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Infrared spectroscopy is used to study the doping and temperature dependence of the intragap absorption in
the ferromagnetic semiconductor Ga1⫺x Mnx As, from a paramagnetic, x⫽0.017 sample to a heavily doped,
x⫽0.079 sample. Transmission and reflectance measurements coupled with a Kramers-Kronig analysis allow
us to determine the optical constants of the thin films. All ferromagnetic samples show a broad absorption
resonance near 200 meV, within the GaAs band gap. We present a critical analysis of possible origins of this
feature, including a Mn-induced impurity band and intervalence band transitions. The overall magnitude of the
real part of the frequency dependent conductivity grows with increasing Mn doping, and reaches a maximum
in the x⫽0.052 sample where T C saturates at the highest value (⬃70 K) for the series. We observe spectroscopic signatures of compensation and track its impact on the electronic and magnetic state across the Mn
phase diagram. The temperature dependence of the far infrared spectrum reveals a significant decrease in the
effective mass of itinerant carriers in the ferromagnetic state. A simple scaling relation between changes in the
mass and the sample magnetization suggest that the itinerant carriers play a key role in producing the ferromagnetism in this system.
DOI: 10.1103/PhysRevB.68.165204

PACS number共s兲: 75.50.Pp, 71.55.Eq, 78.20.⫺e

I. INTRODUCTION

The discovery of ferromagnetic order induced by doping
common III-V semiconductors has recently generated a great
deal of interest.1 With transition temperatures in excess of
100 K these systems are emerging as one of the most promising materials base for spin electronics applications.2 Low
temperature epitaxial growth techniques have allowed for the
incorporation of large amounts of Mn atoms, beyond the
bulk solubility limit, in both InAs and GaAs. In GaAs, up to
8% of the Ga atoms may be replaced by Mn. The Mn atom
generally sits in place of a Ga atom providing a local magnetic moment, and acts as an acceptor, thus doping a hole
into the system. These high dopings also inevitably introduce
disorder in the form of Mn interstitials which are believed to
act as double donors. A natural explanation for the resultant
magnetic order is in terms of the itinerant doped holes mediating the ferromagnetism of the localized Mn spins.3
A more comprehensive picture of the ferromagnetic state
requires knowledge of the Mn induced changes in the GaAs
electronic structure at high doping levels. Optical absorption
measurements on nonmagnetic GaAs doped with Mn in the
very dilute limit indicate that Mn forms a shallow acceptor
level at 110 meV above the valence band.4,5 However, the
concept of an isolated impurity level is likely to break down
at high doping levels 共few atomic percent兲 needed to initiate
the ferromagnetic state in Ga1⫺x Mnx As. Indeed, most band
structure calculations predict a substantial hybridization of
the GaAs bands with Mn d levels in this doping regime.6 –13
Experimental verification of this proposal is found in the
results of core-level photoemission experiments which indi0163-1829/2003/68共16兲/165204共14兲/$20.00

cate a strong As 4p Mn 3d hybridization.14 Direct measurements of the electronic states in Ga1⫺x Mnx As from angle
resolved photoemission spectroscopy 共ARPES兲 show Mninduced states both 3– 4 eV below the top of the valence
band, and also very near the Fermi energy (E F ). 15,16 The low
energy band has small but finite spectral weight at E F with
little dispersion, and is spread out in energy by nearly 1 eV.
These Mn-induced states at E F are a critical component for
carrier mediated ferromagnetism in the III-V series. Unfortunately, the present resolution 共100 meV兲 of the ARPES experiments precludes a detailed inspection of these states near
E F . Recent tunneling measurements have shown E F shifting
from midgap to the top of the valence band with increased
doping.17 These studies find a significant broadening of the
valence band, suggestive of hybridization with a Mn-induced
impurity band. Currently little is known about the dynamical
properties of conducting holes since the vast majority of experimental studies of Ga1⫺x Mnx As are focused on transport
measurements in the dc limit.
Infrared spectroscopy offers a unique perspective on the
electronic structure and charge dynamics of solids by providing experimental access to the critical energy range extending from a few meV to several eV. The high resolution
(⬍1 meV) enables a detailed examination of fine features
near E F . Previous measurements of the absorption coefficient on thin films of Ga1⫺x Mnx As have detected a resonance near 200 meV.18,19 While it’s origin is as yet unresolved, this feature has been attributed to a small polaron,18
impurity band absorption,18 –21 and intervalence band
transitions.19,22–24 Additionally these experiments have found
a strong growth of the far-infrared spectral weight below T C .
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A comprehensive analysis of the information obtained
through spectroscopic experiments is hardly possible without
extracting the optical constants of the studied material from
measured transmission and/or reflectance spectra. Indeed, the
dissipative part of the optical constants 关the real part of the
complex conductivity  1 (  ) or imaginary part of the dielectric function ⑀ 2 (  )] uncovers resonances attributable to different excitation channels in a system. Moreover, a variety of
sum rules that can be formulated for the optical constants
permit extraction of quantitative information from the data
pertinent, for example, to the determination of the effective
masses and/or carrier densities.25 Since sum rules can be
traced back to fundamental conservation laws, this analysis
offers opportunities to infer a wealth of information in a
model-independent way. Recently we have published our initial results of a study of the optical conductivity of ferromagnetic Ga1⫺x Mnx As films.26 Here we report on the detailed
doping and temperature dependence of the infrared properties of a series of Ga1⫺x Mnx As films throughout the Mndoping phase diagram. An examination of doping trends allows us to distinguish between two types of compensating
defects: AsGa antisites and Mni interstitials which play a pivotal role in defining both the electronic and magnetic state of
the Ga1⫺x Mnx As system.27–29 We confirm the existence of
the 200 meV resonance in the intragap conductivity of
Ga1⫺x Mnx As. We show that this feature is specific to the
response of ferromagnetic samples. Applying a sum rule
analysis to our data we found that charge carries in ferromagnetic films reveal significant enhancement of their effective
mass compared to the valence band mass. Below the Curie
temperature we observe a strong increase of the low-energy
spectral weight consistent with the lowering of m * values
that tracks the temperature dependence of magnetization. We
discuss these results in the context of recent proposals for the
electronic structure of ferromagnetic III-V compounds.
This paper is organized in the following manner. In Sec. II
we briefly outline the experimental procedures. Also included is an appendix 共Sec. VI兲 with a detailed discussion of
a novel method of extracting the optical constants of the
Ga1⫺x Mnx As films from a combination of transmission and
reflectance measurements, supplemented with a KramersKronig analysis of the transmission data. In Sec III we
present both the doping and temperature dependence of
 1 (  ) for the Ga1⫺x Mnx As films. Section IV A discusses the
effects of compensation in these heavily doped systems. In
Sec. IV B we infer the gross features of the electronic structure of Ga1⫺x Mnx As from the conductivity data and discuss
the evolution of the electronic structure with Mn doping. The
temperature dependence of the conductivity in the ferromagnetic state is analyzed in terms of an effective mass change
in Sec. IV C. Finally we summarize our findings and provide
an outlook on future experiments in Sec. V.
II. EXPERIMENTAL PROCEDURES

Thin films of Ga1⫺x Mnx As were grown with the low temperature molecular-beam epitaxy method.1 The films had a
thickness of 0.5  m, and were grown on single crystal GaAs
substrates 0.5 mm thick. Table I shows the different Mn con-

TABLE I. Magnetic and electronic parameters of Ga1⫺x Mnx As
thin films. Ferromagnetic transition temperature, T C , Magnetization at 5 K, M, and effective mass values, m * , are determined as
described in the text.
x
T C (K)
M (emu/cm3 )
* (m e )
m min
* (m e )
m max

0.000 0.017 0.028 0.040 0.052 0.066 0.079
⬍5
0

⬍5
0

30
13
0.8
24

45
23
0.8
19

70
26
0.7
15

70
32
0.9
20

70
28
1.2
26

centrations used, and summarizes some of the magnetic and
electronic properties. The x⫽0.017 sample is paramagnetic
down to the lowest measured temperatures 共5 K兲; all other
Mn-doped samples showed a well defined ferromagnetic
transition. In addition, we examined the infrared response of
a 0.5  m film of GaAs prepared using the low-temperature
growth at T⫽260 °C which is an optimized condition for
epitaxy of ferromagnetic films.
Infrared transmission experiments were performed between 292 K and 5 K, well above and below the ferromagnetic transition temperatures of the samples. The energy
range covered in the experiment extends from 15 cm⫺1 to
12 000 cm⫺1 共the band gap in GaAs兲. The ratio of the transmission through the film and substrate to the transmission of
a blank substrate was measured. A novel approximation free
method30,31 described in the Appendix was used to calculate
an effective single-layer transmission (T KK) of the
Ga1⫺x Mnx As films. A Kramers-Kronig analysis of T KK
yields the accompanying phase change, ⌰. A combination of
T KK and ⌰ allows all of the complex optical constants of the
Ga1⫺x Mnx As film, such as the optical conductivity,  (  ), to
be calculated. To eliminate uncertainties related to the
Kramers-Kronig 共KK兲 analysis of the transmission, we have
also measured the reflectance of the films for 
⬎3000 cm⫺1 at 292 K. With the raw transmission and reflectance data the optical constants can be calculated directly,
which serves to set a constraint on the KK generated phase.
III. RESULTS AND ANALYSIS

The measured transmission spectra, which is the ratio between the transmission through both the Ga1⫺x Mnx As film
and substrate, and the bare substrate (T meas ⫽T 2l /T s ) is plotted in Fig. 1 for all studied samples at T⫽292 K and 5 K.32
For the x⫽0 film 关low-temperature 共LT兲 GaAs兴 we find that
T meas is indistinguishable from that of bulk GaAs substrate
for  ⬍7000 cm⫺1 . At higher frequencies we observe a substantial drop of T meas which is especially prominent as the
band gap of GaAs is approached. For the x⫽0.017 sample,
the T meas spectra are similar to the LT GaAs data. However,
the transmission drop close to the gap edge is stronger and
the onset of this feature starts at a lower frequencies. A qualitative change in the transmission data occurs between x
⫽0.017 and x⫽0.028, coincident with the onset of ferromagnetism in our series of films. Here T meas is substantially
suppressed below 1, even at low frequencies. Additionally, a
new feature emerges in all of these samples. Near
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FIG. 1. The measured transmission which is
the two layer transmission normalized to the
transmission of a blank substrate (T meas
⫽T 2l /T s ) is shown for all seven samples at T
⫽292 K and 5 K. Deviations from T meas ⫽1 is
an indication of absorption in the Ga1⫺x Mnx As
film. As the Mn doping is increased the overall
level of T meas decreases. Additionally, a strongly
temperature dependent minimum is observed
near 2000 cm⫺1 for all ferromagnetic samples.
The weak oscillations observed throughout the
frequency range in all samples is due to interference within the film.

2000 cm⫺1 a minimum is observed, clearly seen at low temperatures for the films with low doping, and at all temperatures for the higher Mn concentration samples. This minimum near 2000 cm⫺1 should be distinguished from the weak
periodic oscillations observed throughout the spectra. The
latter weak structure in T(  ) can be attributed to interference within the Ga1⫺x Mnx As film. The minimum at finite 
observed in the raw data is a clear signature of the peak in
the KK generated  1 (  ) discussed below.
Before discussing the full doping dependence of  1 (  ),
we show in Fig. 2 the paramagnetic sample with x⫽0.017,
and a ferromagnetic sample (x⫽0.052) with a T C near the
maximum for the series. Also plotted is  1 (  ) for undoped
GaAs 共Ref. 33兲 along with the data for the Mn free LT GaAs
sample.34 The spectrum of single crystal GaAs 共gray line兲
shows the canonical features of a direct gap semiconductor:
 1 (  )⫽0, except for the sharp absorption in the far infrared
(  ⫽265 cm⫺1 ) due to a well known optically active phonon, and the sudden onset of  1 (  ) signaling absorption
across the GaAs band gap. These two features impose
opaque regions on the energy window of our experiments,
since nearly all of the light which is transmitted through the
thin Ga1⫺x Mnx As films is absorbed in the thick 共0.5 mm兲
GaAs substrate. The changes in  1 (  ) when the doping
level is at 1.7% Mn 共paramagnetic sample, dashed line兲 are
relatively weak. Below 2500 cm⫺1 ,  1 (  ) is flat and featureless with a value of ⬃5 ⍀ ⫺1 cm⫺1 , close to the noise
floor of the current experimental setup. The most significant
change is the strong broadening of the gap edge, which is

noticeable in all samples prepared using low-temperature
growth. Such broadening, also observed in LT GaAs, in part
can be attributed to disorder associated with AsGa antisite
defects.35,36 This structure will be discussed in the next section in the context of compensation effects in Ga1⫺x Mnx As.
Turning now to the ferromagnetic sample with x⫽0.052
共thick black line兲, we see a qualitative change in the spectrum. There is a strong increase in the absolute value of
 1 (  ) at all  . In particular,  1 (  →0) has increased by
nearly two orders of magnitude from the paramagnetic
sample, signaling a crossover to metallic transport. The other
new feature which dominates the conductivity spectrum of
ferromagnetic Ga1⫺x Mnx As is the strong resonance at 
⬃2000 cm⫺1 . This feature is indicative of an interband transition within what was the GaAs band gap.
A common feature of the paramagnetic x⫽0.017 sample
and all the ferromagnetic samples is the broad tail near the
GaAs band gap. In order to more clearly focus on the Mndoping dependence of the conductivity we plot  m
1 ()
⫽  x1 (  )⫺  x⫽1.7%
(

)
in
Fig.
3
for
T⫽292
K.
This
subtrac1
tion has negligible effect on  1 (  ) below 4000 cm⫺1 , and
simply removes the high energy tail.
All the samples shown in Fig. 3 share the same features as
the x⫽0.052 sample discussed above. A strong resonance is
observed in the region of 1500–2000 cm⫺1 , and  1 ( 
→0) remains finite. The overall magnitude of the conductivity spectra increases with doping up to x⫽0.052, which is
also the sample in where T C saturates for the present series.
We also observe reproducible structure in all the ferromag-
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FIG. 2. Real part of the conductivity derived from measured
transmission for paramagnetic x⫽0.017 sample 共dashed line兲, ferromagnetic x⫽0.052 sample 共thick solid line兲, and the LT GaAs
film (x⫽0.00, thin black line兲. Also shown is the conductivity of
GaAs from Ref. 33 共gray line兲. The conductivity of the GaAs substrate is zero except for the narrow band near 265 cm⫺1 where there
is a strong phonon mode, and above 12 000 cm⫺1 where absorption
across the band gap sets in. Due to the thickness of the substrate
these regions are opaque to our experiment. The LT GaAs film
spectrum deviates from the single crystal data above 7000 cm⫺1
where additional absorption is observed due to AsGa defects. The
absorption increases in this region and extends down to lower energy as 1.7% Mn is doped into the system. However, below
2500 cm⫺1  1 (  ) remains flat and featureless with a magnitude of
⬍5 ⍀ ⫺1 cm⫺1 . While the x⫽0.052 ferromagnetic sample has a
similar broad band tail as at x⫽0.017, it also has qualitatively
new features. Near 2000 cm⫺1 a strong interband absorption
is observed. Additionally the low- conductivity has increased
substantially.

netic samples around 7000–10 000 cm⫺1 . Such an absorption in the infrared conductivity has been predicted to arise
from heavy hole to split-off band transitions in the GaAs
valence band.23 In the current data set these features are only
clearly visible after subtracting the conductivity spectrum of
the 1.7% sample as discussed above.
The increase of the conductivity with Mn doping is a sign
of increasing carrier concentration, which can be seen more
clearly by calculating the effective spectral weight:
n
m*

⫽

e

冕
⍀

2
2

0

1共  兲 d  ,

共1兲

where n is the density of carriers, m * is the effective mass,
and ⍀ is the appropriate cutoff of the integration. The inset
of Fig. 3 shows n/m * calculated from  m
1 (  ) with the integration limit of 11 000 cm⫺1 , as a function of Mn concentration. The spectral weight rises strongly with Mn doping
until x⫽0.052, and then decrease slowly at higher x. Nonmonotonic dependence of n/m * on the doping concentration

FIG. 3. In order to focus on the effects of Mn doping  m
1 ()
⫽  x1 (  )⫺  x⫽1.7%
(

)
is
plotted
for
all
ferromagnetic
samples
at 5
1
K. All samples show an absorption feature in the midinfrared, indicative of an interband transition. As the doping increases the
strength of this feature increases, along with the overall level of the
 1 (  ) curve. At x⫽0.052, where T c saturates near its maximum
value,  1 (  ) also reaches a maximum than decreases slightly with
increased doping. Also shown is  1 (  ) for nonmagnetic
Ga1⫺x Mnx As 共Ref. 4兲, in the very dilute limit with x⬃0.00002. An
absorption band is observed in the dilute sample starting at
800 cm⫺1 and peaked near 1500 cm⫺1 due to transitions from the
valence band to the Mn-induced impurity level. There is a close
correspondence between the energy scales of the absorption band in
the dilute sample and ferromagnetic films. The inset shows the doping dependence of T C and n/m * 关Eq. 共1兲兴.

is yet another indication of the presence of compensation
effects that will be addressed in the next section. Also plotted
in the inset is the Mn dependence of the ferromagnetic transition temperature, T C . The correlation between carrier density and T C , which has also been found in a number of
measurements,37– 40 argues in favor of a pivotal role of the
itinerant carriers in the formation of the ferromagnetic state.
The close association between the charge response and
magnetism is also found in the temperature dependence of
 1 (  ). The temperature dependence of the conductivity for
all Mn-doped samples is displayed in Fig. 4. For the paramagnetic x⫽0.017 sample  1 (  ) is shown at 292 K and 5
K. Throughout most of the spectrum there is very little T
dependence. For all other samples  m
1 (  ) is plotted at T
⫽292 K, T c , and 5 K. The basic trends in the temperature
dependence of all of these samples are nearly identical. Going from 292 K to T c the finite frequency peak narrows,
while the low- conductivity decreases. The latter trend is
reversed in the ferromagnetic state and at T⬍T C ,  1 (  )
increases at all  ⬍2500 cm⫺1 . This leads to a nearly parallel offset between the spectra at different temperatures.
To focus more clearly on this temperature dependence,
 1 (  ) is shown in Fig. 5 for the x⫽0.052 sample. The top
panel displays temperatures T⭓T C , while the bottom panel
presents the spectrum obtained at T C along with the data at
lower temperatures. A critical review of the data reveals two
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FIG. 4. Temperature dependence of the conductivity for all Mn-doped samples. For the x
⫽0.017 sample  1 (  ) is plotted at T⫽292 K
and 5 K. There is only minor T dependence at
high frequencies. For all other samples  m
1 ()
(  ) is shown at T⫽292 K,
⫽  x1 (  )⫺  x⫽1.7%
1
T c , and 5 K. The temperature dependence for all
samples is very similar. The low frequency conductivity decreases with decreasing temperature
above T C , but increase as the temperature is lowered in the ferromagnetic state. In contrast, the
peak height increases as the temperature is lowered for all T.

distinctly different behaviors in the T and  dependence of
 1 above and below T C . At T⬎T C 共top panel兲 strengthening
of the 2000 cm⫺1 feature is accompanied by a corresponding
decrease in  1 (  ) below 900 cm⫺1 . As a result, the total

FIG. 5. Temperature dependence of  m
1 (  ) for x⫽0.052 sample
on a log scale. Top panel shows T⭓T C , while the bottom panel
displays T⭐T C . As the temperature is lowered from 292 K to T C
共top panel兲 the midinfrared peak narrows, shifts slightly to higher
frequencies, and increases in strength. Concomitantly, there is a
depression of  1 (  ) below 900 cm⫺1 . Cooling below T C in the
ferromagnetic state 共bottom panel兲 produces a qualitatively different
effect. The peak now broadens and shifts to lower frequencies, but
still increases in magnitude. Notably, the low- conductivity now
increases with decreasing temperature, and there is no crossing of
 1 (  ) near 900 cm⫺1 at different temperatures.

spectral weight remains nearly constant below
⬃4000 cm⫺1 . In contrast at T⬍T C 共bottom panel兲 the low conductivity now increases simultaneously with the
growth of the peak. This leads to an overall gain in spectral
at  ⬍4000 cm⫺1 . This excess spectral weight is drawn
from the energy region between 4000 cm⫺1 and 8000 cm⫺1 .
At even higher frequencies the spectral weight is independent of temperature.
The nonmonotonic temperature dependence of  1 (  ),
common for all ferromagnetic samples, reflects dramatic
changes in the charge response at T⬍T C . Further insights
into the free carrier transport may be gained by looking at
 1 (  ) in the limit of  →0, where the response is governed
entirely by intraband processes. In Fig. 6 we plot  opt
⫽1/ 1 (  ⫽40 cm⫺1 ), which is an optical measure of the dc
resistivity. While the magnitude of  opt is doping dependent,
all of the ferromagnetic samples share the same qualitative
features of the T dependence. Below T C the resistivity is an
increasing function of temperature. Above T C the slope of
d  /dT changes and a semiconducting character is observed
in  opt . For all ferromagnetic samples  opt remains finite as
T→0, signaling metallic transport. The slight increase in
 opt above x⫽0.052 is likely the result of the accelerated
rate of compensation at high Mn concentration. Both the
temperature dependence and magnitude of  opt is in accord
with direct measurements of  dc , for x⬎0.035. 37 However,
at lower doping levels dc measurements observe a negative
d  /dT over the entire temperature range, with only a shoulder visible at T C .
The temperature dependence of  (T) has previously been
attributed to a modification of the scattering of metallic carriers by spin fluctuations below the Curie temperature.37
However, this interpretation of the dc data must be reconsidered in light of the results for the dynamical conductivity
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FIG. 6. Optical analog of the dc resistivity,  o pt ⫽1/ 1 ( 
⫽40 cm⫺1 ) is plotted vs temperature for all ferromagnetic samples.
The magnitude of  opt decreases with doping until x⫽0.052, after
which it saturates at a slightly higher value. All samples share the
same qualitative features; below T c ,  o pt increases with increasing
temperature, while in the paramagnetic state  o pt decreases. The
temperature dependence of  o pt is governed by the redistribution of
spectral weight as can be clearly seen in Fig. 5.

shown in Figs. 4 and 5. A strong temperature dependence in
the scattering rate should lead to noticeable changes in the
low- line shape of  1 as the temperature is reduced. In
contrast with this expectation based on transport theories we
only observe a parallel offset between the different spectra
without significant modification of the frequency dependence. An alternative explanation of the dc data may be
found in the strong changes in the low- spectral weight.18,26
Within the Drude theory  ⬀(m * /n)(1/ ), the dc resistivity
is a function of both the scattering time,  , and the itinerant
carrier spectral weight, n/m * . As suggested in Ref. 18 it
appears that the nonmonotonic behavior of  (T) is simply a
further manifestation of the strong renormalization of the
carrier mass at T⬍T C .
IV. DISCUSSION
A. Spectroscopic signatures of compensation in Ga1Àx Mnx As

A critical unresolved issue in the study of Ga1⫺x Mnx As is
the nature of the electronic structure in the heavily doped
system. Spectroscopic data presented in the previous section
clearly show that Mn-induced changes in the intragap response of Ga1⫺x Mnx As are not merely restricted to the generation of charge carriers. Intriguingly, as much as 1.7% of
Mn does not initiate any noticeable enhancement of the conductivity in the far-ir region, thus giving no indication for the
presence of mobile holes. Hence this sample appears to be
completely compensated. Since ferromagnetism in
Ga1⫺x Mnx As is believed to be mediated by conducting
holes, compensation effects are likely to play a major role in
defining not only electronic but also the magnetic state of a
the doped system and therefore deserve careful consider-

ation. Although holes ‘‘neutralized’’ through the compensation processes do not participate in either dc or low- conductivity, these ‘‘neutral’’ states do contribute to optical
absorption at higher energies. In order to illustrate a spectroscopic probe of compensation in a heavily doped system let
us consider first the electronic structure of LT GaAs. The
AsGa defects form double donor levels 0.52 eV and 0.75 eV
above the valence band.41 The concentration of these defects
can be as high as 1020 cm⫺3 in LT GaAs films grown at
260–270°C. Tunnelling spectroscopy measurements for
such samples have shown that these levels broaden to form a
midgap deep donor band centered ⯝0.5 eV above the valence band.42,43 Transitions from the donor band to the conduction band 共panel A Fig. 7兲 lead to a significant smearing
of the fundamental absorption edge. As shown in Fig. 2 the
optical conductivity of an LT GaAs sample grown under
similar conditions to all Ga1⫺x Mnx As studied in this work
reveals characteristic ‘‘band-tailing’’ absorption with a sharp
onset of  1 (  ) at 7000 cm⫺1 共0.87 eV兲. This is consistent
with earlier published results.35,36,44
When Mn is substitutionally introduced in the GaAs host
it is known to form a shallow acceptor level approximately
0.11 eV above the valence band. The presence of such an
acceptor level has been verified by optical absorption
studies.4,5 In LT GaAs samples doped with Mn we would
expect an additional absorption structure directly attributable
to compensation. Indeed, in Mn-doped samples the AsGa antisite levels become depopulated and therefore can serve as
final states for transitions from both the valence band and
Mn-induced levels. Similar absorption is likely to occur in
all p-doped LT GaAs samples. As illustrated in panel B of
Fig. 7, the energy position of AsGa levels and Mn acceptor
levels is such that the onset of band tailing in a 共partially兲
compensated sample is expected to shift to approximately
0.4 eV. This scenario is fully consistent with our data for the
x⫽0.017 sample where a noticeable shift is revealed in the
band tail to frequencies as low as 2500 cm⫺1 共0.31 eV兲.
Depopulation of AsGa levels also neutralizes holes produced
by Mn doping 共or any other form of p doping兲. In the absence of the AsGa antisite band 1.7 % of Mn in GaAs is
expected to induce strong Drude-like absorption in the far-ir
region with a plasma frequency  pD ⫽4  ne 2 /m *
⫽5800 cm⫺1 共assuming free electron mass兲. A primary impact of compensation is that the spectral weight is removed
from the Drude channel to be recovered in the band-tail absorption. Integrating the area under the band tail in the x
⫽1.7% film we obtained the plasma frequency of
3700 cm⫺1 . This value is somewhat lower than our estimate
for  p,D . This discrepancy is expected because interband
absorption involving neutralized holes is likely to extend beyond the transmission cutoff imposed by the GaAs substrate,
and therefore beyond the reach of our current data set.
For the series of Ga1⫺x Mnx As samples studied here a Mn
concentration of x⯝0.017 appears to correspond to a critical
level of compensation when all holes are neutralized by AsGa
states. At higher densities of Mn, free carrier absorption is
evident in the data. The conjecture that the compensating
capacity of antisite defects has been exhausted for x
⬎0.017 is supported by insensitivity of the band-tailing ab-
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FIG. 7. Panel A shows the electronic structure of LT GaAs. According to tunneling spectroscopic measurements AsGa levels in LT GaAs
broaden to form bound centers approximately 0.5 eV above the valence band. The presence of AsGa antisites causes the significant
band-tailing observed in Fig. 2. Panels B and C show two possible scenarios for the evolution of the GaAs band structure with heavy Mn
doping. Optical transitions corresponding to band-tailing effects are shown with thin arrows. The thick arrows indicate possible transitions
which may be responsible for the low energy resonance observed in  1 (  ). In panel B an impurity band is formed at the energy of the Mn
acceptor level. If this band is partially occupied, metallic transport can occur and optical transitions are allowed originating from the valence
band. Additionally the increase in band tailing as observed in Fig. 2 is expected when the AsGa sites become depopulated. Panel C shows
an alternative scenario where holes are doped into the valence band from Mn acceptor levels. Inter-valence band transitions can now occur,
in addition to the band-tailing effects discussed previously.

sorption to the doping level beyond 1.7%. Nevertheless, data
plotted in Fig. 3 are indicative of additional compensation
channels unrelated to antisites. Indeed, the spectral weight
关Eq. 共1兲兴 in the intragap conductivity first increases with the
increase of Mn concentration but decreases for x⬎5.2%.
This nonmonotonic dependence of the spectral weight on x
points to the fact that Mn dopants not only act as acceptors in
the GaAs host but also produce donor states. The latter role
is expected if Mn enters the GaAs host interstitially.45– 47 The
doping dependence of the electronic spectral weight discussed above suggests that the fraction of Mn occupying
interstitial sites is enhanced at x ⬎5.2%. One aspect of Mn
self-compensation which is not entirely clear is the precise
location of the spectral weight associated with the transitions
to Mn-induced donor levels. Density functional theory results by Erwin and Petukhov45 predict that the relevant energy levels are likely to occur at energies close to 0.7 eV and
0.9 eV above the valence band. This position of the energy
levels implies that a depression of the far-ir conductivity attributable to partial neutralization of mobile holes has to be
accompanied with the increase of absorption at frequencies
at  ⬎0.7 eV. Such an increase is not evident in our data.
We therefore speculate that the levels associated with Mn
interstitial are likely to occur much closer to the bottom of
the conduction band. Accurate measurements of the optical
constants as a function of doping and temperature at energies
above the fundamental absorption edge are needed to resolve
this issue.

B. Electronic structure of ferromagnetic Ga1Àx Mnx As

When constructing theories of carrier mediated ferromagnetism, identifying the band in which the itinerant carriers
reside is of fundamental importance. This issue has lead to
lively discussion in the literature over the last several years.
According to one school of thought, the doped carriers are
assumed to reside in an impurity band 共IB兲.6,9,20,21,28,48,49
This picture stems from the fact that Mn is known to form a
shallow acceptor level in GaAs when the doping is weak
(1017 cm⫺3 ). 4,5 The impurity band scenario assumes that as
doping progresses from this very dilute limit, to the heavily
doped regime, the shallow Mn acceptor level broadens and
forms an impurity band 共panel B in Fig. 7兲. An alternative
scenario suggests that holes are doped into the GaAs valence
band 共VB兲.3,22–24,50 Within these models, the role of Mn doping is primarily restricted to increase of the hole concentration 共panel C in Fig. 7兲. In the following we will test the
validity of these proposals based on the current experimental
results.
A key feature of the data presented earlier is the strong
midinfrared absorption, observed exclusively in ferromagnetic samples. This feature has a natural explanation within
the impurity band picture of the electronic structure. Returning to Fig. 3,  1 (  ) is also shown for a very dilute sample of
Ga1⫺x Mnx As with a Mn content of x⬃0.00002. 4 Below
800 cm⫺1 ,  1 (  ) is zero in the dilute Mn sample, as in the
undoped GaAs. However, at higher energies an absorption
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band is observed. This absorption is attributed to electronic
transitions from the valence band to the Mn impurity level,
which from this data lies about 800 cm⫺1 above the top of
the valence band. Examining the data for the ferromagnetic
films in Fig. 3 we see a strong correspondence between the
position of the Mn impurity level in the dilute limit, and the
strong absorption observed in the ferromagnetic system.51
While at this doping levels it is unlikely that an isolated Mn
impurity level remains, the data of Fig. 2 suggest that transitions from the valence band to Mn-related electronic states
may be the origin of the strong infrared absorption.
Alternatively, the midinfrared absorption may be accounted for without invoking an impurity band model. Internal structure of the valence band in III-V materials may give
rise to a variety of absorption processes provided the system
is heavily doped.52 Specifically, if E F is located as depicted
in panel C of Fig. 7, transitions are available between the
heavy hole, light hole, and split off bands. The expected
energy and oscillator strength of the transitions, which depend on the subband masses, spin-orbit energy, and doping
level, are consistent with the resonance we observe near
2000 cm⫺1 . 23,24
While both models can explain the absorption band in the
midinfrared, critical differences can be found in the predicted
band structure properties. Specifically, the itinerant carrier
mass will be significantly heavier in the impurity band than
the GaAs valence band. The mass of the charge carriers may
be accessed through a sum rule analysis of the intraband
response in  1 (  ) 关Eq. 共1兲兴 provided that the carrier density
is known. In practice an accurate determination of m * is
complicated by the compensation effects discussed earlier,
and an accurate deconvolution of the intraband and interband
contributions of  1 (  ). Nevertheless, examination of the
phase space of realistic values of m * provides useful insight
into the origin of the itinerant carriers. Following the procedure outlined in Ref. 26 we separate the intra- and interband
components of the conductivity spectra in Fig. 3. We first
assume no compensation and thus assign one charge carrier
for every Mn atom in Ga1⫺x Mnx As. For the x⫽0.052
sample, which has the greatest spectral weight, integration of
the intraband components yields values of the effective mass
between m * ⫽(2.1–44)m e . A direct integration of the entire
 m1 (  ) spectrum also yields a mass of m * ⫽2.1m e . 26 The
above estimates are considerably reduced if compensation
effects are considered. Discussion in the Sec. IV A clearly
illustrates that as much as 1.7% of Mn does not deliver any
mobile holes suggesting at least a 30% compensation level in
the x⫽0.052 film. High field Hall measurements support this
conclusion where the hole doping was found to be only one
third of the Mn concentration.53 Taking into account these
results our estimates of the mass are reduced to (0.7–15)m e .
Table I summarizes the range of possible masses for all the
different ferromagnetic samples, with the effects of compensation included.
These estimates are consistent with ARPES results15
which find a flat impurity band at the Fermi level, but exceed
theoretical estimates of the mass of a 5% sample in a model
where the holes are doped into the GaAs valence band and
produce m B ⫽0.25m e . 24 At this high doping level the nonpa-

rabolic character of the valence band may be partially responsible for this discrepancy. The effects of hybridization
between the Mn acceptor levels and As p levels that make up
the valence band can also lead to an enhanced mass. Indeed,
the present experiments demonstrate the need to go beyond a
simple picture of holes doped into unaltered GaAs bands.
Additionally, mass enhancement may not solely a band structure effect, but caused by renormalization due to both lattice
and magnetic polarons.31 Indeed, in this context it is worthwhile to mention that the sum rule analysis yields effective
mass m * which may significantly exceed the band mass m b .
It is the m b value that is relevant to attempts to discriminate
between the impurity band and valence band pictures of the
electronic structure. Consideration of possible role of polaronic effects is the obvious next step in understanding these
materials.
C. Hole dynamics in the ferromagnetic state

Having discussed the gross features of the electronic
structure for T⬎T C , we now explore the changes that occur
at lower temperatures and how they are related to the onset
of ferromagnetism. In Figs. 4 and 5 a nonmonotonic temperature dependence was observed in the low-energy part of
the  1 (  ) spectra. As the bottom panel of Fig. 5 demonstrates, this is due to a growth of low- spectral weight
below T C . In order to quantify this effect we calculate the
intraband spectral weight using Eq. 共1兲. In Fig. 8 we plot the
differential spectral weight defined as ␦ (n/m * )⫽(n/m * ) T
⫺(n/m * ) T C , for all ferromagnetic samples. For this calculation the upper bound of the intraband spectral weight was
used. For the x⫽0.052 sample, we also show the temperature
dependence of ␦ (n/m * ) using the lower bound estimate of
the intraband spectral weight and also for just integrating the
entire  1 (  ) curve to 4000 cm⫺1 at each temperature 共see
Ref. 26兲. Regardless of the method employed the principal
trends are the same. Below T C , ␦ (n/m * ) begins to increase,
and continues to grow until the lowest temperature studied.
This behavior is seen for all Mn-doping levels.
Also plotted in Fig. 8 is the magnetization of the samples.
The strong correlation between the temperature dependence
of the low- spectral weight and magnetization indicates
that the heavy itinerant carriers may be mediating the ferromagnetism. Changes in the carriers effective mass below T C
have also been observed in the manganites54 –56 and
hexaborides,57 both itinerant ferromagnets. A theory of kinetic energy driven ferromagnetism proposed by Hirsch58
can account for this behavior. In the top left panel of Fig. 8
the relation between spectral weight and the gross magnetic
properties of Ga1⫺x Mnx As is further quantified. While the
data for individual samples is rather sparse, the overall trend
of several Mn dopings indicates a linear scaling between
changes in the spectral weight and the square of the magnetization. This form of scaling relation is also observed in the
manganites54,55 and can be accounted for within the double
exchange model.59
The data in Fig. 8 indicate that the changes in low-
spectral weight has its origin in magnetic interactions. With
this in mind we can get an estimate of the relevant energy
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scales by looking at the frequency dependence of the spectral
weight above and below T C . To this end it is useful to compare the partial sum rule of Eq. 共1兲, which defines the spectral weight, to the global sum rule
2
n
⫽
me e2

FIG. 8. Change in the spectral weight below T C , ␦ (n/m * )
⫽(n/m * ) T ⫺(n/m * ) T C , of the intraband component of  1 (  ) calculated for all samples using the maximum spectral weight. For all
samples a strong increase is observed below T C . For the x
⫽x 0.052 sample ␦ (n/m * ) was also calculated with the minimum
spectral weight 共stars ⫻25), and from a direct integration of  1 (  )
up to 4000 cm⫺1 共triangles ⫻125) 共Ref. 26兲. All methods give the
same qualitative result. Also plotted is the magnetization for each
sample. The top left panel shows ␦ (n/m * ) normalized to the magnitude of the spectral weight at T C plotted against the square of the
magnetization. All samples show the same scaling regardless of T C
or Mn doping.

冕
⬁

0

1共  兲 d  ,

共2兲

which simply states that the total area under the conductivity
curve is a constant, independent of external parameters such
as temperature. Equation 共2兲 demands that at some cutoff
frequency ⍀⫽⍀ C the partial sum rule of Eq. 共1兲 will become temperature independent. In Fig. 9 we plot the spectral
weight 关Eq. 共1兲兴 as a function of cut-off frequency ⍀ at T
⫽T C and 5 K. For all the samples the spectral weight in the
ferromagnetic state is enhanced at low energies. However, by
⍀⭐8000 cm⫺1 the relative difference in spectral weight is
less than 5 % for the different temperatures (⍀⫽⍀ C , see
arrows兲. This means that the low- spectral weight gained in
the ferromagnetic state originated from energies
⭐8000 cm⫺1 共1 eV兲. This provides a rough estimate of the
energy scale of the magnetic interactions. Indeed, in the
manganites the low-frequency spectral weight is drawn from
an energy range of ⬃3 eV, which is the energy scale of the
Hunds exchange coupling relevant to the manganite
system.54,56 In contrast the Mn ion in Ga1⫺x Mnx As is in the
d 5 state,5,60 so the Hunds coupling is not the relevant exchange interaction. Rather a smaller kinetic exchange should
apply, consistent with the lower energy scale of the spectral
weight convergence observed in Fig. 9. While ⍀ C for all Mn
dopings is in the general range of 4000–8000 cm⫺1 , a definite pattern in the doping dependence is observed. In the top
left panel of Fig. 9 ⍀ C is plotted as a function of Mn dopings. At low dopings ⍀ C increases linearly and than saturates
at higher Mn concentration. Interestingly the doping dependence of ⍀ C shows a remarkable similarity to the doping
dependence of T C shown in the inset of Fig. 3.

FIG. 9. Frequency dependence of the spectral
weight 关Eq. 共1兲兴 for all ferromagnetic samples at
T⫽T C and 5 K. Throughout most of the frequency range there is more spectral weight in the
ferromagnetic state. However, by 4000–
8000 cm⫺1 data at all temperatures converge to
the same value. The arrows mark ⍀ C , defined as
the energy at which there is less than 5 % relative
differences in the spectral weight above and below T C . The top left panel shows the doping dependence of ⍀ C , which has a striking resemblance to the doping dependence of T C 共inset of
Fig. 3兲.
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V. SUMMARY AND OUTLOOK

In this work we have employed a novel approximation
free method for extracting the optical constants of a 2 layer
system to investigate the electronic structure and dynamic
properties of Ga1⫺x Mnx As. We have expanded on our earlier
work by further examining trends in the evolution of  1 (  )
throughout the magnetic phase diagram. Using optical sum
rules we have performed a model independent analysis to
explore both the effects of compensation at different dopings
and changes in the effective mass of the itinerant carriers at
T⬍T C .
The main features of the electromagnetic response of
Ga1⫺x Mnx As include a broadening of the band edge seen in
all samples, a resonance centered near 2000 cm⫺1 , and a
Drude 共free carrier兲 absorption at low energies; the latter two
features are detected only in ferromagnetic films. The strong
intragap absorption structure at 2000 cm⫺1 has been discussed in terms of both transitions to an impurity band and
intervalence transitions. While both ideas can reproduce the
energy scale of the absorption resonance, neither can completely account for all of the data. In particular, sum rule
analysis of the infrared conductivity suggests that the effective mass of the itinerant carriers is (0.7–15)m e . A realistic
picture of the electronic structure has to include hybridization effects between the Mn-induced impurity band and the
valence band of the GaAs host.
Sum rules were also utilized to examine temperature dependent changes in the Drude contribution to  1 (  ). In particular, we observe a strong enhancement of low-energy
spectral weight below the ferromagnetic transition. This enhancement is understood in terms of a decrease in the carrier
mass in the ferromagnetic state. The change in spectral
weight is found to scale with the magnetization for all Mn
dopings studied. The spectral weight becomes temperature
independent near 8000 cm⫺1 , which supports a small exchange coupling in this system. The doping dependence of
the spectral weight was also examined and correlated well
with T C , further supporting a picture of ferromagnetism mediated by heavy conducting holes. We emphasize that the
effective mass inferred from the analysis of the spectroscopic
data may be enhanced compared to the band mass due to
many-body effects. These effects are outside the scope of the
present paper but deserve further examination.
We have presented a detailed discussion of compensation
effects in Ga1⫺x Mnx As based on the analysis of the frequency dependence of the conductivity. We have shown that
in fully compensated samples the role of Mn doping is restricted to broadening of the fundamental absorption edge.
The gap edge structure is reminisced of that of LT GaAs but
is shifted to lower energies in quantitative agreement with
the energetics of AsGa antisite levels and Mn-induced levels
in the GaAs host. We can estimate a low bound of the compensation level due to AsGa antisites in Ga1⫺x Mnx As, which
is about 30%. Another form of compensating defects is
found in heavily doped samples (x⬎5%) and is attributed to
Mn interstitials. The nonmonotonic dependence of the intragap spectral weight with doping detected in our measurements indicates that the enhancement of T C cannot be readily

FIG. 10. Representation of the experimental geometry. The measured quantity is T 2l /T sub , where T sub is the transmitted intensity
through a blank substrate. The desired quantity for Kramers-Kronig
analysis is the transmission through the film into the substrate
(T KK), which can be obtained from the experimental data and substrate properties from Eq. 共A11兲 as explained in the text. Z 2l , Z s ,
and Z 0 correspond to the load at each interface.

achieved by trivial increase of Mn concentration since
Ga1⫺x Mnx As is a strongly compensated system. Recent
transport and magnetic measurements have indicated that
proper heat treatment of Ga1⫺x Mnx As films during and/or
after the growth can dramatically enhance the Curie
temperature.61,62 This enhancement has been attributed to a
reduction of defects in the material; however, to date this has
not been verified experimentally. It will be instructive to explore this behavior in the context of redistribution of the
electronic spectral weight. In particular the changes in a
number of parameters 共i.e., effective mass, scattering rate,
etc.兲 may be deduced, giving further insight into the dynamics of these materials.
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APPENDIX
1. Kramers-Kronig analysis of a two-layer system

Obtaining the optical constants from transmission measurements is complicated by the fact that the film of interest
is deposited on a substrate. The experimentally accessible
quantity is the transmission through the film/substrate two
layer system, T 2l 共Fig. 10兲. This transmission will depend on
six parameters: the real and imaginary parts of both the film
and substrate optical constants, and the thickness of both the
film and substrate. In general both thicknesses, and the optical constants of the substrate are know a priori, leaving two
unknown quantities: the real and imaginary optical constants
of the film. However, knowledge of the transmission of the
two layer system alone is insufficient in determining these
parameters.
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A second piece of information is required in order to
uniquely solve for the optical constants. One approach is to
additionally measure the near normal incidence reflectance
of the film/substrate system (R 2l ). The two unknown quantities can then be determined from R 2l and T 2l . 63 An alternative method employed here is to make use of the KK relations in order to calculate the phase change of the
transmitted light. With the transmission and phase we can
then calculate the optical constants of the film. As will be
discussed later we do measure R 2l in the mid infrared at 292
K and calculate the optical constants directly, in order to set
a constraint on our KK analysis.
In the analysis of reflectance measurements, the KramersKronig relations are routinely used to generate the phase corresponding to the measured reflectance. With this information the optical constants are then calculated. Using this
method for transmission experiments introduces additional
complications as well as the known problem of integration
limits encountered in reflectance measurements. The transmission, T, of a single layer determines the amplitude of the
complex transmission coefficient: t̂ ⫽ 冑Te i  . The KK integral relating the measured amplitude to the unknown phase
of a electromagnetic wave passing through a single layer is64

 共  0 兲 ⫽⫺ 共 2  0 /  兲

冕

⬁ ln关 兩 t̂ 共  兲 兩 / 兩 t̂ 共 

0



2

⫺  2o

0 兲兩 兴

d  ⫹2  0 d f ,
共A1兲

where d f is the thickness of the film. It is worth emphasizing
that Eq. 共A1兲 only applies to a single free-standing layer. We
are not aware of a corresponding equation for a two layer
system. The main challenge in applying the KK approach to
transmission measurements is to deconvolve the measured
T 2l into an effective one-layer transmission. Often this is
done through an iterative process where by first guessing
values of the films optical constants the transmission through
the film and substrate can be easily separated allowing for a
KK analysis of the films transmission yielding a new set of
optical constants for the film. This processes is repeated until
the values of the films optical constants converge.63,65
In the present analysis we use an alternative technique
which is free of approximations, and does not require numerous iterations.30 Using the formalism of impedance theory66
the transmission across any boundary can be written in terms
of the intrinsic impedance  (  )⫽120 /n̂(  ) and propagation constant ␥ (  )⫽2  n̂(  ) of the material 关 n̂(  ) is the
complex index of refraction兴, and the load at the boundary, Z
共Fig. 10兲. The load at the vacuum-film interface is given by
Z 2l ⫽  f

Z s cosh共 ␥ f d f 兲 ⫹  f sinh共 ␥ f d f 兲
,
 f cosh共 ␥ f d f 兲 ⫹Z s sinh共 ␥ f d f 兲

Z 0 cosh共 ␥ s d s 兲 ⫹  s sinh共 ␥ s d s 兲
,
 s cosh共 ␥ s d s 兲 ⫹Z 0 sinh共 ␥ s d s 兲

t̂ 2l ⫽

 f ⫹Z 2l  s ⫹Z s 2Z 0 ⫺(d ␥ ⫹d ␥ )
e f f s s.
Z 0 ⫹Z 2l  f ⫹Z s  s ⫹Z 0

共A4兲

Additionally, the complex reflectivity for the thin film side is
r̂ 2l ⫽

Z 2l ⫺Z 0
.
Z 2l ⫹Z 0

共A5兲

The problem now is to deconvolve the two layer transmis* t̂ 2l ) into an equivalent one layer transmission.
sion (T 2l ⫽ t̂ 2l
For this purpose it is instructive to first consider the slightly
different geometry of a single layer bounded on one side by
vacuum and the other by an infinite substrate 共Fig. 10 with
d s →⬁). In this case we have
t̂ 1l ⫽

 f ⫹Z 1l
Z 0 ⫹Z 1l

2  s ⫺d ␥
e f f,
 f⫹s

共A6兲

where
Z 1l ⫽  f

 s cosh共 ␥ f d f 兲 ⫹  f sinh共 ␥ f d f 兲
.
 f cosh共 ␥ f d f 兲 ⫹  f sinh共 ␥ f d f 兲

共A7兲

Guided by the form of the right-hand side in Eq. 共A6兲 we can
now rewrite Eq. 共A4兲 as
t̂ 2l ⫽ t̂ KKt̂ corr ,

共A8兲

where
t̂ corr ⫽

2Z 0

 s ⫹Z 0

e ⫺d s ␥ s

共A9兲

and
t̂ KK⫽

 f ⫹Z 2l  s ⫹Z s ⫺d ␥
e f f.
Z 0 ⫹Z 2l  f ⫹Z s

共A10兲

First notice that t̂ corr only depends on the properties of the
substrate and therefore is entirely known. Now t̂ KK is analogous to Eq. 共A6兲, but is now the transmission into a finite
thickness substrate. This is the quantity that we KK transform in order to get the corresponding phase spectrum. Experimentally, we measure the transmission of the two layer
system relative to a bare substrate, T meas ⫽T 2l /T s . Therefore from the experimental data and knowledge of the substrate properties we calculate the KK input for Eq. 共A1兲 as
兩 t̂ KK兩 ⫽

共A2兲

while the load at the film-substrate interface is
Z s⫽  s

impedance of free space. The complex transmission coefficient for the two layer system is given by

冑T meas T s
兩 t̂ corr 兩

.

共A11兲

2. Kramers-Kronig extrapolations and reflectivity constraints

共A3兲

where the subscript f labels the properties of the film and the
subscript s corresponds to the substrate. Z 0 ⫽377 ⍀ is the

Having established the applicability of the KramersKronig procedure we now comment on the inherent limitations of this method. Examination of Eq. 共A1兲 reveals that
the phase at any frequency depends on the transmission from
 ⫽0 to  →⬁. For regions outside of the measured fre-

165204-11

PHYSICAL REVIEW B 68, 165204 共2003兲

E. J. SINGLEY et al.

FIG. 11. Main panel shows R 2l and T 2l for the
x⫽0.066 sample at T⫽292 K. These data are
used to calculate  1 (  ) shown in Fig. 12, and
additionally obtain a phase correction factor for
all  and T of the x⫽0.066 sample. The inset
shows the difference between the R 2l and T 2l
phase and the KK phase obtained without a high extrapolation 共solid line兲. The observed linearity allows for a phase correction factor to be determined at all  共dashed line兲.

quency interval some value of the transmission must be assumed. For the current data set the low frequency extrapolation has a negligible impact on the optical constants in the
measured bandwidth due to the low experimental cutoff
(15 cm⫺1 ). However, the present experimental configuration
severely limits our high frequency cutoff due to the band gap
in the GaAs substrate (⬃12 000 cm⫺1 ). Varying the high-
extrapolation has a considerable impact on the KK-generated
phase and therefore the final form of the optical constants.
Thus, some method of constraining the phase is needed in
order to obtain reliable results.
As discussed earlier, an alternative way of generating the
optical constants without relying on the KK technique is to
measure both T 2l and R 2l . Using Eqs. 共A4兲 and 共A5兲 the

optical constants of the film can be solved for directly. With
this knowledge, Eq. 共A10兲 can be used to calculate the correct phase directly, and therefore determine an appropriate
correction factor for the KK phase. This procedure is illustrated in Figs. 11 and 12. The main panel of Fig. 11 shows
the two layer reflectivity and transmissivity of the x⫽0.066
sample at 292 K. With this data Eqs. 共A4兲 and 共A5兲 were
used to calculate  1 (  ), shown with a thick line in Fig. 12.
Also shown in Fig. 12 are two  1 (  ) curves corresponding
to the KK analysis of T 2l in Fig. 11 outlined in the previous
section. In the first case the high- extrapolation used in Eq.
共A1兲 to calculate the phase was T KK⫽0.  1 (  ) corresponding to this choice is shown with the dash-dotted line. There is
a large suppression of  1 (  ) relative to the T 2l and R 2l

FIG. 12.  1 (  ) for the x⫽0.066 sample at
T⫽292 K obtained in various ways. The thick
black line corresponds to a direct calculation
from R 2l and T 2l shown in Fig. 11. The dotdashed line was calculated from T 2l alone utilizing the KK relations without a high  extrapolation. The strong discrepancies between these
curves demonstrates the impact of using an incorrect extrapolation to calculate the phase. Finally,
using the R 2l and T 2l results to correct the KK
generated phase produces the dashed line, which
is in full agreement with the direct R 2l and T 2l
result.
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method, and additionally, no finite frequency peak is observed, which as will be discussed below is a robust feature
even in the raw data 共Fig. 1兲.
The strong deviation between the two curves in Fig. 12
can be traced back to the incorrect KK generated phase due
to the lack of high-frequency extrapolation. The error in the
KK phase is illustrated in the inset of Fig. 11 where the
difference between the KK-generated phase and the phase
calculated from the results of the R 2l and T 2l measurements
is plotted as a function of frequency 共solid line兲. The fact that
this difference is nearly linear is expected based on the form

of the KK equation,63,65 and provides a practical solution to
finding the correct KK phase. Extrapolating the phase difference to low frequencies 共dashed line兲 allows for a reliable
determination of the phase even outside of the frequency
interval where R 2l was measured. Additionally, the phase
correction factor determined at 292 K can be used for all T,
as evidenced by it’s lack of variation for samples with different Mn doping.67 After the phase is corrected  1 (  ) can
again be calculated, and is shown in Fig. 12 as a dashed line.
The agreement with the value directly obtained from the R 2l
and T 2l data is excellent.
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