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FIG. 4. (Color online) Panel (a) shows the �σ 2D
1 (Veff,ω) for the

(Ga,Mn)As-based device and the (Ga,Be)As-based device at Veff =
0.55 and 0.58 V, respectively. The orange and gray shaded regions
indicate the area included for equivalent intragap spectral weight in
application of Eq. (3) for the (Ga,Mn)As and (Ga,Be)As accumulation
layers, respectively. Panel (b) shows the change in spectral weight
according to Eq. (3) at all Veff for the (Ga,Be)As-, (Ga,Mn)As-,
and second (Ga,Mn)As- (device B) based devices. The choice in
integration cutoff ωc is described in the text. Using the calibration
procedure described in the text, the right axis is converted into the
two-dimensional change in hole concentration, �p2D.

spectral weight from excitations into the GaAs host conduction
band are excluded. In Fig. 4(a), the gray and orange shaded
regions under the �σ 2D

1 (Veff,ω) spectra indicate the total area
included in determining �N2D

eff (Veff) of the Veff = 0.58 V
(Ga,Be)As (ωc = 2500 cm−1) and Veff = 0.55 V (Ga,Mn)As
(ωc = 3800 cm−1) accumulation layer spectra, respectively.
The two shaded regions in the figure for these near-equivalent
voltages mark off an identical total area. In Fig. 4(b), we
generalize the intragap comparison of �N2D

eff (Veff) of our
materials. In this latter figure, we show the change in intragap
spectral weight of both devices at all Veff , with ωc = 4000 and
2500 cm−1 for the (Ga,Mn)As- and (Ga,Be)As-based devices,
respectively. The data of Figs. 4(a) and 4(b) demonstrate
that, in general, the �N2D

eff (Veff) found in the (Ga,Mn)As
accumulation or depletion layer is roughly equivalent to that of
the (Ga,Be)As accumulation or depletion layer for a given Veff .

Since the same ion gel is used in both devices, the capaci-
tance per unit area, and thus �p2D(Veff), are nominally similar
in both (Ga,Mn)As- and (Ga,Be)As-based devices. We further
justify this assumption by performing our IR experiments on
a second x = 0.015 Ga1−xMnxAs-based device. We show
�N2D

eff (Veff) with ωc = 4000 cm−1 for this device, labeled
Device B, in Fig. 4(b). We find a near-identical trend in
�N2D

eff (Veff) for Device B as in the other two devices. The
agreement of this trend between the two (Ga,Mn)As-based
devices in particular supports the conclusion that �p2D(Veff)
is behaving nominally similar in all our devices. Moreover,
the corresponding �N2D

eff (Veff) per �p2D(Veff) suggests an
approximate equivalence of mopt as well.

We note that in the physical picture we have formulated
from our data (see Fig. 3), the value of mopt in the (Ga,Be)As-

and (Ga,Mn)As-based devices is due to different processes. In
the (Ga,Be)As-based device, mopt is extracted from intraband
(Drude) excitations within the VB. In contrast, mopt of the
(Ga,Mn)As-based devices is a result of integrating over the
broad mid-IR resonance ascribed to interband processes (and
relatively weak itinerant carrier response). For interband exci-
tations, mopt is the reduced mass of the bands involved.63 Thus
when applying the sum rule over the mid-IR resonance (due to
VB→ IB transitions) of the (Ga,Mn)As data, the reduced mass
mopt of the heavy IB and light VB will be approximately equal
to the VB mass. The Drude mass of the (Ga,Be)As data is also
clearly representative of the VB mass in that material. Thus
according to the physical picture of Fig. 3, an identical mopt of
our active materials implies an equivalence of their VB masses.
The fact that the Drude mass of the (Ga,Be)As film is in accord
with the VB mass of GaAs supports the conclusion that Mn or
Be doping does not lead to a substantial renormalization of the
GaAs host VB. This latter result is in agreement with resonant
tunneling spectroscopy experiments on Ga1−xMnxAs layers.31

V. CONCLUSION

Our results using this electrostatic or “clean” method of
tuning the carrier density reveal the electrodynamics to be
vastly different between the (Ga,Mn)As- and (Ga,Be)As-based
devices. This difference indicates that conduction in FM
Ga1−xMnxAs is distinct from genuine metallic behavior due to
extended states in the host VB. The latter behavior is unmistak-
ably exemplified by the clear enhancement or reduction of the
Drude response in the accumulation or depletion layer of the
(Ga,Be)As-based device. In contrast, the relatively weak effect
of electrostatic doping on the far-IR conductivity, and the dom-
inance of the broad mid-IR feature observed in the �σ1(Veff,ω)
spectra of the (Ga,Mn)As-based device, highlight the uncon-
ventional nature of conduction in this FM semiconductor.
Moreover, the spectroscopic features observed in this work
are all consistent with the “IB picture” of FM Ga1−xMnxAs.

A growing body of experimental evidence suggests
the IB plays a central role in the electrodynamics of
Ga1−xMnxAs.7,25,29,31,60,64–67 Due to the systematic nature
of the addition or removal of carriers characteristic of the
electric field effect, this work provides a greater level of detail
on dynamical properties associated with the IB. We stress
that theoretical descriptions of the electronic structure and
magnetism consistent with an IB model of Ga1−xMnxAs are
also in place.11,19–21,57,61,62,68–70 This picture is in conflict,
however, with the p-d Zener model of ferromagnetism in
Ga1−xMnxAs, where the FM interaction is mediated by holes
in a weakly disordered VB.18,71 On the one hand, this latter
model has successfully accounted for a number of observations
related to the magnetic properties of Ga1−xMnxAs.10,14,72,73

On the other hand, there are also numerous experimental
studies of the magnetic properties in dispute with the VB p-d
Zener model description of Ga1−xMnxAs.30,37,74,75 Therefore,
an alternative or competing FM mechanism in line with the IB
picture, such as double exchange,11,74 should be thoroughly
investigated and conclusively verified. The optical detection
of electrostatic modification of the accumulation layer in
EDL devices established here offers a promising route for
decoupling spin doping via Mn substitution and charge doping
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