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Infrared probe of the insulator-to-metal transition in Ga;_,Mn,As and Ga;_;Be;As
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We report infrared studies of the insulator-to-metal transition (IMT) in GaAs doped with either magnetic
(Mn) or nonmagnetic acceptors (Be). We observe a resonance with a natural assignment to impurity states in
the insulating regime of Ga;_,Mn,As, which persists across the IMT to the highest doping (16%). Beyond
the IMT boundary, behavior combining insulating and metallic trends also persists to the highest Mn doping.
Be-doped samples, however, display conventional metallicity just above the critical IMT concentration, with
features indicative of transport within the host valence band.
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The insulator-to-metal transition (IMT) becomes excep-
tionally complex when magnetism is involved, as proven
in materials such as mixed-valence manganites, rare-earth
chalcogenides, and Mn-doped III-V compounds.' In all
these systems, the electronic and magnetic properties are
typically interconnected, creating a challenge to understand
how magnetism affects the IMT physics. A promising route to
isolate differences attributable to the presence of magnetism
on the IMT physics is to investigate either magnetic or
nonmagnetic dopants in the same host. p-doped GaAs is
well suited for the task since metallicity in this material
can be initiated by nonmagnetic (Zn, Be, C) and magnetic
(Mn) acceptors. Infrared (IR) experiments reported here for
Ga;_,Be,As and Ga,_,Mn,As monitor the charge dynamics
and electronic structure in the course of the IMT. Our
results establish that the onset of conduction in magnetically
doped GaAs is distinct from genuine metallic behavior due
to extended states in the host valence band (VB), as seen
in moderately doped Ga;_,Be,As. Moreover, we observe
a coexistence of “metallic” and “insulating” trends over a
broad range of Mn concentrations (1%—16%), underscoring
the unconventional nature of Mn-doped GaAs beyond the IMT
boundary.

The Ga;_,Mn,As samples were prepared using a nonro-
tated, low-temperature, molecular-beam-epitaxy (MBE) tech-
nique, which has been shown to minimize the formation
of compensating defects.*> Several samples were also sub-
jected to post-growth annealing in attempt to further reduce
and eliminate defects. The IMT in Ga;_,Be,As occurs at
significantly lower dopant concentration due to the much
lower acceptor level [Eg. = 28 meV, Eyp, = 112 meV (Ref.
6)], thus samples near the Ga;_,Be,As IMT were grown
using conventional equilibrium MBE. Importantly, the most
metallic Ga;_,Be,As sample, Gagg9;Begoo9As, was grown
under the same nonrotated, low-temperature conditions as the
Ga;_,Mn,As samples. We can therefore expect nominally
similar levels of disorder as that of Ga;_,Mn,As samples
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PACS number(s): 78.66.Fd, 71.30.+h, 73.50.—h, 75.50.Pp

with x ~ 0.01. Details on sample growth can be found in the
Supplemental Material.”

Through a combination of transmission and ellipsometric
measurements, we have probed the optical properties of
the samples over a broad range of frequencies, spanning
~40-40 000 cm™! (experimental details can be found in
the Supplemental Material’). Here we primarily focus on the
real (or dissipative) part of the optical conductivity [o](w)]
from THz to just below the GaAs band-gap energy (~40-
10 000 cm™"). Through this probe, signatures of three distinct
electronic transport regimes in p-doped GaAs are revealed (see
Table I) : a regime of insulating behavior, a regime of genuine
metallic behavior (i.e., no signs of thermal activation) due to
extended states in a partially unoccupied VB, and an unusual
intermediate regime of conduction, exhibiting elements of
both insulating and metallic transport. We refer to this latter
regime as impurity band (IB) conduction, with this term used
to describe the persistence of a resonance associated with
VB-to-IB transitions beyond the onset of conduction.

We begin by discussing the insulating regime of
Ga;_,Mn,As. Figure 1(a) depicts the spectra for a
paramagnetic GagggsMng gosAs sample. The dominant
feature of these data is a broad mid-IR resonance, with peak
frequency (wp) near 1700 cm~!. Room-temperature data show
substantial spectral weight at far-IR frequencies [Fig. 1(a)].
However, far-IR weight is transferred to the mid-IR resonance
as the sample is cooled, and “freezes out” at low temperature.
Elimination of far-IR spectral weight unambiguously reveals
the thermally activated nature of the electronic transport in this
dilute regime. In Fig. 1(d), we plot the temperature dependence
of the “infrared resistivity” [pr = 1/01(40 cm™")]. The data
in dilute Mn-doped samples (x = 0.005,0.0075) show
the systematic increase in pr expected in the case of
thermally activated transport, in support of the conclusion
of variable-range hopping inferred from direct resistivity
measurements.® The existence of a narrow impurity band
is not in dispute in dilutely doped insulating samples,”!”
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TABLE 1. Summary of the three transport regimes uncovered
for p-doped GaAs. Conductivity schematics in the insulating and
impurity band conduction regimes highlight the resonance asso-
ciated with valence band to impurity band transitions. This is
contrasted by the conductivity schematic in the genuinely metallic
regime that highlights the Drude response due to free carriers. We
only list Mn and Be dopings reported in this study.
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thus the observed mid-IR resonance in the vicinity of Epy,
in insulating samples can be naturally assigned to VB-to-IB
transitions. We note that numerous probes report evidence of
an IB in moderately doped Ga(;—,,Mn, As.!'~!” However, our
results on dilute Mn-doped samples are distinct in that they
establish a mid-IR resonance in the insulating state.

Figures 1(b) and 1(c) show the spectra of the ferromagnetic
Gag.g7Mng o3As* and GaggogMng g92As* samples (* denotes
annealed), the highest conducting Ga;_,Mn,As samples in
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FIG. 1. (Color online) Characteristic spectra of the Mn-doped
samples in the insulating (a) and IB conduction [(b) and (c)]
regimes are exemplified by the GaggosMng posAS, Gagg7Mng g3 As*,
and Gag g0sMng 092 As* samples, respectively. The break in the spectra
is due to a phonon in GaAs, which does not allow o(w) to be
extracted over this region. (d) The temperature dependence of pir
for all Mn-doped samples in the study.
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FIG. 2. (Color online) (a) Low-temperature (~25 K) spectra
for the Ga;_,Be,As samples. All spectra but that for the x =
0.009 sample are multiplied by 10 to show on the same scale.
(b) Temperature dependence of pr for all Be-doped samples.

this study. The spectra of both of these samples are charac-
teristic of the IB conduction regime. The dominant feature of
the spectra is a mid-IR resonance, similar in shape and wy to
the insulating sample. These samples additionally show a finite
opc in the limit of w, T — 0: a condition often associated with
the onset of metallicity. Nevertheless, a substantial fraction
of the far-IR spectral weight still reveals activated behavior.
Specifically, as the temperature is lowered from 300 K to near
Tc, the far-IR spectral weight is suppressed and transferred to
the mid-IR resonance, similar to data in Fig. 1(a).

The onset of ferromagnetism radically alters the tempera-
ture dependence of o (w). Below T¢, we observe the reversal
of the activated character [black spectra in Figs. 1(b) and 1(c)],
as the far-IR spectral weight, as well as the mid-IR resonance
are enhanced. Earlier data have established a correlation
between the enhancement of the spectral weight and the
development of the magnetization.'? Such enhancement serves
as an unmistakable signature of the deep bond between
magnetism and carrier dynamics in this class of carrier-
mediated ferromagnets and other magnetic materials.!-0-2?
Comparison with dilute samples show the pr data still display
(weakly) activated transport above T¢. Peaks in pjr near T¢
mark the reversal of activated trends.

Our data show the onset of conduction in Ga;_,Mn,As
occurs at a doping level 0.0075 < x < 0.015, in excellent
agreement with the Mott criterion ( p;/ 3 =2.784a u,where p,. is
the critical acceptor concentration and ay is the effective Bohr
radius of acceptor holes), corresponding to x = 0.0109 for
Ga;_,Mn,As (assuming 1 hole/Mn and no compensation).6
This agreement attests to a low degree of compensation in our
samples, at least at doping regimes below a few atomic percent.
We further note the IB conduction regime persists over an
order of magnitude in dopant concentration, corresponding to
atleast x = 0.015-0.16 in Ga;_,Mn, As, as well as in heavily
doped annealed samples (Gag gosMng 992 As*). No Mn-doped
samples in this study were found to exhibit genuinely metallic
behavior, which we report below for Ga;_,Be, As.
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Data in Fig. 2 display the IMT in Ga;_,Be,As. The
x =3.8 x 107 and x = 9.5 x 107> Be-doped samples (pink
and gray curves in Fig. 2) reveal significant low-frequency
conductivity at room temperature. However, the conductivity
of the x = 3.8 x 10> Be-doped sample is frozen out at low
temperatures, analogous to the insulating Ga;_,Mn,As sam-
ples. Also similar to Ga;_,Mn,As, both x = 3.8 x 1073 and
x = 9.5 x 1073 Be-doped samples show a resonance centered
in the vicinity of the E.. Such a feature near the acceptor level
reinforces a VB to dopant-induced IB interpretation in both
Mn- and Be-doped GaAs. The pir data for the x = 9.5 x 1073
sample appear to show a finite opc in the limit of w, T — 0,
implying this sample may be past the onset of conduction.
Thus an intermediate IB conduction regime could be a generic
feature of p-doped GaAs (and potentially many other doped
semiconductors) near the IMT.?3%*

Moving to the x = 3.2 x 107* and x = 0.009 Be-doped
samples (light green and blue curves in Fig. 2), we see spectra
qualitativley different from those observed in samples either
in the insulating or IB conduction regimes. Here conductivity
data are dominated by a pronounced Drude peak (Lorentzian
centered at w = 0), characteristic of delocalized carriers in
a metal. Insights into the nature of the metallic state in
Ga;_,Be,As is revealed by applying the partial sum rule to
the conductivity

2

/ " (@) = TP ()
0

2m opt

This analysis yields the effective optical mass (7, provided
the carrier density p is known. Using an integration cutoff of
. = 6450 cm~!,% we obtain Moy = 0.28m, and 0.29m, (m,
is the electron mass) for the x = 3.2 x 10~* and x = 0.009
Be-doped samples, respectively. The extracted mgp is in
excellent agreement with calculations of the IR spectra of
metallic p-doped GaAs with a partially unoccupied VB, which
place n gy between 0.25m, and 0.29m,.?® These results, along
with the metallic temperature dependence [green and blue
curves in Fig. 2(b)], give strong evidence of transport due
to light quasiparticles in a partially unoccupied VB. Note
the Mott criterion for Be-doped GaAs predicts a critical
dopant concentration of x =2.7 x 107*.% Thus our data
indicate genuinely metallic behavior is achieved even for
a 20% increase in dopant density beyond the Mott critical
concentration. This latter finding stands in stark contrast to the
case of Mn-doped samples.

To further highlight the differences between magnetic
and nonmagnetic dopants in GaAs, we plot our results for
the Ga;_,Mn,As samples, as well as the GagggBeggo9As
sample in Fig. 3(a). Figure 3(b) shows scaled conductivity
for these samples, as well as earlier IR data for Ga;_,Mn,As,
normalized by o |(®) at wy along the y axis, and by wy along
the x axis. In both Mn- and Be-doped samples we observe a
mid-IR resonance, however, a result that stands out in both
panels is the difference in line shape of this resonance in
genuinely metallic Ga;_,Be,As and that in the Mn-doped
samples. The resonance seen in Gaggg;BegppoAs is much
narrower and reveals a two-peak structure. The second peak
appears as a shoulder on the main peak, and is most clearly seen
near w/wy = 1.5 in Fig. 3(b). The frequency position of the
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FIG. 3. (Color online) (a) Direct comparison of the conductivity
spectra displayed for the lowest temperatures measured (20-36 K)
of the x = 0.009 Be-doped film and all Mn-doped films studied.
(b) The mid-IR resonance in the two classes of materials is directly
compared by normalizing spectra by the peak in o (w) at w, along
the y axis, and by w, along the x axis. Also shown in both panels
is calculated o (w) according to the quantum defect method (black
dashed) (Ref. 14). Additional Ga,_,Mn, As data are reported from
Burch ef al. (Ref. 13) and Singley et al. (Ref. 12).

two-peak structure is an order of magnitude higher than Eg.,
however, itis near the energy expected for intra- VB transitions,
in accord with E ¢ located deep within the VB. The main peak
is thus attributed light-hole band (LH) to heavy-hole band
(HH) excitations,?” while the shoulder is due to excitations
from the split-off band (SO).?

In contrast to our observations in the Gag 991 Beg ggoAs film,
all the Mn-doped samples (both in the insulating regime
and those past the onset of conduction) show very broad,
structureless absorption. Furthermore, upon scaling of these
data [Fig. 3(b)], the Mn-doped samples reveal a nearly identical
line shape, barring small nonmonotonic differences in the
width of the mid-IR resonance. The similar line shape is
indicative of a similar origin of the mid-IR resonance in
both insulating and conducting samples (VB-to-IB optical
excitations). The scaled Ga;_,Mn,As data include early
IR results, with different growth procedures (rotated and
nonrotated, postgrowth annealing, etc.) that imply variable
levels of disorder, yet the qualitative features reveal only
minimal dependence on the degree of disorder. These facts
allow us to conclude that disorder is not playing a major
role in the infrared response of Ga;_,Mn,As. Another result
evident from Fig. 3 is the prominent Drude peak observed only
in Ga;_,Be,As samples. Much weaker low-energy spectral
weight is exhibited in Mn-doped samples, even those subjected
to low-temperature annealing known to enhance the carrier
density? (further discussion of low-w analysis of Be and Mn-
doped samples can be found in the Supplemental Material”).
All these findings demonstrate the distinct nature of transport
in films with magnetic Mn dopants.

The quantum defect method for band-to-acceptor transi-
tions (black dashed curve in Fig. 3)'* (see the Supplemental
Material for model details’), as well as more complex
calculations,’®3! have been shown to successfully capture
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key aspects of the mid-IR resonance in Ga;_,Mn,As. How-
ever, other explanations of the mid-IR resonance have been
proposed,'? and the microscopic justification of such “impurity
band models” have been called into question.?> Our systematic
study showing the mid-IR resonance exists in the insulating
regime, and persists with the same line form across the IMT
up to the highest attainable doping, conclusively demonstrates
impurity states dominate electronic dynamics in Ga;_,Mn, As,
even in highly conductive samples.

Aspects of coexistence of the IB and metallicity are perhaps
understandable very near the IMT, as in the case of the x =
9.5 x 1073 Be-doped sample. However, our results show that
in the magnetically doped films, signatures of IB states remain,
along with the coexistence of metallic and insulating trends,
at least an order of magnitude in dopant concentration beyond
that associated with the onset of conduction. Theoretical work
has directly linked exchange coupling between Mn ions and
valence holes to the persistence of the IB in Ga;_, Mn, As, 333
further underscoring the pivotal role of magnetism in the
electronic structure and optical phenomena of Ga;_,Mn,As.
Because trivial clustering of multiple phases has been ruled
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out in Ga;_,Mn, As,?-¢ the duality between metallic and in-
sulating trends appear to be an intrinsic attribute of the IMT in
magnetically p-doped GaAs.*’ In view of the above duality, it
may not be surprising that some properties of Ga;_,Mn, As can
be explained from the standpoint of Bloch-like states.3>38:3
However, many salient features of Ga;_,Mn,As cannot be
understood in the context of conventional VB conduction,
such as the spectral features and activated trends seen in Fig. 1,
and require an emphasis on localization.’*3!*0 We speculate
electronic correlations are likely to be vitally important in a
conducting system at the borderline of localization, and note
earmarks of such correlation effects have been identified in
Ga;_,Mn,As tunneling spectra.’® Though disorder plays a
role, our experiments show that disorder alone is not sufficient
to explain the radical differences between Be- and Mn-doped
samples.
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