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Tunable spin polarization in III-V quantum wells with a ferromagnetic barrier
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~Received 9 December 2003; published 22 April 2004!

We demonstrate the epitaxial growth of optical-quality electrically-gated III-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
Al0.4Ga0.6As barrier. A vertical bias is used to tune the spin polarization from20.4% to 6.3% atT55 K and
B51 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 inter
tions between free carrier spin and magnetic ion spin
semiconductors. It is desirable to engineer a heterostruc
in which the strength of the interaction between free car
spin and magnetic ion spin can be studied locally; such st
tures have been studied in II-VI systems in which param
netic digital layers of Mn were deposited within a quantu
well.1 Spin-LEDs have recently become the structures
choice for studying spin injection processes in magne
semiconductors,2 but due to spin scattering during transpo
the polarization measured in these devices does not dire
reflect the local interaction between the spins of the fer
magnetic ions and those of the free carriers. In an effor
develop an architecture to study the local interaction betw
magnetic ion spin and free carrier spins, we have engine
heterostructures in which the spatial overlap between m
netic ion spin and free carrier spin can be controlled elec
cally and probed optically.

Here we describe the optical characterization of III
quantum wells~QW! with a ferromagnetic barrier grown b
a combination of high temperature~HT! molecular beam ep
itaxy ~MBE! and low temperature~LT! atomic layer epitaxy
~ALE!.3 Free carrier spin polarization is observed in whi
initially unpolarized photoexcited holes in a GaAs QW b
come spin-polarized through interaction with an adjac
digital ferromagnetic layer in the Al0.4Ga0.6As barrier. This
spin polarization is measured through the polarization of
photoluminescence~PL!, which qualitatively tracks the mag
netization of the ferromagnetic layer as a function of bo
field and temperature. We apply a vertical bias in the reg
of negligible current flow, resulting in a distortion of th
potential and hence displacement of the wave function in
absence of charge injection. The fact that under these co
tions we observe a modulation of the PL polarization s
gests that the polarization arises from exchange interac
between heavy hole~HH! spins in the ground state of th
QW and the spins of the Mn ions in the barrier. This conc
sion is further supported by the antiparallel alignment of
hole and Mn spins observed under negative bias.

A schematic of the sample structures is shown
Fig. 1~a!. The samples are grown using two Varian/E
GEN-II MBE chambers. In chamber A, optimized fo
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high mobility III-V’s, the gated QW structure is grown b
MBE at 585 °C and consists of the following layer
300 nm GaAs buffer/180 nm superlattice 303(3 nm
AlAs/3 nm GaAs)/200 nmn-GaAs (Si:n5131018 cm23)/
200 nm GaAs/500 nm LT Al0.4Ga0.6As/350 nm Al0.4Ga0.6As/
7.5 nm GaAs QW/d Al0.4Ga0.6As ~whered is either 5 nm or
9 nm!. The samples are capped with As and transferred in
to chamber B. After desorbing the As cap at 630 °C t
samples are cooled to 230 °C for LT magnetic overgrow
The magnetic layers consist of digital ferromagnetic hete
structures~DFH!4 grown by ALE, in which the composition
of each monolayer is controlled by sequentially deposit
each constituent element with submonolayer precision all
ing for digital alloying within a single monolayer~ML ! and
the formation of thin ferromagnetic layers of MnAs. Thre
different magnetic structures are grown where in each st
ture the first MnAs layer is deposited at a spacingd from the
edge of the QW and the magnetic layer is capped
177 ML Al0.4Ga0.6As/27 ML GaAs also grown by ALE.
Samples with magnetic structure 53(0.5/20) and 5
3(0.3/20) consist of five periods of DFH superlattice of M
rich layers ~0.5 ML and 0.3 ML of MnAs, respectively!
spaced by 20 ML Al0.4Ga0.6As. Samples with magnetic
structure 13(0.5/84) consist of a single Mn-rich laye
0.5 ML MnAs/84 ML Al0.4Ga0.6As. Finally, a Mn-free con-
trol sample consisting of 85 ML of ALE grown Al0.4Ga0.6As
is prepared. For gating measurements, we use standard
tolithography and wet etching followed by In soldering
obtain Ohmic contact to the bottom layer ofn-doped GaAs
to serve as the back gate. A transparent front gate, wh
consists of 50 Å Ti/40 Å Au is evaporated on the samp
surface. With the 500 nm LT Al0.4Ga0.6As serving as an in-
sulating layer, we apply a voltage bias (Vb) defined as front
minus back voltage. The structures can be biased fr
215 V to 12 V with current flow less than 10mA corre-
sponding to a current density of less than 0.25 mA/cm2.
Table I summarizes the structure and preparation of
samples.

Photoluminescence intensity and polarization are m
sured in the Faraday geometry~magnetic field parallel to
optical pump and collection path! using linearly polarized
©2004 The American Physical Society05-1
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light from a mode-locked Ti/saphire laser with an energy
1.731 eV and intensity of;56 W/cm2. We define polariza-
tion as P5(RCP2LCP)/(RCP1LCP), where RCP and
LCP are the intensities of right circularly polarized and l
circularly polarized luminescence, respectively.

The magnetic properties of the samples are measured
ing a superconducting quantum interference device~SQUID!
magnetometer and are shown for a representative sa
~A!, Figs. 1~b! and 1~c! ~black data!. As compared to DFH
grown with GaAs spacer layers,3,4 the samples with

FIG. 1. ~Color! ~a! Schematic of sample structure~not to scale!,
electrical wiring, and measurement geometry. The light cone in
cates the direction of PL surface emission. Arrows show the pat
the pump beam and the direction of the applied magnetic field (B).
~b! Magnetization of sample A~without bias! and PL polarization
(P) at Vb523.8 V as a function ofB. Open and closed symbol
indicate the direction of field sweep as up and down, respectiv
Control sample at the bias value of maximum polarization is
cluded for comparison~reddish-orange line!. ~c! Magnetization of
sample A~without bias! and PL polarization atVb523.8 V as a
function of temperature (T). ~d! Polarization and PL intensity spec
tra for QW at three field values. Dashed lines indicate the bound
integration used to calculate the values of polarization presente
~b!, ~c! and Fig. 3.

TABLE I. Structure and preparation of all samples discuss
Column ‘‘P’’ indicates if spin polarization was observed. Data fro
room-temperature Hall measurements are provided, indica
whether or not Ohmic contact was achieved~linear I-V! and the
two-dimensional hole concentration (p2D).

Sample d ~nm! Magnetic layer GatedP Ohmic p2D (cm22)

Aa 5 13(0.5/84) yes yes no
Ba 5 53(0.5/20) yes yes no
Ca 5 53(0.3/20) yes yes no
controla 5 yes no no
Db 9 13(0.5/84) no no yes 8.5831011

Eb 9 53(0.5/20) no no yes 2.0831012

Fc 5 13(0.5/84) no yes yes 9.6731011

Gc 5 53(0.5/20) no yes yes 1.5631012

a,b,cIndicate samples from same template and growth day.
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Al0.4Ga0.6As spacer layers show markedly different magne
behavior. In particular, magnetic hysteresis appears with fi
applied out-of-plane for Al0.4Ga0.6As DFH, while in GaAs
DFH this direction is a magnetic hard axis showing no h
teresis. Square hysteresis is also not observed in-plane,
cating that the anisotropic easy axis may lie along a n
trivial crystal direction. The Curie temperature (Tc) of these
structures is;15 K compared with;40 K for GaAs DFH.
Similar rotation of anisotropy and a decrease inTc for the
case of random alloy~Al,Ga,Mn!As are reported.5

Here we discuss the PL intensity and polarization
sample A at a fixedVb (23.8 V). Figure 1~d! plots the PL
intensity and polarization spectra of the QW at three differ
magnetic fields, revealing large field-dependent polarizat
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FIG. 2. ~Color! Spectral dependence of voltage tunable s
polarization at 5 K and11 kG for ~a! nonmagnetic control sample
and ~b! sample A. Top panels show the PL intensity, while t
corresponding PL polarization is plotted in the bottom panels.

FIG. 3. ~Color! ~a! Valence-band-edge diagram at three valu
of Vb ~bottom panel! and corresponding HH1 wave functions~top
panel!. ~b! PL polarization as a function ofVb for biased samples
~c! Field dependence of sample A at various values ofVb . Open
and closed symbols indicate the direction of field sweep as up
down, respectively. The control sample at the bias value of m
mum polarization is included for comparison~purple line!. ~d! PL
polarization as a function ofVb for sample A under optical excita
tion with different helicities. The data for RCP and LCP excitati
are averaged (RCP1LCP)/2 and compared with the case of ze
optical spin injection~linear pump!.
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unaccompanied by a spectral shift in the PL. Magnetic fi
and temperature dependence are extracted by integratin
polarization over the full range of the PL spectrum@indicated
by dashed lines in Fig. 1~d!# at each value of applied field
and temperature, Figs. 1~b! and 1~c! ~red circles!, respec-
tively. The polarization of the PL tracks the magnetization
the adjacent ferromagnetic layer, indicating that the photo
cited carriers in the QW become spin-polarized through
teraction with the magnetic layer before recombining. T
decrease in hysteresis in the polarization data is to be no
but could be due to the effects of illumination on the ma
netism of the ferromagnetic layer6 or discrepancies betwee
the magnetic response of the as grown sample~measured in
the SQUID! and processed device~measured optically!. The
PL polarization of the control sample~red line! shows a
weak linear field dependence consistent with the Zeeman
fect at low magnetic field. To test the spatial extent of t
polarizing interaction, we investigate sample B in which fo
additional 0.5 ML MnAs layers are inserted at 20 ML~5.7
nm! spacings. We observe no qualitative difference in
field dependence of the PL polarization between sample
and B, while minor variations in absolute polarization inte
sity are within the observed noise of sample reproducibili7

The fact that the additional MnAs layers in sample B p
duce no noticeable difference in the polarization behav
indicates that only the ferromagnetic layer closest to the Q
is active in the polarization phenomenon. Moreover,
spacing of the second nearest magnetic layer to the Q
which for sample B is an effectived of 10.7 nm, serves as a
upper limit on the spatial extent of the polarizing interactio
We conclude that the observed interaction occurs within 1
nm of the QW, consistent with the lack of polarization se
in unbiased samples with larged values~samples D and E!.7

Further, we can also rule out spurious path-dependent op
polarization effects such as magnetic circular dichroi
~MCD!.8 In the case of MCD polarization would occur v
luminescence scattering in the magnetic layers as the
travels from the QW to the sample surface, thus MCD sho
scale with the total thickness of magnetic material, which
not the case here.

Both quantum confinement and strain significantly al
the selection rules in a QW, such that HH spins are pin
along the growth direction, while light-hole~LH! spins are
pinned in-plane,9 resulting in PL polarization that depends o
collection geometry. Accordingly, we measure QW lumine
cence in the edge-emission geometry~field in-plane! and ob-
serve no polarization,7 which suggests that the PL polariz
tion arises from hole spin polarization since electron s
polarization should be isotropic (s like!. In contrast, hole
spin polarization ought to exhibit large anisotropy such t
in the edge-emission LH spin polarization would result in
observed PL polarization, whereas in the surface emis
~field out-of-plane! HH spin polarization would result in an
observed PL polarization. These results suggest that the
polarization results from recombination between unpolari
ground state electrons in the QW conduction band and s
polarized holes in the ground state of the valence band~HH!.
Recent calculations10 indicate that, although these selectio
rules are qualitatively correct, a reduction in the PL polari
16130
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tion anisotropy due to HH spin polarization could result
QW and bulk orbital state mixing occurs.

Figure 2 shows the bias and spectral dependence of th
intensity and polarization for the control sample~a! and for
sample A~b! at a fixed magnetic field of11 kG. In the
control sample we observe the quantum confined stark ef
~QCSE! such that at negative bias the PL is shifted to low
energy,11 while no significant polarization is observe
(,0.5%) at any bias. The same QCSE redshift is obser
in the magnetic sample~A!; however, the intensity of the PL
decreases at high negative bias coinciding with a region
large~2–8%! polarization. Qualitatively identical behavior i
observed in the other magnetic samples under bias. Com
son with the control sample indicates that the PL quench
is a result of non-radiative recombination caused by inter
tion with the Mn layer in the barrier and not due to gene
LT growth-related defects. Because the laser pump~1.73 eV!
is tuned below the band gap of the Al0.4Ga0.6As barriers
(;1.92 eV), the photoexcited carriers are confined to
QW. This fact together with the lack of significant curre
flow imply that the PL quenching is caused by carrier tu
neling through the barrier resulting in nonradiative recom
nation with defect states in the magnetic layer. This indica
that the HH wave function is overlapping considerably w
the magnetic layer.

Solutions to the one-dimensional Poisson equation for
valence-band edge along the growth axis of sample A
shown in the bottom panel of Fig. 3~a! at several biases; th
corresponding ground state HH wave functions are show
the top panel.12 At Vb50 V, large band bending due to ac
ceptors results in a triangular distortion of the square pot
tial shifting the center of the wave function toward th
magnetic layer. By applying a negative bias, the H
wave function overlap with the Mn ions is further increase
which in turn leads to tunneling, quenched PL, and hole s
polarization as indicated by the preceding analysis of Fig
The bias dependence of the PL polarization for the ga
sample set is plotted in Fig. 3~b!. For all three magnetic
samples there is a crossover bias voltage (Vcb) at which the
polarization changes sign. BelowVcb the polarization in-
creases to its maximum value while a large QCSE redshif
the PL is observed. AboveVcb the polarization decrease
below zero, however no QCSE shift occurs. The fact thatVcb
cannot be defined for the control sample~its polarization
shows no sensitivity to bias! allows us to attribute the cross
over phenomenon to an effective coupling between HH s
in the QW and Mn-ion spin in the barrier.

For a representative magnetic sample (A) the magnetic
field dependence of the PL polarization is measured for
merous biases and illustrative results are shown in Fig. 3~c!.
For Vb<21 V the polarization shows a positive field depe
dence, while for21 V,Vb the polarization shows a nega
tive field dependence, thusVcb;21 V for this sample. In
our measurement geometry, a positive polarization at a p
tive magnetic field corresponds to angular momentum of
emitted photons pointing antiparallel to the magnetic fie
The Mn-ion spins will align parallel to the magnetic field
this indicates that the net angular momentum of the reco
bining HH excitons is oppositely aligned to the Mn-ion spi
5-3
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in the bias range ofVb<Vcb , whereas above this bias th
opposite is true. Additionally, the HH exciton spin is paral
to the HH spin. We therefore determine that the effect ofVb
is to flip the sign of the effective coupling between HH sp
and Mn-ion spin from antiparallel in the case ofVb<Vcb , to
parallel forVb.Vcb . From Fig. 3~b! it is clear that the bias
dependence can vary between samples grown on the s
day under nominally identical growth conditions. Howev
in all bias dependence studies, the largest polarization is
served withVb,Vcb exhibiting an antiparallel effective cou
pling between hole and Mn-ion spins, the sign of which
consistent with the antiferromagnetic coupling expected
tween free-holes and Mn-ion spins in III-V materials.13

We also study the PL intensity and polarization for sam
A while optically injecting spin using a circularly polarize
pump beam. The bias dependence of the PL intensity sh
no sensitivity to the polarization state of the pump bea7

For a RCP versus LCP pump beam the polarization is
creased and decreased, respectively, showing that op
spin injection has been achieved@Fig. 3~d!#. By simple av-
eraging of the polarization under RCP and LCP illuminatio
the voltage dependence of the polarization matches the
of the linearly polarized pump beam. This indicates that
spin polarization mechanism shows no sensitivity to the
tial spin state of the interacting carriers, such that optical s
injection can be seen as a simple shift of the overall
polarization magnitude without changing the strength of
HH and Mn-ion spin interaction.
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Finally, room temperature Hall measurements are car
out with samples prepared in the Van der Pauw geom
using soldered In for electrical contact. Values of tw
dimensional carrier concentration are presented in Tabl
Ohmic contact is achieved in several samples, indicat
modulation hole doping from the adjacent Mn-rich layer in
the QW forming a two-dimensional hole gas. For magne
samples in which Ohmic contact is not achieved, a n
linear I-V indicative of hopping conductivity through th
DFH layers is observed.3 No correlation between hole con
centration and spin polarization is observed.

In summary, we have achieved large and electrica
gated hole spin polarization at low magnetic field in optic
quality III-V ferromagnetic quantum structures without th
use of optical or electrical spin injection. We conclude th
the spin polarization mechanism is highly local~,11 nm!
being mediated by wave function overlap between HH in
QW and Mn-ions in the barrier. By shifting the HH wav
function using a vertical bias, we are able to qualitative
vary the strength of the polarizing interaction, while at
certain bias the effective coupling between hole and Mn-
spin changes from antiparallel to parallel.
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N. Guébels, J. S. Speck, A. C. Gossard, and D. D. Awschalo
Appl. Phys. Lett.77, 2379~2000!.

5K. Takamura, F. Matsukura, D. Chiba, and H. Ohno, Appl. Ph
-

.

,

,
.

,
,

.

Lett. 81, 2590~2002!.
6A. Oiwa, T. Slupinski, and H. Munekata, Appl. Phys. Lett.78,

518 ~2001!.
7Data not shown.
8B. Beschoten, P. A. Crowell, I. Malajovich, D. D. Awschalom,

Matsukura, A. Shen, and H. Ohno, Phys. Rev. Lett.83, 3073
~1999!.

9R. W. Martin, R. J. Nicholas, G. J. Rees, S. K. Haywood, N.
Mason, and P. J. Walker, Phys. Rev. B42, 9237~1990!.

10Z. G. Yu, W. H. Lau, and M. E. Flatte, Phys. Rev. B~to be
published!.

11D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W
Wiegmann, T. H. Wood, and C. A. Burrus, Phys. Rev. Lett.53,
2173 ~1984!.

12Calculations were performed using a one-dimensional Poiss
Schroedinger solver~http://www.nd.edu/;gsnider/! assuming
Mn acts as a deep acceptor in Al0.4Ga0.6As with 110 meV bind-
ing and that a 2 V Schottky barrier forms at the surface.

13T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, S
ence287, 1019~2000!.
5-4


