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Infrared survey of the carrier dynamics in III-V digital ferromagnetic heterostructures

K. S. Burch,1,* E. J. Singley,1,† J. Stephens,2 R. K. Kawakami,2,‡ D. D. Awschalom,2 and D. N. Basov1
1Department of Physics, University of California, San Diego, California 92093-0319, USA

2Center for Spintronics and Quantum Computation, University of California, Santa Barbara, California 93106, USA
sReceived 28 April 2004; revised manuscript received 30 November 2004; published 31 March 2005d

We report on the electromagnetic response of digital ferromagnetic heterostructuressDFHd: systems with
d-doped MnAs layers separated by GaAs spacers of variable thicknesssyd. The gross features of the infrared
conductivity of DFH samples are consistent with the notion that these digital structures are GaAs/Ga1−xMnxAs
superlattices. This conclusion is supported by a combination of spectral weight analysis and effective medium
theory. The optical properties of DFH also provide insights into the evolution of their critical temperature with
GaAs spacing. In DFH a low-lying gap materializes in the energy dependent conductivity, which is interpreted
as a mobility gap resulting from Anderson localization.

DOI: 10.1103/PhysRevB.71.125340 PACS numberssd: 78.67.Pt, 72.20.Ee, 75.50.Pp, 78.30.Fs

I. INTRODUCTION

For decades semiconductor superlattices have offered ex-
perimental access to structures with tailored transport prop-
erties thus providing one with a unique laboratory to explore
the rich electronic behavior of these systems.1 Recently this
approach was employed to create a new class of III-V, Mn
doped, dilute magnetic semiconductorssDMSd that promise
to advance our understanding of the interplay between di-
mensionality, carrier dynamics, and magnetism in this family
of materials.2,3 These phenomena are difficult to investigate
using random alloys due to the multiple effects of Mn dop-
ing. Apart from generating local moments and carriers
sholesd, Mn introduces disorder with all these effects reveal-
ing non-trivial entanglement.4

In digital ferromagnetic heterostructuressDFHd these
problems may be overcome by holding the Mn density con-
stant while varying the spacing betweend-doped layers. In-
deed, DFHs are comprised ofd-doped MnAs submonolayers
separated by GaAs spacers of variable thicknesssyd.2,3 To
take full advantage of the DFH approach it is prudent to
inquire into the nature of the doped layers as well as the
electronic and/or magnetic coupling between them. Empow-
ered by earlier spectroscopic studies of the Ga1−xMnxAs ran-
dom alloys5 we demonstrate that the doped layer in DFHs
posses the properties of Ga1−xMnxAs. Furthermore, these
digital structures enable access to the doping regime previ-
ously unattainable in the random alloy. We have combined
effective medium theory with the sum rules to quantitatively
evaluate the evolution of the electronic response withy. This
analysis clearly demonstrates that the development of the
transport properties of DFH are due to intrinsic changes in
the doped layer and not the result of compensation from the
spacer layer. The optical properties of DFH also offer in-
sights into the origin of the suppression of the critical tem-
perature and development of the insulating state with in-
creased spacer thickness.2,3 We find that the latter effect
occurs due to the diminished coupling between Ga1−xMnxAs
layers without apparent depression of the electronic spectral
weight associated with the doped holes within the layers.
Charge carriers become increasingly localized atyù15

monolayerssML d prompting a mobility gap, which has never
previously been observed to coexist with ferromagnetism in
III-V semiconductors.

II. EXPERIMENTAL PROCEDURES AND RAW DATA

The DFH used in this study were grown at UCSB on
semi-insulating GaAss100d by low temperature molecular
beam epitaxy sLT-MBEd. This series of DFH included
samples with one half monolayers1 ML >2.84 Åd MnAs
separated by LT-GaAs spacers of various thickness. Previous
studies have demonstrated that the Mn diffuses 3–5 ML into
the GaAs matrix.2 The samples were characterized using a
SQUID magnetometer, showing a well defined hysteresis
loop below the ferromagnetic transition temperaturesTCd.
These DFH followed the general trend of a reduction inTC
with increasingy until <50 ML whereTC becomes indepen-

dent of y ssee Table Id.2 Near normal incidence,EW' ẑ
sgrowth directiond, transmissionTsvd and reflectionRsvd
measurements were carried out at UCSD in the range
15–12000 cm−1 s<1 meV to <1.5 eV, the band gap of
GaAsd. Tsvd was measured between 5 and 292 K. The real
and imaginary parts of the complex conductivityŝsvd=s1

− is2, were determined through Kramers-Kronig analysis and
confirmed at room temperature by direct derivation from
Tsvd andRsvd.5,6

TABLE I. Parameters of the DFH studied. All samples were
grown at a substrate temperature of 265 C, with As/Mn beam flux
ratio of ,200/1. Ga growth rates were,0.3 ML/s and Mn growth
rates were 0.02–0.05 ML/s. Further details can be found in Ref. 2.

y sML d Total layers TCsKd

10 153 55

15 100 48.5

20 100 38

25 63 36

25 200 36

70 23 30
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In Fig. 1 we plot the transmission spectra of DFH super-
lattices normalized by transmission through the GaAs sub-
strate sTmeas=TDFH /Tsd for representative samples.7 In the
left panel we explore the general trends with changes to the
GaAs spacer thickness. All three samples show a dip cen-
tered atv>2000 cm−1, of approximately the same strength.
These samples also show a substantial drop inTmeas above
v>7000 cm−1 which is an indication of a broadening of the
GaAs band edge. In the far infraredslow energy portion of
the spectrad absorption is clearly reduced with increased
spacer thickness. In order to make a quantitative comparison
between the raw transmission spectra, it is instructive to
compare samples of similar thickness. In the right panel of
Fig. 1 we plot the transmission spectra for DFH 10, 25, and
70 ML spacer with the total number of doped layers chosen
such that they all have the same total thickness of the super-
lattice samples<460 nmd. In this panel we see the dramatic
effect of increasing spacer thickness: a significant increase in
transmission throughout the frequency range measured.
Turning to the temperature dependence of these heterostruc-
tures, the far infrared absorption is reduced at low tempera-

tures while thev>2000 cm−1 dip is enlarged. The effect of
temperature in the far infraredTsvd is especially dramatic in
samples with GaAs spacersù15 ML. The dip in the mid
infrared transimission data produces a clear resonance fea-
ture in the Kramers-Kronig generateds1svd discussed be-
low.

III. CONDUCTIVITY DATA AND SPECTRAL WEIGHT
ANALYSIS

In Fig. 2, the dissipative part of the optical conductivity
fs1svdg is plotted for all DFH samples in this study. In all
digital structures we see a resonance atv>2000 cm−1 that
has a similar shape as the interband absorption feature ob-
served in ferromagnetic Ga1−xMnxAs alloys.5,8 At higher en-
ergies all samples display a similar smearing of the band
edge, characteristic of GaAs grown by LT-MBE.5 As y is
increased the overall magnitude of the conductivity is re-
duced. Examining the far infrared region, where spectral
weight is primarily due to mobile carriers, one observes that
the relative strength ofs1sv→0d in relation to the mid in-
frared resonance is reduced asy is increased. In the low
temperature spectra, the far infrared conductivity is de-

FIG. 1. The raw transmission data for five of the samples in this
study. Displayed is the transmission through the DFH samples that
has been divided by the transmission through a GaAs substrate
sTmeas=TDFH /Tsd at 292 K and 5 K. Deviations ofTmeasfrom 1 is
an indication of absorption in the DFH film. The left panel com-
pares three DFH samples with increasing spacer thickness. While
the dip in the midinfrareds<2000 cm−1d grows at low tempera-
tures, the far infrared absorption is dramatically reduced at 5 K.
This effect is more accurately portrayed in the right panel for the
three films with similar thickness. The weak oscillations observed
throughout the frequency range in all samples are due to interfer-
ence within the film.

FIG. 2. The real part of the frequency dependent conductivity
fs1svdg for all digital ferromagnetic heterostructures studied.
Shown here are spectra at room temperatures292 Kd, the ferromag-
netic transition temperaturesTCd, and the lowest temperature stud-
ied s5 Kd. All samples reveal a resonance atv<2000 cm−1 and
band tailing at high frequencies due to defects. The free carrier
component is reduced with increasing spacer thickness and decreas-
ing temperature, untilTC. For all digital samples with a GaAs
spacer thickness greater than 10 ML, a new feature emerges: a low
lying gap ins1svd developing at low temperature.
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pressed below our detection limits<1 V−1cm−1d in all DFH
samples withyù15 ML, suggesting the opening of a low
lying energy gap. The magnitude of this gap ins1svd ap-
pears to increase from<200 cm−1 to 500 cm−1 asy is varied
from 15 to 70 ML.9 The gap develops as the temperature is
reduced, and indicates no anomalies atTC. This low energy
gap signifies an important change in the dynamic properties
of the states at and around the Fermi levelsEFd, as discussed
in Sec. IV B

To investigate the result of digital doping, we compare in
Fig. 3 the data for the 10 ML sample with that of an alloy
having the same bulk Mn concentrationsGa0.948Mn0.052Asd.
The temperature dependence of the conductivity reveals
similar trends for both the alloy and the DFH. In the para-
magnetic statesT.TC, left panelsd the strength ofs1sv
→0d is weakened asT is lowered in both materials. How-
ever, for T,TC sright panelsd, both the 10 ML DFH and
Ga0.948Mn0.052As samples recover some of their low energy
spectral weight. The common characteristics in the energy
and temperature dependence ofs1svd in DFHs and the ran-
dom alloys strongly suggest that digital doping of MnAs in
GaAs produces heavily doped layers of Ga1−xMnxAs spaced
by GaAs. This is consistent with recent x-ray and TEM stud-
ies of similar samples that demonstrate Mn are doped in a Ga
site and spread out between 3 and 5 ML.2,11 As will be
shown below, this conclusion is also supported by the spec-
tral weight analysis.

The evolution of the electronic response of DFHs with the
increase of the GaAs spacer thickness is well described by
the effective medium theorysEMTd. EMT allows one to pre-
dict the electromagnetic response of a superlattice from the
optical constants of its constituents.10 Given the geometry of

our measurementssEW' to the growth axisd, the experimental
conductivity can be written as

s1svd = S del

dtotal
Ds1

elsvd + SdGaAs

dtotal
Ds1

GaAssvd, s1d

whereda is the thickness of layera, dtotal is one period of the
superlattice, and “el” refers to the effective layer produced
by the Mn doping.12 For this study it was assumed that
s1

GaAssvd is the same as previously measured for GaAs
grown by LT-MBE sLT-GaAsd.5 One key feature of LT-GaAs
is s1

GaAssvø7000 cm−1d>0, fsee Eq.s1d and Fig. 6g imply-
ing that the conductivity of the superlattice can be written as
s1svø7000 cm−1d=sdel/dtotalds1

elsvd. Therefore throughout
most of the intragap region EMT has the net effect of rescal-
ing the s1svd spectra. In order to verify that the gross fea-
tures of the data are consistent with the EMT prediction, we
focus on the integrated spectral weight,Neff=e0

Vcs1svddv,13

which is proportional to the density of carriers responsible
for the strength ofs1s0,v,Vcd. For clarity we have
adopted the notationNeff

measfor the measured spectral weight
andNeff

el for the intrinsic spectral weight of a doped layer. In
the spirit of the EMT it is instructive to examine the ratio of
the integrals for samples with GaAs spacer thickness A and
B yielding

fNeff
measgA

fNeff
measgB

=

E
0

Vc

fs1svdgAdv

E
0

Vc

fs1svdgBdv

=
fdtotalgB

fdtotalgA
3

fdelNef f
el gA

fdelNef f
el gB

. s2d

The result of this analysis atT=5 K with the y=10 ML
sample used as a reference are plotted in Fig. 4.14 To com-
pare these results with the EMT prediction, we also plot the
ratio of the periods of each samplesy/10d. The excellent
agreement between the EMT prediction for the rescaling of
spectral weight due to increased insulator thicknessy, and
fNeff

meass5 Kdg10/ fNeff
meass5 Kdgy can be clearly seen in Fig. 4.

IV. DISCUSSION

A. Spectroscopic signatures of DFH as a superlattice of
Ga1−xMn xAs/GaAs

Data presented in Sec. III strongly suggest that digital
doping results in a heavily doped layer of Ga1−xMnxAs sepa-
rated by undoped spacers of LT-GaAs. Specifically the shape
and position of the midinfrared resonance is consistent with
the interband transitions observed in Ga1−xMnxAs alloys.5,8

Additionally the broadening of the band edge extends to
lower frequencies and has greater strength then what is found
in LT-GaAs, yet is similar to what is found in Ga1−xMnxAs
alloys. In fact this is a key spectroscopic signature of defects
in Ga1−xMnxAs5 and therefore the band-broadening seen in
DFH suggests the doped layers have a band structure similar
to that found in Ga1−xMnxAs alloys. Furthermore the tem-
perature dependence of the far or midinfrared features is con-
sistent with the conclusion that the electronic behavior of
DFH samples is that of Ga1−xMnxAs/LT-GaAs superlattice.

However, another possibility exists, namely that the
doped layers of DFH are primarily MnAs clusters. If the
DFH contained MnAs precipitates in GaAs, the effective me-

FIG. 3. Temperature dependence ofs1svd for DFH with y=10
ML sbottom panelsd and Ga.948Mn.052As random alloystop panelsd.
On the left we show data at temperatures from 292 K toTC, and on
the right s1svd spectra from TC to 5 K. A resonance near
2000 cm−1 which grows as the temperature is lowered can be seen
in all of the spectra. Additionally as the temperature is lowered until
TC the free carrier part is reduced, and then grows slightly below
TC.
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dium approximation can be employed to predict the mea-
sureds1svd from the optical properties of MnAs and GaAs.
To apply this theory we have performed reflectance and el-
lipsometric spectroscopy on eptixally grown MnAs on GaAs.
We have extracted the optical conductivity of MnAs by fit-
ting the data for a MnAs/GaAs structure with the Drude
model augumented with a set of Lorentzian oscillators. De-
tails of this analysis shall be given in a later publication,
however the results are quantitatively consistent with previ-
ous optical studies of single crystal MnAs ands1sv→0d
agrees well with the dc resistivity of epitaxial MnAs.16,17

Using this fit, and our previous results for LT-GaAsssee Ref.
5d we have utilized the Bruggeman theorysbetter known as
the effective medium approximationd to predict the optical

properties of MnAs precipitates.18 The measured conductiv-
ity of MnAs as well as the results of the effective medium
approximation are plotted in Fig. 5. Assuming a filling frac-
tion of the MnAs of 0.16 to 0.10, corresponding to 3–5 ML
spread, we find no free carrier abosorption and a resonance
centered at 10 000 cm−1. Additionally the strength of the
resonance is an order of magnitude stronger than thes1

elsvd
of the DFH sthe details of the determination ofs1

elsvd are
given at the end of this sectiond. Therefore we believe MnAs
precipates play little or no role in the optical response of
DFH. This further supports the conclusion that in the doped
layer of DFH samples the Mn has incorporated itself in the
GaAs matrix in a similar fashion as in the random alloy. We
also note that these results are consistent with magnetization

FIG. 4. Neff
measratios, as defined in the text, of

all DFHs studied versus the EMT predictionfsee
Eq. s2dg along with theTC ratiossRef. 13d. In the
inset we show a schematic representation of the
band critical points versus position along the
growth axis.EC,V are the conductionsvalenced
band minimasmaximad. Also displayed are the
positions of the intragap levels produced by both
Mn and As substitution on a Ga site.

FIG. 5. The experimental conductivity at
292 K of a MnAs thin film is compared with the
intrinsic conductivity ofs1

elsvd of the DFH with
15 ML spacing. Conductivity due to MnAs clus-
ters in LT-GaAs has been simulated using the ef-
fective medium approximationsRefs. 12 and 18.
In extracting the conductivity for DFH 15 ML
and generating the response of the MnAs clusters,
it was assumed that the MnAs diffused 5 ML.
Noting the log-log scale, there is a significant dif-
ference between the results for the clusters model
and the extracted conductivity for a single doped
layer in DFH.
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data that shows no remnant magnetization at 300 K, whereas
MnAs is well known to have aTC<310 K.

Another possibility worthy of exploration, is the result of
Mn completely diffusing into the LT-GaAs. To explore this
possibility we return to Fig. 4, where the agreement between
the EMT predictionsNeff

meas~1/yd and the spectral weight re-
sults is shown. It is interesting to note that the prediction of
the EMT for a Ga1−xMnxAs/LT-GaAs is exactly what one
might expect from a Ga1−xMnxAs random alloy. Namely as
the undoped portion of the superlattice is increased, the av-
erage density of the carrierssacceptorsd throughout the ma-
terial is reduced. However, LT-GaAs isn-type, due to the
presence of arsenic antisitessAsGad double donors. Therefore
if the Mn completely diffused throughout the sample, asy is
increased these antisites would lead to additional compensa-
tion in the material. This would ultimately result inNeff

meas

~1/ya, with a@1. As we discuss below, the conservation of
spectral weight with increased LT-GaAs spacer is only pos-
sible in a superlattice due to the confinement electrons or
holes produced by this “artificial” structure. Therefore based
on the comparison with the random alloy, the spectral weight
analysis, MnAs EMA analysis and EMT results, we conclude
that DFHs have the electronic signatures of a superlattice of
Ga1−xMnxAs/GaAs.

Several implications of the above findings are worthy of
attention. First, based on the superlattice conclusion, one can
infer the energy bands diagram for a Ga1−xMnxAs/GaAs
structure as a function of position along the growth axisssee
inset of Fig. 4d. Since LT-GaAs contains electrons and
Ga1−xMnxAs has holes, the DFHs form a periodic array of
pn-junctions. The miss-match in the positions ofEF in the
neighboring layers by at least 0.5 eV results in significant
band bending. Hence Mn induced holes and AsGa induced
electrons will experience an electrostatic potential along the
growth direction confining them in their corresponding lay-
ers. This confinement accounts for the diminished capacity
of AsGa to compensate holes in DFH systems. Indeed the
EMT analysis demonstrates thatNeff

meas scales withy for v
ø4500 cm−1. This result implies thatNeff

el , and therefore the
number of holes within the doped layers, is not significantly
affected by increased spacer thickness. Therefore changes in
s1svd asy is increased cannot be due to compensation. Since
the spectral weight in the far infrared region results from
intraband transitions, the opening of a low energy gap must
be the result of significant change in the nature of the states
at the Fermi energy. Furthermore, sinceNeff

el is constant with
y, the loss of spectral weight at low energies must result in an
increase in spectral weight in the mid infraredfas Neff

el

=e0
4000 cm−1

s1
elsvddvg. Indeed, in our previous study of the

random alloy we determined that as the doping level was
reduced the strength of both the far and midinfrared absorp-
tion was depleted.5 Therefore the simultaneous existence of a
low energy gap and mid infrared resonance is clearly a result
of the digital superlattice.

We further explore the trends in DFHs spectra, using the
EMT analysis to extract the response of a single doped layer
fs1

elsvd, see Fig. 6g. To generate this data set we have as-
sumeddel=5 ML, noting that this is most likely an overesti-
mate, although it results in a conservative measure of

s1
elsvd.15 Apart from the far infrared region, the overall

strength of the optical conductivity has been equalized as the
result of the EMT analysis. It is instructive to compares1

elsvd
for digital structures withs1svd of Ga0.948Mn0.052As. It is
apparent from Fig. 6 that the overall oscillator strength of the
mid-infrared resonance in all DFHs is significantly larger
than in Ga0.948Mn0.052As. Furthermore the spectral weight for
the DFH systems exceeds theNeff values for the alloys with
similar bulk content of Mn by a factor of 2–3sdepending on
the choice ofdeld. Using previously determined values for the
effective mass in Ga1−xMnxAs5 and assumingdel=5 ML, we
find the carrier denisty is between 2.931020 cm−3 and 1.4
31021 cm−3. This result shows that the DFH approach en-
ables one to achieve doping levels not readily attainable in
three dimensional alloys.

B. Ferromagnetism in DFHs

The suppression ofTC in DFHs compared to that of alloys
near optimal Mn doping, is surprising. In previous studies of

FIG. 6. The effective conductivity of a doped layerfs1
elsvdg

extracted using the EMT analysis of raw data as described in the
text. The top panel shows the result at 292 K and in the bottom
panel 5 K results are plotted. Also shown ares1svd for
Ga0.948Mn0.052As ands1svd35 for LT-GaAs.
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Ga1−xMnxAs it was established thatTC correlates with the
doping-induced spectral weight.5 Additionally other recent
experimental results for Ga1−xMnxAs have held that a larger
carrier concentration produces a higherTC.4,19–21To further
explore this relation in DFHs, we have plotted the ratio of
Tcs10d /Tcsyd in Fig. 4. We expectTcs10d /Tcsyd=1, since the
Neff

el intrinsic to the doped layer is constant. Contrary to this
conjecture,TC is reduced with increasedy. Insights into the
evolution ofTC with y are provided by examinings1

el in the
limit of v→0, noting that the response in this region is
dominated by intra-band transitions. Here we find a depres-
sion of the conductivity in DFH withy=10 ML compared to
that of Ga0.948Mn0.052As ssee Fig. 2d. As y is increased, a
low-lying gap develops andTC continues to drop. We there-
fore conclude that the carrier dynamics, and not simply the
hole density, plays an important role in defining the ferro-
magnetic properties of Ga1−xMnxAs.

To gain a better understanding of the role of hole dynam-
ics on the ferromagnetic state in DFH, it is important to
elucidate the physical mechanism leading to the low-lying
energy gap ins1

elsvd. The data presented here are consistent
with the conclusion that the gap is produced byEF entering a
region of localized states within a mobility gap.22 The insets
of Fig. 6, schematically show the density of states of Mn-
doped GaAs. The top inset corresponds to the metallic ran-
dom alloys and may be applicable to the DFH sample with
y=10 ML. Depicted in the inset is a fairly broad Mn induced
impurity band hybridized with the GaAs valence band, con-
sistent with a number of recent experiments5,19,23 and band
structure calculations.24 The bottom inset displays the conse-
quence of increasing the GaAs spacer thickness, which re-
sults in a reduction of the overlap of the hole wave functions
and therefore diminshes the width of the impurity bandsDd.
A repurcussion of a smallerD is an increase in the fraction of
localized states, placingEF in a mobility gap.22,25 Since the
holes are strongly localized in DFH withyù15 ML they can
support current primarily through variable range hopping
leading to a dramatic reduction ofs1sv→0d. At finite tem-
peratures the low-energy spectral weight is expected to be
enhanced due to activation across the mobility gap in accord
with both our datassee Figs. 2 and 6d and dc resultsssee Ref.
3d. To the best of our knowledge this work is the first experi-
mental study where the opening of a sizable mobility gap is
prompted by dimensionality alone without altering either the
carrier density or disorder within the conducting layers. The
changes in the Mn impurity band that result in the opening of
a mobility gap are also likely to be responsible for the con-
current changes inTC. Namely, as the doped layers become
isolated form one another, the impurity band width is re-
duced and there is a reduction in the kinetic energy of the
holes. Therefore less energy is available to compensate the
loss of entropy as the sample enters the ferromagnetic state.
This will inevitably result in a reduction of the temperature
at which there is a minimum in the free energy, and henceTC
is lowered.26–28,30

V. SUMMARY AND OUTLOOK

In this study we have examined the optical properties of
digital ferromagnetic heterostructures. From our detailed

analysis of the the optical conductivity of DFHs and
Ga1−xMnxAs three dimensional alloys, the evolution of the
spectral weight withy, and the possibilities of metallic clus-
ters, we have concluded DFHs are supperlattices of
Ga1−xMnxAs/GaAs. The results presented here are incongru-
ent with a picture of a doped layer of MnAs clusters. Namely
the resonance at 2000 cm−1 matches the interband absorption
seen in the random alloys, and is too low in energy to be due
to MnAs precipitates. As the GaAs spacer thickness is in-
creased, the infrared data uncover a low-lying mobility gap
in the electromagnetic response of DFH systems. The mag-
nitude of the gap systematically increases with spacer thick-
ness, whileTC and the measureds1svd are suppressed. Evo-
lution of s1svd data with increasing GaAs spacer thickness is
in accord with the effective medium theory. Thus it appears
that the origin of the changes in the transport properties of
DFHs are due to a reduction in the impurity bandwidth,
which in turn results in enhanced localization of the holes.

Our findings reinforce the notion of a ferromagnetic state
mediated by Anderson localized holes in the Mn induced
impurity band. Tunability of the impurity bandwidth without
apparent change of doping level offers previously unex-
plored controls of the magnetic state in III-V ferromagnetic
superlattices. Specifically DFHs allow us to test the predic-
tions of the importance of the impurity band width in the
ferromagnetism of Ga1−xMnxAs.26–29 The electrostatic con-
finement in the growth-direction inferred from the electronic
structure of DFHs implies that carrier mediated magnetic
coupling between the doped layers is unlikely, providing a
challenge to current models of ferromagnetism in DFHs.30

Nonetheless our findings clearly support the underlying as-
sumption of ferromagnetism mediated by strongly confined
holes, and therefore suggests that these theoretical studies
may have captured the basic physics for a single digitally
doped layer.

Further studies are clearly required to quantitatively un-
derstand the changes inTC with y. Specifically an experi-
mental determination of the localization length and impurity
band width in different DFHs will guide the development of
an accurate theoretical description of these materials. None-
theless this work is the first demonstration of ferromagnetism
in heavily doped Ga1−xMnxAs coexisting with a prominent
mobility gap, a hallmark of an Anderson insulator. Finally
we remark on the exciting prospect offered by the data in
Figs. 1 and 2. Despite the significant differences in absorp-
tion, DFHs with 10 and 15 ML spacings have similar mag-
netic properties. This not only demonstrates the complicated
nature of the ferromagnetic state in Ga1−xMnxAs but offers a
unique opportunity to tune the optical, transport and mag-
netic properties of dilute magnetic semiconductors using
novel growth techniques, such as digital doping.
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