 1@A corre-
QW and the spins of the Mn ions in the barrier. This conclu-sponding to a current density of less than 0.25 mAicm
sion is further supported by the antiparallel alignment of theTable | summarizes the structure and preparation of the
hole and Mn spins observed under negative bias. samples.

A schematic of the sample structures is shown in Photoluminescence intensity and polarization are mea-
Fig. 1(a). The samples are grown using two Varian/EPIsured in the Faraday geomet(ynagnetic field parallel to
GEN-II MBE chambers. In chamber A, optimized for optical pump and collection pathusing linearly polarized
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0 & i0 15 20 © e and (b) sample A. Top panels show the PL intensity, while the
T(K) Energy (eV) corresponding PL polarization is plotted in the bottom panels.

FIG. 1. (Color) (a) Schematic of sample structugeot to scal . .
( )@ P (o 4 Aly Ga ¢As spacer layers show markedly different magnetic

electrical wiring, and measurement geometry. The light cone indi : ; . . 2
cates the direction of PL surface emission. Arrows show the path OlpehaVIor. In particular, magnetic hysteresis appears with field

the pump beam and the direction of the applied magnetic figjd ( aPplied out-of-plane for Al,Ga ¢As DFH, while in GaAs

(b) Magnetization of sample Awithout biag and PL polarization ~DFH this direction is a magnetic hard axis showing no hys-
(P) atV,=—3.8V as a function oB. Open and closed symbols teresis. Square hysteresis is also not observed in-plane, indi-
indicate the direction of field sweep as up and down, respectivelycating that the anisotropic easy axis may lie along a non-
Control sample at the bias value of maximum polarization is in-trivial crystal direction. The Curie temperatur&.j of these
cluded for comparisorireddish-orange line (c) Magnetization of ~ structures is~15 K compared with~40 K for GaAs DFH.
sample A(without biag and PL polarization a¥,=—3.8V as a  Similar rotation of anisotropy and a decreaseTinfor the
function of temperatureT). (d) Polarization and PL intensity spec- case of random alloyAl,Ga,Mn)As are reportea.

tra for QW at three field values. Dashed lines indicate the bounds of Here we discuss the PL intensity and polarization for
integration used to calculate the values of polarization presented iQampIe A at a fixed/, (—3.8 V). Figure 1d) plots the PL

(b), (c) and Fig. 3. intensity and polarization spectra of the QW at three different

. _ _ _ magnetic fields, revealing large field-dependent polarization
light from a mode-locked Ti/saphire laser with an energy of

1.731 eV and intensity of-56 W/cn?. We define polariza-
tion as P=(RCP-LCP)/(RCP+LCP), where RCP and
LCP are the intensities of right circularly polarized and left
circularly polarized luminescence, respectively.

The magnetic properties of the samples are measured us-
ing a superconducting quantum interference de(&@UID)
magnetometer and are shown for a representative sample . O05MLMRAY L
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TABLE |. Structure and preparation of all samples discussed. +1kG s
Column “P” indicates if spin polarization was observed. Data from _
room-temperature Hall measurements are provided, indicating ,_._—'—'F-{'g‘;a’
whether or not Ohmic contact was achievgidear I-V) and the [ [—a—LCP i‘a-,
two-dimensional hole concentratiopp). el Ry —v—(RCP+LCP)/2
B —— 510 S 0
B (kG) » (V)

Sample d (nm) Magnetic layer GatedP Ohmic p,p (cm ?)

FIG. 3. (Color) (a) Valence-band-edge diagram at three values

a
A 5 1x(0.5/84) ~ yes yes no of V,, (bottom panel and corresponding HHwave functions(top
B 5 5x(0.5/20) yes yes no ot ; ;

a : pane). (b) PL polarization as a function of}, for biased samples.
C > 5x(0.3/20) yes yes no (c) Field dependence of sample A at various valued/pf Open
controf 5 yes no no and closed symbols indicate the direction of field sweep as up and
D° 9 1Xx(0.5/84) no no yes 85810 down, respectively. The control sample at the bias value of maxi-
EP 9 5X(0.5/20) no no yes 2.0810% mum polarization is included for comparis@purple ling. (d) PL
= 5 1X(0.5/84) no vyes yes 9.6710% polarization as a function d¥,, for sample A under optical excita-
G° 5 5X(0.5/20) no yes yes 1.56101 tion with different helicities. The data for RCP and LCP excitation

are averaged (RCPLCP)/2 and compared with the case of zero

abqndicate samples from same template and growth day. optical spin injection(linear pump.
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unaccompanied by a spectral shift in the PL. Magnetic fieldion anisotropy due to HH spin polarization could result if
and temperature dependence are extracted by integrating tkV and bulk orbital state mixing occurs.
polarization over the full range of the PL spectr{imdicated Figure 2 shows the bias and spectral dependence of the PL
by dashed lines in Fig.(d)] at each value of applied field intensity and polarization for the control samgé and for
and temperature, Figs.(d and ¥c) (red circles, respec- sample A(b) at a fixed magnetic field of-1 kG. In the
tively. The polarization of the PL tracks the magnetization ofcontrol sample we observe the quantum confined stark effect
the adjacent ferromagnetic layer, indicating that the photoextQCSE such that at negative bias the PL is shifted to lower
cited carriers in the QW become spin-polarized through ine€nergy:* while no significant polarization is observed
teraction with the magnetic layer before recombining. The(<0.5%) at any bias. The same QCSE redshift is observed
decrease in hysteresis in the polarization data is to be notetf) the magnetic sampled); however, the intensity of the PL
but could be due to the effects of illumination on the mag-decreases at high negative bias coinciding with a region of
netism of the ferromagnetic layeor discrepancies between large(2—8% polarization. Qualitatively identical behavior is
the magnetic response of the as grown sanpleasured in  observed in the other magnetic samples under bias. Compari-
the SQUID and processed devid¢measured optically The ~ son with the control sample indicates that the PL quenching
PL polarization of the control sampl@ed line shows a is a result of non-radiative recombination caused by interac-
weak linear field dependence consistent with the Zeeman efion with the Mn layer in the barrier and not due to generic
fect at low magnetic field. To test the spatial extent of theLT growth-related defects. Because the laser pdip3 eV)
polarizing interaction, we investigate sample B in which fouris tuned below the band gap of the AGa ¢As barriers
additional 0.5 ML MnAs layers are inserted at 20 M7 (—~1.92eV), the photoexcited carriers are confined to the
nm) spacings. We observe no qualitative difference in theQW. This fact together with the lack of significant current
field dependence of the PL polarization between samples Mow imply that the PL quenching is caused by carrier tun-
and B, while minor variations in absolute polarization inten-neling through the barrier resulting in nonradiative recombi-
sity are within the observed noise of sample reproducibility. nation with defect states in the magnetic layer. This indicates
The fact that the additional MnAs layers in sample B pro-that the HH wave function is overlapping considerably with
duce no noticeable difference in the polarization behaviothe magnetic layer.
indicates that only the ferromagnetic layer closest to the QW Solutions to the one-dimensional Poisson equation for the
is active in the polarization phenomenon. Moreover, thevalence-band edge along the growth axis of sample A are
spacing of the second nearest magnetic layer to the QWghown in the bottom panel of Fig(& at several biases; the
which for sample B is an effective: of 10.7 nm, serves as an corresponding ground state HH wave functions are shown in
upper limit on the spatial extent of the polarizing interaction.the top panet® At V,=0V, large band bending due to ac-
We conclude that the observed interaction occurs within 10.Zeptors results in a triangular distortion of the square poten-
nm of the QW, consistent with the lack of polarization seential shifting the center of the wave function toward the
in unbiased samples with largevalues(samples D and E°  magnetic layer. By applying a negative bias, the HH
Further, we can also rule out spurious path-dependent optic#ave function overlap with the Mn ions is further increased,
polarization effects such as magnetic circular dichroismwhich in turn leads to tunneling, quenched PL, and hole spin
(MCD).8 In the case of MCD polarization would occur via polarization as indicated by the preceding analysis of Fig. 2.
luminescence scattering in the magnetic layers as the lighthe bias dependence of the PL polarization for the gated
travels from the QW to the sample surface, thus MCD shoulgample set is plotted in Fig.(3. For all three magnetic
scale with the total thickness of magnetic material, which issamples there is a crossover bias voltagg,) at which the
not the case here. polarization changes sign. Belo¥,, the polarization in-
Both quantum confinement and strain significantly altercreases to its maximum value while a large QCSE redshift of
the selection rules in a QW, such that HH spins are pinnedhe PL is observed. Abov¥, the polarization decreases
along the growth direction, while light-hol_H) spins are  below zero, however no QCSE shift occurs. The fact Yhat
pinned in-plané,resulting in PL polarization that depends on cannot be defined for the control samglées polarization
collection geometry. Accordingly, we measure QW lumines-shows no sensitivity to biasillows us to attribute the cross-
cence in the edge-emission geomdfigld in-plang and ob-  over phenomenon to an effective coupling between HH spin
serve no polarizatiohwhich suggests that the PL polariza- in the QW and Mn-ion spin in the barrier.
tion arises from hole spin polarization since electron spin For a representative magnetic samphg) (the magnetic
polarization should be isotropics(like). In contrast, hole field dependence of the PL polarization is measured for nu-
spin polarization ought to exhibit large anisotropy such thatmerous biases and illustrative results are shown in Rig. 3
in the edge-emission LH spin polarization would result in anFor V=< —1V the polarization shows a positive field depen-
observed PL polarization, whereas in the surface emissiolence, while for—1 V<V, the polarization shows a nega-
(field out-of-plang HH spin polarization would result in an tive field dependence, thug.,~—1V for this sample. In
observed PL polarization. These results suggest that the Riur measurement geometry, a positive polarization at a posi-
polarization results from recombination between unpolarizedive magnetic field corresponds to angular momentum of the
ground state electrons in the QW conduction band and spiremitted photons pointing antiparallel to the magnetic field.
polarized holes in the ground state of the valence lathd).  The Mn-ion spins will align parallel to the magnetic field;
Recent calculatiort8 indicate that, although these selection this indicates that the net angular momentum of the recom-
rules are qualitatively correct, a reduction in the PL polariza-bining HH excitons is oppositely aligned to the Mn-ion spins
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in the bias range o¥/,=<V.,, whereas above this bias the  Finally, room temperature Hall measurements are carried
opposite is true. Additionally, the HH exciton spin is parallel out with samples prepared in the Van der Pauw geometry
to the HH spin. We therefore determine that the effecVpf using soldered In for electrical contact. Values of two-
is to flip the sign of the effective coupling between HH spin dimensional carrier concentration are presented in Table I.
and Mn-ion spin from antiparallel in the case\§§<V,,, to ~ Ohmic contact is achieved in several samples, indicating
parallel forV,>V,,. From Fig. 3b) it is clear that the bias Modulation hole doping from the adjacent Mn-rich layer into

dependence can vary between samples grown on the sa QW forming a two-dimensional hole gas. For magnetic

day under nominally identical growth conditions. However, s_amplelsvin \(/jv_hich Oh][nir‘]: contact isant. a_lchiehved, r? rrw]on-
in all bias dependence studies, the largest polarization is O%near -V Indicative of hopping conductivity through the
FH layers is observetiNo correlation between hole con-

served withV, <V, exhibiting an antiparallel effective cou- ; , L

. 4 . . .~ ._centration and spin polarization is observed.
pling between hole and Mn-ion spins, the sign of which is In summary. we have achieved larae and electrically-
consistent with the antiferromagnetic coupling expected be- Y, . ge and €l ally
tween free-holes and Mn-ion spins in Ill-V materidfs. gated hole spin polarization at low magnetic field in optical-

We also study the PL intensity and polarization for samplequa”ty [1I-V ferromagnetic quantum structures without the

- . S . i ; . use of optical or electrical spin injection. We conclude that
A while optically injecting spin using a circularly polarized

pump beam. The bias dependence of the PL intensity sho tge?nspgegioa:?erg%uOv?/ar\?:?fr?cr]clics)w (;\S/et]llghlgelg\i(iingn?n the
no sensitivity to the polarization state of the pump béam. 9 y p

e QW and Mn-ions in the barrier. By shifting the HH wave
For a RCP versus LCP pump be_am the polanzanon IS '.nfL1nction using a vertical bias, we are able to qualitatively
creased and decreased, respectively, showing that opticg A . .

RN i ' . vary the strength of the polarizing interaction, while at a
spin injection has been achievgfig. 3(d)]. By simple av- S . : .

. o . .. certain bias the effective coupling between hole and Mn-ion

eraging of the polarization under RCP and LCP |IIum|nat|on,S in chanaes from antiparallel to parallel
the voltage dependence of the polarization matches the cadB 9 P P '
of the linearly polarized pump beam. This indicates that the We thank E. Johnston-Halperin for help in the design of
spin polarization mechanism shows no sensitivity to the inithe original structure and for suggestions, J. English for
tial spin state of the interacting carriers, such that optical spitMBE technical assistance, R. Seshadri for additional SQUID
injection can be seen as a simple shift of the overall PLmeasurements, and M. Flatte, Y. Kato, M. Poggio, and A.
polarization magnitude without changing the strength of theHolleitner for helpful discussions. This work was supported
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