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Electronic structure and carrier dynamics of the ferromagnetic semiconductor Ga1ÀxMn xAs
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Infrared spectroscopy is used to study the doping and temperature dependence of the intragap absorption in
the ferromagnetic semiconductor Ga12xMnxAs, from a paramagnetic,x50.017 sample to a heavily doped,
x50.079 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 x50.052 sample whereTC saturates at the highest value (;70 K) for the series. We observe spectro-
scopic 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 ferro-
magnetism in this system.
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I. INTRODUCTION

The discovery of ferromagnetic order induced by dop
common III-V semiconductors has recently generated a g
deal of interest.1 With transition temperatures in excess
100 K these systems are emerging as one of the most p
ising materials base for spin electronics applications.2 Low
temperature epitaxial growth techniques have allowed for
incorporation of large amounts of Mn atoms, beyond
bulk solubility limit, in both InAs and GaAs. In GaAs, up t
8% of the Ga atoms may be replaced by Mn. The Mn at
generally sits in place of a Ga atom providing a local ma
netic moment, and acts as an acceptor, thus doping a
into the system. These high dopings also inevitably introd
disorder in the form of Mn interstitials which are believed
act as double donors. A natural explanation for the resul
magnetic order is in terms of the itinerant doped holes m
diating the ferromagnetism of the localized Mn spins.3

A more comprehensive picture of the ferromagnetic st
requires knowledge of the Mn induced changes in the G
electronic structure at high doping levels. Optical absorpt
measurements on nonmagnetic GaAs doped with Mn in
very dilute limit indicate that Mn forms a shallow accept
level at 110 meV above the valence band.4,5 However, the
concept of an isolated impurity level is likely to break dow
at high doping levels~few atomic percent! needed to initiate
the ferromagnetic state in Ga12xMnxAs. Indeed, most band
structure calculations predict a substantial hybridization
the GaAs bands with Mnd levels in this doping regime.6–13

Experimental verification of this proposal is found in th
results of core-level photoemission experiments which in
0163-1829/2003/68~16!/165204~14!/$20.00 68 1652
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cate a strong As 4p Mn 3d hybridization.14 Direct measure-
ments of the electronic states in Ga12xMnxAs from angle
resolved photoemission spectroscopy~ARPES! show Mn-
induced states both 3–4 eV below the top of the vale
band, and also very near the Fermi energy (EF).15,16The low
energy band has small but finite spectral weight atEF with
little dispersion, and is spread out in energy by nearly 1
These Mn-induced states atEF are a critical component fo
carrier mediated ferromagnetism in the III-V series. Unfor
nately, the present resolution~100 meV! of the ARPES ex-
periments precludes a detailed inspection of these states
EF . Recent tunneling measurements have shownEF shifting
from midgap to the top of the valence band with increas
doping.17 These studies find a significant broadening of t
valence band, suggestive of hybridization with a Mn-induc
impurity band. Currently little is known about the dynamic
properties of conducting holes since the vast majority of
perimental studies of Ga12xMnxAs are focused on transpo
measurements in the dc limit.

Infrared spectroscopy offers a unique perspective on
electronic structure and charge dynamics of solids by prov
ing experimental access to the critical energy range exte
ing from a few meV to several eV. The high resolution
(,1 meV) enables a detailed examination of fine featu
near EF . Previous measurements of the absorption coe
cient on thin films of Ga12xMnxAs have detected a reso
nance near 200 meV.18,19 While it’s origin is as yet unre-
solved, this feature has been attributed to a small polaro18

impurity band absorption,18–21 and intervalence band
transitions.19,22–24Additionally these experiments have foun
a strong growth of the far-infrared spectral weight belowTC .
©2003 The American Physical Society04-1
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A comprehensive analysis of the information obtain
through spectroscopic experiments is hardly possible with
extracting theoptical constantsof the studied material from
measured transmission and/or reflectance spectra. Indee
dissipative part of the optical constants@the real part of the
complex conductivitys1(v) or imaginary part of the dielec
tric function e2(v)] uncovers resonances attributable to d
ferent excitation channels in a system. Moreover, a variet
sum rules that can be formulated for the optical consta
permit extraction of quantitative information from the da
pertinent, for example, to the determination of the effect
masses and/or carrier densities.25 Since sum rules can b
traced back to fundamental conservation laws, this anal
offers opportunities to infer a wealth of information in
model-independent way. Recently we have published our
tial results of a study of the optical conductivity of ferroma
netic Ga12xMnxAs films.26 Here we report on the detaile
doping and temperature dependence of the infrared pro
ties of a series of Ga12xMnxAs films throughout the Mn-
doping phase diagram. An examination of doping trends
lows us to distinguish between two types of compensa
defects: AsGa antisites and Mni interstitials which play a piv-
otal role in defining both the electronic and magnetic state
the Ga12xMnxAs system.27–29 We confirm the existence o
the 200 meV resonance in the intragap conductivity
Ga12xMnxAs. We show that this feature is specific to th
response of ferromagnetic samples. Applying a sum r
analysis to our data we found that charge carries in ferrom
netic films reveal significant enhancement of their effect
mass compared to the valence band mass. Below the C
temperature we observe a strong increase of the low-en
spectral weight consistent with the lowering ofm* values
that tracks the temperature dependence of magnetization
discuss these results in the context of recent proposals fo
electronic structure of ferromagnetic III-V compounds.

This paper is organized in the following manner. In Sec
we briefly outline the experimental procedures. Also
cluded is an appendix~Sec. VI! with a detailed discussion o
a novel method of extracting the optical constants of
Ga12xMnxAs films from a combination of transmission an
reflectance measurements, supplemented with a Kram
Kronig analysis of the transmission data. In Sec III w
present both the doping and temperature dependenc
s1(v) for the Ga12xMnxAs films. Section IV A discusses th
effects of compensation in these heavily doped systems
Sec. IV B we infer the gross features of the electronic str
ture of Ga12xMnxAs from the conductivity data and discus
the evolution of the electronic structure with Mn doping. T
temperature dependence of the conductivity in the ferrom
netic state is analyzed in terms of an effective mass cha
in Sec. IV C. Finally we summarize our findings and provi
an outlook on future experiments in Sec. V.

II. EXPERIMENTAL PROCEDURES

Thin films of Ga12xMnxAs were grown with the low tem-
perature molecular-beam epitaxy method.1 The films had a
thickness of 0.5mm, and were grown on single crystal GaA
substrates 0.5 mm thick. Table I shows the different Mn c
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centrations used, and summarizes some of the magnetic
electronic properties. Thex50.017 sample is paramagnet
down to the lowest measured temperatures~5 K!; all other
Mn-doped samples showed a well defined ferromagn
transition. In addition, we examined the infrared response
a 0.5mm film of GaAs prepared using the low-temperatu
growth at T5260 °C which is an optimized condition fo
epitaxy of ferromagnetic films.

Infrared transmission experiments were performed
tween 292 K and 5 K, well above and below the ferroma
netic transition temperatures of the samples. The ene
range covered in the experiment extends from 15 cm21 to
12 000 cm21 ~the band gap in GaAs!. The ratio of the trans-
mission through the film and substrate to the transmission
a blank substrate was measured. A novel approximation
method30,31 described in the Appendix was used to calcula
an effective single-layer transmission (TKK) of the
Ga12xMnxAs films. A Kramers-Kronig analysis ofTKK
yields the accompanying phase change,Q. A combination of
TKK andQ allows all of the complex optical constants of th
Ga12xMnxAs film, such as the optical conductivity,s(v), to
be calculated. To eliminate uncertainties related to
Kramers-Kronig~KK ! analysis of the transmission, we hav
also measured the reflectance of the films forv
.3000 cm21 at 292 K. With the raw transmission and re
flectance data the optical constants can be calculated dire
which serves to set a constraint on the KK generated ph

III. RESULTS AND ANALYSIS

The measured transmission spectra, which is the ratio
tween the transmission through both the Ga12xMnxAs film
and substrate, and the bare substrate (Tmeas5T2l /Ts) is plot-
ted in Fig. 1 for all studied samples atT5292 K and 5 K.32

For thex50 film @low-temperature~LT! GaAs# we find that
Tmeas is indistinguishable from that of bulk GaAs substra
for v,7000 cm21. At higher frequencies we observe a su
stantial drop ofTmeas which is especially prominent as th
band gap of GaAs is approached. For thex50.017 sample,
theTmeasspectra are similar to the LT GaAs data. Howev
the transmission drop close to the gap edge is stronger
the onset of this feature starts at a lower frequencies. A qu
tative change in the transmission data occurs betweex
50.017 andx50.028, coincident with the onset of ferro
magnetism in our series of films. HereTmeas is substantially
suppressed below 1, even at low frequencies. Additionall
new feature emerges in all of these samples. N

TABLE I. Magnetic and electronic parameters of Ga12xMnxAs
thin films. Ferromagnetic transition temperature,TC , Magnetiza-
tion at 5 K, M, and effective mass values,m* , are determined as
described in the text.

x 0.000 0.017 0.028 0.040 0.052 0.066 0.07

TC(K) ,5 ,5 30 45 70 70 70
M (emu/cm3) 0 0 13 23 26 32 28
mmin* (me) 0.8 0.8 0.7 0.9 1.2
mmax* (me) 24 19 15 20 26
4-2
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FIG. 1. The measured transmission which
the two layer transmission normalized to th
transmission of a blank substrate (Tmeas

5T2l /Ts) is shown for all seven samples atT
5292 K and 5 K. Deviations fromTmeas51 is
an indication of absorption in the Ga12xMnxAs
film. As the Mn doping is increased the overa
level of Tmeasdecreases. Additionally, a strongl
temperature dependent minimum is observ
near 2000 cm21 for all ferromagnetic samples
The weak oscillations observed throughout t
frequency range in all samples is due to interfe
ence within the film.
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2000 cm21 a minimum is observed, clearly seen at low te
peratures for the films with low doping, and at all tempe
tures for the higher Mn concentration samples. This m
mum near 2000 cm21 should be distinguished from the wea
periodic oscillations observed throughout the spectra.
latter weak structure inT(v) can be attributed to interfer
ence within the Ga12xMnxAs film. The minimum at finitev
observed in the raw data is a clear signature of the pea
the KK generateds1(v) discussed below.

Before discussing the full doping dependence ofs1(v),
we show in Fig. 2 the paramagnetic sample withx50.017,
and a ferromagnetic sample (x50.052) with aTC near the
maximum for the series. Also plotted iss1(v) for undoped
GaAs~Ref. 33! along with the data for the Mn free LT GaA
sample.34 The spectrum of single crystal GaAs~gray line!
shows the canonical features of a direct gap semicondu
s1(v)50, except for the sharp absorption in the far infrar
(v5265 cm21) due to a well known optically active pho
non, and the sudden onset ofs1(v) signaling absorption
across the GaAs band gap. These two features imp
opaque regions on the energy window of our experime
since nearly all of the light which is transmitted through t
thin Ga12xMnxAs films is absorbed in the thick~0.5 mm!
GaAs substrate. The changes ins1(v) when the doping
level is at 1.7% Mn~paramagnetic sample, dashed line! are
relatively weak. Below 2500 cm21, s1(v) is flat and fea-
tureless with a value of;5 V21 cm21, close to the noise
floor of the current experimental setup. The most signific
change is the strong broadening of the gap edge, whic
16520
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noticeable in all samples prepared using low-tempera
growth. Such broadening, also observed in LT GaAs, in p
can be attributed to disorder associated with AsGa antisite
defects.35,36 This structure will be discussed in the next se
tion in the context of compensation effects in Ga12xMnxAs.

Turning now to the ferromagnetic sample withx50.052
~thick black line!, we see a qualitative change in the spe
trum. There is a strong increase in the absolute value
s1(v) at all v. In particular,s1(v→0) has increased by
nearly two orders of magnitude from the paramagne
sample, signaling a crossover to metallic transport. The o
new feature which dominates the conductivity spectrum
ferromagnetic Ga12xMnxAs is the strong resonance atv
;2000 cm21. This feature is indicative of an interband tra
sition within what was the GaAs band gap.

A common feature of the paramagneticx50.017 sample
and all the ferromagnetic samples is the broad tail near
GaAs band gap. In order to more clearly focus on the M
doping dependence of the conductivity we plots1

m(v)
5s1

x(v)2s1
x51.7%(v) in Fig. 3 forT5292 K. This subtrac-

tion has negligible effect ons1(v) below 4000 cm21, and
simply removes the high energy tail.

All the samples shown in Fig. 3 share the same feature
the x50.052 sample discussed above. A strong resonanc
observed in the region of 1500–2000 cm21, and s1(v
→0) remains finite. The overall magnitude of the conduct
ity spectra increases with doping up tox50.052, which is
also the sample in whereTC saturates for the present serie
We also observe reproducible structure in all the ferrom
4-3
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E. J. SINGLEYet al. PHYSICAL REVIEW B 68, 165204 ~2003!
netic samples around 7000–10 000 cm21. Such an absorp
tion in the infrared conductivity has been predicted to ar
from heavy hole to split-off band transitions in the GaA
valence band.23 In the current data set these features are o
clearly visible after subtracting the conductivity spectrum
the 1.7% sample as discussed above.

The increase of the conductivity with Mn doping is a si
of increasing carrier concentration, which can be seen m
clearly by calculating the effective spectral weight:

n

m*
5

2

pe2E0

V

s1~v!dv, ~1!

wheren is the density of carriers,m* is the effective mass
andV is the appropriate cutoff of the integration. The ins
of Fig. 3 showsn/m* calculated froms1

m(v) with the inte-
gration limit of 11 000 cm21, as a function of Mn concen
tration. The spectral weight rises strongly with Mn dopi
until x50.052, and then decrease slowly at higherx. Non-
monotonic dependence ofn/m* on the doping concentratio

FIG. 2. Real part of the conductivity derived from measur
transmission for paramagneticx50.017 sample~dashed line!, fer-
romagneticx50.052 sample~thick solid line!, and the LT GaAs
film (x50.00, thin black line!. Also shown is the conductivity of
GaAs from Ref. 33~gray line!. The conductivity of the GaAs sub
strate is zero except for the narrow band near 265 cm21 where there
is a strong phonon mode, and above 12 000 cm21 where absorption
across the band gap sets in. Due to the thickness of the subs
these regions are opaque to our experiment. The LT GaAs
spectrum deviates from the single crystal data above 7000 c21

where additional absorption is observed due to AsGa defects. The
absorption increases in this region and extends down to lower
ergy as 1.7% Mn is doped into the system. However, be
2500 cm21 s1(v) remains flat and featureless with a magnitude
,5 V21 cm21. While the x50.052 ferromagnetic sample has
similar broad band tail as atx50.017, it also has qualitatively
new features. Near 2000 cm21 a strong interband absorptio
is observed. Additionally the low-v conductivity has increased
substantially.
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is yet another indication of the presence of compensa
effects that will be addressed in the next section. Also plot
in the inset is the Mn dependence of the ferromagnetic tr
sition temperature,TC . The correlation between carrier den
sity and TC , which has also been found in a number
measurements,37–40 argues in favor of a pivotal role of the
itinerant carriers in the formation of the ferromagnetic sta

The close association between the charge response
magnetism is also found in the temperature dependenc
s1(v). The temperature dependence of the conductivity
all Mn-doped samples is displayed in Fig. 4. For the pa
magneticx50.017 samples1(v) is shown at 292 K and 5
K. Throughout most of the spectrum there is very littleT
dependence. For all other sampless1

m(v) is plotted atT
5292 K, Tc , and 5 K. The basic trends in the temperatu
dependence of all of these samples are nearly identical.
ing from 292 K to Tc the finite frequency peak narrows
while the low-v conductivity decreases. The latter trend
reversed in the ferromagnetic state and atT,TC , s1(v)
increases at allv,2500 cm21. This leads to a nearly paral
lel offset between the spectra at different temperatures.

To focus more clearly on this temperature dependen
s1(v) is shown in Fig. 5 for thex50.052 sample. The top
panel displays temperaturesT>TC , while the bottom panel
presents the spectrum obtained atTC along with the data at
lower temperatures. A critical review of the data reveals t

ate
m

n-

f

FIG. 3. In order to focus on the effects of Mn dopings1
m(v)

5s1
x(v)2s1

x51.7%(v) is plotted for all ferromagnetic samples at
K. All samples show an absorption feature in the midinfrared,
dicative of an interband transition. As the doping increases
strength of this feature increases, along with the overall level of
s1(v) curve. At x50.052, whereTc saturates near its maximum
value,s1(v) also reaches a maximum than decreases slightly w
increased doping. Also shown iss1(v) for nonmagnetic
Ga12xMnxAs ~Ref. 4!, in the very dilute limit withx;0.00002. An
absorption band is observed in the dilute sample starting
800 cm21 and peaked near 1500 cm21 due to transitions from the
valence band to the Mn-induced impurity level. There is a clo
correspondence between the energy scales of the absorption ba
the dilute sample and ferromagnetic films. The inset shows the d
ing dependence ofTC andn/m* @Eq. ~1!#.
4-4
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FIG. 4. Temperature dependence of the co
ductivity for all Mn-doped samples. For thex
50.017 samples1(v) is plotted atT5292 K
and 5 K. There is only minorT dependence a
high frequencies. For all other sampless1

m(v)
5s1

x(v)2s1
x51.7%(v) is shown atT5292 K,

Tc , and 5 K. The temperature dependence for
samples is very similar. The low frequency co
ductivity decreases with decreasing temperat
aboveTC , but increase as the temperature is lo
ered in the ferromagnetic state. In contrast, t
peak height increases as the temperature is lo
ered for allT.
f

ing
l

w

he
tral
n

en-

tic

at
d

c
,
tive

rved

in
d

the

tive
ul-

r-
.

sid-
ty

er
is

t
, b

ng
distinctly different behaviors in theT andv dependence o
s1 above and belowTC . At T.TC ~top panel! strengthening
of the 2000 cm21 feature is accompanied by a correspond
decrease ins1(v) below 900 cm21. As a result, the tota

FIG. 5. Temperature dependence ofs1
m(v) for x50.052 sample

on a log scale. Top panel showsT>TC , while the bottom panel
displaysT<TC . As the temperature is lowered from 292 K toTC

~top panel! the midinfrared peak narrows, shifts slightly to high
frequencies, and increases in strength. Concomitantly, there
depression ofs1(v) below 900 cm21. Cooling belowTC in the
ferromagnetic state~bottom panel! produces a qualitatively differen
effect. The peak now broadens and shifts to lower frequencies
still increases in magnitude. Notably, the low-v conductivity now
increases with decreasing temperature, and there is no crossi
s1(v) near 900 cm21 at different temperatures.
16520
spectral weight remains nearly constant belo
;4000 cm21. In contrast atT,TC ~bottom panel! the low-
v conductivity now increases simultaneously with t
growth of the peak. This leads to an overall gain in spec
at v,4000 cm21. This excess spectral weight is draw
from the energy region between 4000 cm21 and 8000 cm21.
At even higher frequencies the spectral weight is indep
dent of temperature.

The nonmonotonic temperature dependence ofs1(v),
common for all ferromagnetic samples, reflects drama
changes in the charge response atT,TC . Further insights
into the free carrier transport may be gained by looking
s1(v) in the limit of v→0, where the response is governe
entirely by intraband processes. In Fig. 6 we plotropt
51/s1 (v540 cm21), which is an optical measure of the d
resistivity. While the magnitude ofropt is doping dependent
all of the ferromagnetic samples share the same qualita
features of theT dependence. BelowTC the resistivity is an
increasing function of temperature. AboveTC the slope of
dr/dT changes and a semiconducting character is obse
in ropt . For all ferromagnetic samplesropt remains finite as
T→0, signaling metallic transport. The slight increase
ropt abovex50.052 is likely the result of the accelerate
rate of compensation at high Mn concentration. Both
temperature dependence and magnitude ofropt is in accord
with direct measurements ofrdc , for x.0.035.37 However,
at lower doping levels dc measurements observe a nega
dr/dT over the entire temperature range, with only a sho
der visible atTC .

The temperature dependence ofr(T) has previously been
attributed to a modification of the scattering of metallic ca
riers by spin fluctuations below the Curie temperature37

However, this interpretation of the dc data must be recon
ered in light of the results for the dynamical conductivi
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E. J. SINGLEYet al. PHYSICAL REVIEW B 68, 165204 ~2003!
shown in Figs. 4 and 5. A strong temperature dependenc
the scattering rate should lead to noticeable changes in
low-v line shape ofs1 as the temperature is reduced.
contrast with this expectation based on transport theories
only observe a parallel offset between the different spe
without significant modification of the frequency depe
dence. An alternative explanation of the dc data may
found in the strong changes in the low-v spectral weight.18,26

Within the Drude theoryr}(m* /n)(1/t), the dc resistivity
is a function of both the scattering time,t, and the itinerant
carrier spectral weight,n/m* . As suggested in Ref. 18 i
appears that the nonmonotonic behavior ofr(T) is simply a
further manifestation of the strong renormalization of t
carrier mass atT,TC .

IV. DISCUSSION

A. Spectroscopic signatures of compensation in Ga1ÀxMn xAs

A critical unresolved issue in the study of Ga12xMnxAs is
the nature of the electronic structure in the heavily dop
system. Spectroscopic data presented in the previous se
clearly show that Mn-induced changes in the intragap
sponse of Ga12xMnxAs are not merely restricted to the ge
eration of charge carriers. Intriguingly, as much as 1.7%
Mn does notinitiate any noticeable enhancement of the co
ductivity in the far-ir region, thus giving no indication for th
presence of mobile holes. Hence this sample appears t
completely compensated. Since ferromagnetism
Ga12xMnxAs is believed to be mediated by conductin
holes, compensation effects are likely to play a major role
defining not only electronic but also the magnetic state o
the doped system and therefore deserve careful cons

FIG. 6. Optical analog of the dc resistivity,ropt51/s1(v
540 cm21) is plotted vs temperature for all ferromagnetic sampl
The magnitude ofropt decreases with doping untilx50.052, after
which it saturates at a slightly higher value. All samples share
same qualitative features; belowTc , ropt increases with increasing
temperature, while in the paramagnetic stateropt decreases. The
temperature dependence ofropt is governed by the redistribution o
spectral weight as can be clearly seen in Fig. 5.
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ation. Although holes ‘‘neutralized’’ through the compens
tion processes do not participate in either dc or low-v con-
ductivity, these ‘‘neutral’’ states do contribute to optic
absorption at higher energies. In order to illustrate a spec
scopic probe of compensation in a heavily doped system
us consider first the electronic structure of LT GaAs. T
AsGa defects form double donor levels 0.52 eV and 0.75
above the valence band.41 The concentration of these defec
can be as high as 1020 cm23 in LT GaAs films grown at
260–270°C. Tunnelling spectroscopy measurements
such samples have shown that these levels broaden to fo
midgap deep donor band centered.0.5 eV above the va-
lence band.42,43 Transitions from the donor band to the co
duction band~panel A Fig. 7! lead to a significant smearin
of the fundamental absorption edge. As shown in Fig. 2
optical conductivity of an LT GaAs sample grown und
similar conditions to all Ga12xMnxAs studied in this work
reveals characteristic ‘‘band-tailing’’ absorption with a sha
onset ofs1(v) at 7000 cm21 ~0.87 eV!. This is consistent
with earlier published results.35,36,44

When Mn is substitutionally introduced in the GaAs ho
it is known to form a shallow acceptor level approximate
0.11 eV above the valence band. The presence of suc
acceptor level has been verified by optical absorpt
studies.4,5 In LT GaAs samples doped with Mn we woul
expect an additional absorption structure directly attributa
to compensation. Indeed, in Mn-doped samples the AsGa an-
tisite levels become depopulated and therefore can serv
final states for transitions from both the valence band a
Mn-induced levels. Similar absorption is likely to occur
all p-doped LT GaAs samples. As illustrated in panel B
Fig. 7, the energy position of AsGa levels and Mn accepto
levels is such that the onset of band tailing in a~partially!
compensated sample is expected to shift to approxima
0.4 eV. This scenario is fully consistent with our data for t
x50.017 sample where a noticeable shift is revealed in
band tail to frequencies as low as 2500 cm21 ~0.31 eV!.
Depopulation of AsGa levels also neutralizes holes produc
by Mn doping ~or any other form ofp doping!. In the ab-
sence of the AsGa antisite band 1.7 % of Mn in GaAs is
expected to induce strong Drude-like absorption in the fa
region with a plasma frequencyvpD54pne2/m*
55800 cm21 ~assuming free electron mass!. A primary im-
pact of compensation is that the spectral weight is remo
from the Drude channel to be recovered in the band-tail
sorption. Integrating the area under the band tail in thex
51.7% film we obtained the plasma frequency
3700 cm21. This value is somewhat lower than our estima
for vp,D . This discrepancy is expected because interb
absorption involving neutralized holes is likely to extend b
yond the transmission cutoff imposed by the GaAs substr
and therefore beyond the reach of our current data set.

For the series of Ga12xMnxAs samples studied here a M
concentration ofx.0.017 appears to correspond to a critic
level of compensation when all holes are neutralized by AGa
states. At higher densities of Mn, free carrier absorption
evident in the data. The conjecture that the compensa
capacity of antisite defects has been exhausted fox
.0.017 is supported by insensitivity of the band-tailing a

.

e
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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 significan
band-tailing observed in Fig. 2. Panels B and C show two possible scenarios for the evolution of the GaAs band structure with h
doping. Optical transitions corresponding to band-tailing effects are shown with thin arrows. The thick arrows indicate possible tra
which may be responsible for the low energy resonance observed ins1(v). In panel B an impurity band is formed at the energy of the M
acceptor level. If this band is partially occupied, metallic transport can occur and optical transitions are allowed originating from the
band. Additionally the increase in band tailing as observed in Fig. 2 is expected when the AsGa sites become depopulated. Panel C sho
an alternative scenario where holes are doped into the valence band from Mn acceptor levels. Inter-valence band transitions can
in addition to the band-tailing effects discussed previously.
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sorption to the doping level beyond 1.7%. Nevertheless, d
plotted in Fig. 3 are indicative of additional compensati
channels unrelated to antisites. Indeed, the spectral we
@Eq. ~1!# in the intragap conductivity first increases with th
increase of Mn concentration but decreases forx.5.2%.
This nonmonotonicdependence of the spectral weight onx
points to the fact that Mn dopants not only act as acceptor
the GaAs host but also produce donor states. The latter
is expected if Mn enters the GaAs host interstitially.45–47The
doping dependence of the electronic spectral weight
cussed above suggests that the fraction of Mn occupy
interstitial sites is enhanced atx .5.2%. One aspect of Mn
self-compensation which is not entirely clear is the prec
location of the spectral weight associated with the transiti
to Mn-induced donor levels. Density functional theory r
sults by Erwin and Petukhov45 predict that the relevant en
ergy levels are likely to occur at energies close to 0.7 eV
0.9 eV above the valence band. This position of the ene
levels implies that a depression of the far-ir conductivity
tributable to partial neutralization of mobile holes has to
accompanied with the increase of absorption at frequen
at v.0.7 eV. Such an increase is not evident in our da
We therefore speculate that the levels associated with
interstitial are likely to occur much closer to the bottom
the conduction band. Accurate measurements of the op
constants as a function of doping and temperature at ene
above the fundamental absorption edge are needed to re
this issue.
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B. Electronic structure of ferromagnetic Ga1ÀxMn xAs

When constructing theories of carrier mediated ferrom
netism, identifying the band in which the itinerant carrie
reside is of fundamental importance. This issue has lea
lively discussion in the literature over the last several yea
According to one school of thought, the doped carriers
assumed to reside in an impurity band~IB!.6,9,20,21,28,48,49

This picture stems from the fact that Mn is known to form
shallow acceptor level in GaAs when the doping is we
(1017 cm23).4,5 The impurity band scenario assumes that
doping progresses from this very dilute limit, to the heav
doped regime, the shallow Mn acceptor level broadens
forms an impurity band~panel B in Fig. 7!. An alternative
scenario suggests that holes are doped into the GaAs val
band~VB!.3,22–24,50Within these models, the role of Mn dop
ing is primarily restricted to increase of the hole concent
tion ~panel C in Fig. 7!. In the following we will test the
validity of these proposals based on the current experime
results.

A key feature of the data presented earlier is the stro
midinfrared absorption, observed exclusively in ferroma
netic samples. This feature has a natural explanation wi
the impurity band picture of the electronic structure. Retu
ing to Fig. 3,s1(v) is also shown for a very dilute sample o
Ga12xMnxAs with a Mn content ofx;0.00002.4 Below
800 cm21, s1(v) is zero in the dilute Mn sample, as in th
undoped GaAs. However, at higher energies an absorp
4-7
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E. J. SINGLEYet al. PHYSICAL REVIEW B 68, 165204 ~2003!
band is observed. This absorption is attributed to electro
transitions from the valence band to the Mn impurity lev
which from this data lies about 800 cm21 above the top of
the valence band. Examining the data for the ferromagn
films in Fig. 3 we see a strong correspondence between
position of the Mn impurity level in the dilute limit, and th
strong absorption observed in the ferromagnetic syste51

While at this doping levels it is unlikely that an isolated M
impurity level remains, the data of Fig. 2 suggest that tr
sitions from the valence band to Mn-related electronic sta
may be the origin of the strong infrared absorption.

Alternatively, the midinfrared absorption may be a
counted for without invoking an impurity band model. Inte
nal structure of the valence band in III-V materials may g
rise to a variety of absorption processes provided the sys
is heavily doped.52 Specifically, if EF is located as depicted
in panel C of Fig. 7, transitions are available between
heavy hole, light hole, and split off bands. The expec
energy and oscillator strength of the transitions, which
pend on the subband masses, spin-orbit energy, and do
level, are consistent with the resonance we observe
2000 cm21.23,24

While both models can explain the absorption band in
midinfrared, critical differences can be found in the predic
band structure properties. Specifically, the itinerant car
mass will be significantly heavier in the impurity band th
the GaAs valence band. The mass of the charge carriers
be accessed through a sum rule analysis of the intrab
response ins1(v) @Eq. ~1!# provided that the carrier densit
is known. In practice an accurate determination ofm* is
complicated by the compensation effects discussed ea
and an accurate deconvolution of the intraband and interb
contributions ofs1(v). Nevertheless, examination of th
phase space of realistic values ofm* provides useful insight
into the origin of the itinerant carriers. Following the proc
dure outlined in Ref. 26 we separate the intra- and interb
components of the conductivity spectra in Fig. 3. We fi
assume no compensation and thus assign one charge c
for every Mn atom in Ga12xMnxAs. For the x50.052
sample, which has the greatest spectral weight, integratio
the intraband components yields values of the effective m
betweenm* 5(2.1–44)me . A direct integration of the entire
s1

m(v) spectrum also yields a mass ofm* 52.1me .26 The
above estimates are considerably reduced if compensa
effects are considered. Discussion in the Sec. IV A clea
illustrates that as much as 1.7% of Mn does not deliver
mobile holes suggesting at least a 30% compensation lev
thex50.052 film. High field Hall measurements support th
conclusion where the hole doping was found to be only o
third of the Mn concentration.53 Taking into account these
results our estimates of the mass are reduced to (0.7–15me .
Table I summarizes the range of possible masses for al
different ferromagnetic samples, with the effects of comp
sation included.

These estimates are consistent with ARPES resu15

which find a flat impurity band at the Fermi level, but exce
theoretical estimates of the mass of a 5% sample in a m
where the holes are doped into the GaAs valence band
producemB50.25me .24 At this high doping level the nonpa
16520
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rabolic character of the valence band may be partially
sponsible for this discrepancy. The effects of hybridizati
between the Mn acceptor levels and Asp levels that make up
the valence band can also lead to an enhanced mass. In
the present experiments demonstrate the need to go beyo
simple picture of holes doped into unaltered GaAs ban
Additionally, mass enhancement may not solely a band st
ture effect, but caused by renormalization due to both lat
and magnetic polarons.31 Indeed, in this context it is worth-
while to mention that the sum rule analysis yields effect
massm* which may significantly exceed the band massmb .
It is the mb value that is relevant to attempts to discrimina
between the impurity band and valence band pictures of
electronic structure. Consideration of possible role of p
laronic effects is the obvious next step in understanding th
materials.

C. Hole dynamics in the ferromagnetic state

Having discussed the gross features of the electro
structure forT.TC , we now explore the changes that occ
at lower temperatures and how they are related to the o
of ferromagnetism. In Figs. 4 and 5 a nonmonotonic tem
perature dependence was observed in the low-energy pa
the s1(v) spectra. As the bottom panel of Fig. 5 demo
strates, this is due to a growth of low-v spectral weight
below TC . In order to quantify this effect we calculate th
intraband spectral weight using Eq.~1!. In Fig. 8 we plot the
differential spectral weight defined asd(n/m* )5(n/m* )T
2(n/m* )TC

, for all ferromagnetic samples. For this calcul
tion the upper bound of the intraband spectral weight w
used. For thex50.052 sample, we also show the temperat
dependence ofd(n/m* ) using the lower bound estimate o
the intraband spectral weight and also for just integrating
entire s1(v) curve to 4000 cm21 at each temperature~see
Ref. 26!. Regardless of the method employed the princi
trends are the same. BelowTC , d(n/m* ) begins to increase
and continues to grow until the lowest temperature stud
This behavior is seen for all Mn-doping levels.

Also plotted in Fig. 8 is the magnetization of the sampl
The strong correlation between the temperature depend
of the low-v spectral weight and magnetization indicat
that the heavy itinerant carriers may be mediating the fe
magnetism. Changes in the carriers effective mass belowTC
have also been observed in the manganites54–56 and
hexaborides,57 both itinerant ferromagnets. A theory of k
netic energy driven ferromagnetism proposed by Hirsc58

can account for this behavior. In the top left panel of Fig
the relation between spectral weight and the gross magn
properties of Ga12xMnxAs is further quantified. While the
data for individual samples is rather sparse, the overall tr
of several Mn dopings indicates a linear scaling betwe
changes in the spectral weight and the square of the ma
tization. This form of scaling relation is also observed in t
manganites54,55 and can be accounted for within the doub
exchange model.59

The data in Fig. 8 indicate that the changes in lowv
spectral weight has its origin in magnetic interactions. W
this in mind we can get an estimate of the relevant ene
4-8
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FIG. 8. Change in the spectral weight belowTC , d(n/m* )
5(n/m* )T2(n/m* )TC

, of the intraband component ofs1(v) cal-
culated for all samples using the maximum spectral weight. Fo
samples a strong increase is observed belowTC . For the x
5x 0.052 sampled(n/m* ) was also calculated with the minimum
spectral weight~stars325), and from a direct integration ofs1(v)
up to 4000 cm21 ~triangles3125) ~Ref. 26!. All methods give the
same qualitative result. Also plotted is the magnetization for e
sample. The top left panel showsd(n/m* ) normalized to the mag-
nitude of the spectral weight atTC plotted against the square of th
magnetization. All samples show the same scaling regardless oTC

or Mn doping.
16520
scales by looking at the frequency dependence of the spe
weight above and belowTC . To this end it is useful to com-
pare the partial sum rule of Eq.~1!, which defines the spec
tral weight, to the global sum rule

n

me
5

2

pe2E0

`

s1~v!dv, ~2!

which simply states that the total area under the conducti
curve is a constant, independent of external parameters
as temperature. Equation~2! demands that at some cuto
frequencyV5VC the partial sum rule of Eq.~1! will be-
come temperature independent. In Fig. 9 we plot the spec
weight @Eq. ~1!# as a function of cut-off frequencyV at T
5TC and 5 K. For all the samples the spectral weight in t
ferromagnetic state is enhanced at low energies. Howeve
V<8000 cm21 the relative difference in spectral weight
less than 5 % for the different temperatures (V5VC , see
arrows!. This means that the low-v spectral weight gained in
the ferromagnetic state originated from energ
<8000 cm21 ~1 eV!. This provides a rough estimate of th
energy scale of the magnetic interactions. Indeed, in
manganites the low-frequency spectral weight is drawn fr
an energy range of;3 eV, which is the energy scale of th
Hunds exchange coupling relevant to the mangan
system.54,56 In contrast the Mn ion in Ga12xMnxAs is in the
d5 state,5,60 so the Hunds coupling is not the relevant e
change interaction. Rather a smaller kinetic exchange sh
apply, consistent with the lower energy scale of the spec
weight convergence observed in Fig. 9. WhileVC for all Mn
dopings is in the general range of 4000–8000 cm21, a defi-
nite pattern in the doping dependence is observed. In the
left panel of Fig. 9VC is plotted as a function of Mn dop
ings. At low dopingsVC increases linearly and than saturat
at higher Mn concentration. Interestingly the doping dep
dence ofVC shows a remarkable similarity to the dopin
dependence ofTC shown in the inset of Fig. 3.
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FIG. 9. Frequency dependence of the spec
weight @Eq. ~1!# for all ferromagnetic samples a
T5TC and 5 K. Throughout most of the fre
quency range there is more spectral weight in t
ferromagnetic state. However, by 4000
8000 cm21 data at all temperatures converge
the same value. The arrows markVC , defined as
the energy at which there is less than 5 % relat
differences in the spectral weight above and b
low TC . The top left panel shows the doping de
pendence ofVC , which has a striking resem
blance to the doping dependence ofTC ~inset of
Fig. 3!.
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V. SUMMARY AND OUTLOOK

In this work we have employed a novel approximati
free method for extracting the optical constants of a 2 layer
system to investigate the electronic structure and dyna
properties of Ga12xMnxAs. We have expanded on our earli
work by further examining trends in the evolution ofs1(v)
throughout the magnetic phase diagram. Using optical s
rules we have performed a model independent analysi
explore both the effects of compensation at different dopi
and changes in the effective mass of the itinerant carrier
T,TC .

The main features of the electromagnetic response
Ga12xMnxAs include a broadening of the band edge seen
all samples, a resonance centered near 2000 cm21, and a
Drude~free carrier! absorption at low energies; the latter tw
features are detected only in ferromagnetic films. The str
intragap absorption structure at 2000 cm21 has been dis-
cussed in terms of both transitions to an impurity band a
intervalence transitions. While both ideas can reproduce
energy scale of the absorption resonance, neither can c
pletely account for all of the data. In particular, sum ru
analysis of the infrared conductivity suggests that the eff
tive mass of the itinerant carriers is (0.7–15)me . A realistic
picture of the electronic structure has to include hybridi
tion effects between the Mn-induced impurity band and
valence band of the GaAs host.

Sum rules were also utilized to examine temperature
pendent changes in the Drude contribution tos1(v). In par-
ticular, we observe a strong enhancement of low-ene
spectral weight below the ferromagnetic transition. This
hancement is understood in terms of a decrease in the ca
mass in the ferromagnetic state. The change in spe
weight is found to scale with the magnetization for all M
dopings studied. The spectral weight becomes tempera
independent near 8000 cm21, which supports a small ex
change coupling in this system. The doping dependenc
the spectral weight was also examined and correlated
with TC , further supporting a picture of ferromagnetism m
diated by heavy conducting holes. We emphasize that
effective mass inferred from the analysis of the spectrosco
data may be enhanced compared to the band mass d
many-body effects. These effects are outside the scope o
present paper but deserve further examination.

We have presented a detailed discussion of compensa
effects in Ga12xMnxAs based on the analysis of the fr
quency dependence of the conductivity. We have shown
in fully compensated samples the role of Mn doping is
stricted to broadening of the fundamental absorption ed
The gap edge structure is reminisced of that of LT GaAs
is shifted to lower energies in quantitative agreement w
the energetics of AsGa antisite levels and Mn-induced leve
in the GaAs host. We can estimate a low bound of the co
pensation level due to AsGa antisites in Ga12xMnxAs, which
is about 30%. Another form of compensating defects
found in heavily doped samples (x.5%) and is attributed to
Mn interstitials. The nonmonotonic dependence of the
tragap spectral weight with doping detected in our meas
ments indicates that the enhancement ofTC cannot be readily
16520
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achieved by trivial increase of Mn concentration sin
Ga12xMnxAs is a strongly compensated system. Rec
transport and magnetic measurements have indicated
proper heat treatment of Ga12xMnxAs films during and/or
after the growth can dramatically enhance the Cu
temperature.61,62 This enhancement has been attributed to
reduction of defects in the material; however, to date this
not been verified experimentally. It will be instructive to e
plore this behavior in the context of redistribution of th
electronic spectral weight. In particular the changes in
number of parameters~i.e., effective mass, scattering rat
etc.! may be deduced, giving further insight into the dyna
ics of these materials.

ACKNOWLEDGMENTS

This work was supported by the DOE, NSF, DARPA, a
ONR. We would like to thank P. Henning for his help wit
the impedance theory. We would like to acknowledge num
ous discussions with C. Cuiti, A. MacDonald, L.J. Sham, a
J. Sinova.

APPENDIX

1. Kramers-Kronig analysis of a two-layer system

Obtaining the optical constants from transmission m
surements is complicated by the fact that the film of inter
is deposited on a substrate. The experimentally access
quantity is the transmission through the film/substrate t
layer system,T2l ~Fig. 10!. This transmission will depend on
six parameters: the real and imaginary parts of both the
and substrate optical constants, and the thickness of both
film and substrate. In general both thicknesses, and the o
cal constants of the substrate are knowa priori, leaving two
unknown quantities: the real and imaginary optical consta
of the film. However, knowledge of the transmission of t
two layer system alone is insufficient in determining the
parameters.

FIG. 10. Representation of the experimental geometry. The m
sured quantity isT2l /Tsub, whereTsub is the transmitted intensity
through a blank substrate. The desired quantity for Kramers-Kro
analysis is the transmission through the film into the subst
(TKK), which can be obtained from the experimental data and s
strate properties from Eq.~A11! as explained in the text.Z2l , Zs ,
andZ0 correspond to the load at each interface.
4-10
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A second piece of information is required in order
uniquely solve for the optical constants. One approach i
additionally measure the near normal incidence reflecta
of the film/substrate system (R2l). The two unknown quan-
tities can then be determined fromR2l and T2l .63 An alter-
native method employed here is to make use of the KK
lations in order to calculate the phase change of
transmitted light. With the transmission and phase we
then calculate the optical constants of the film. As will
discussed later we do measureR2l in the mid infrared at 292
K and calculate the optical constants directly, in order to
a constraint on our KK analysis.

In the analysis of reflectance measurements, the Kram
Kronig relations are routinely used to generate the phase
responding to the measured reflectance. With this inform
tion the optical constants are then calculated. Using
method for transmission experiments introduces additio
complications as well as the known problem of integrat
limits encountered in reflectance measurements. The tr
mission,T, of a single layer determines the amplitude of t
complex transmission coefficient:t̂5ATeiu. The KK inte-
gral relating the measured amplitude to the unknown ph
of a electromagnetic wave passing through asingle layeris64

u~v0!52~2v0 /p!E
0

` ln@ u t̂~v!u/u t̂~v0!u#

v22vo
2

dv12pv0df ,

~A1!

wheredf is the thickness of the film. It is worth emphasizin
that Eq.~A1! only applies to a single free-standing layer. W
are not aware of a corresponding equation for a two la
system. The main challenge in applying the KK approach
transmission measurements is to deconvolve the meas
T2l into an effective one-layer transmission. Often this
done through an iterative process where by first gues
values of the films optical constants the transmission thro
the film and substrate can be easily separated allowing f
KK analysis of the films transmission yielding a new set
optical constants for the film. This processes is repeated u
the values of the films optical constants converge.63,65

In the present analysis we use an alternative techn
which is free of approximations, and does not require num
ous iterations.30 Using the formalism of impedance theory66

the transmission across any boundary can be written in te
of the intrinsic impedanceh(v)5120p/n̂(v) and propaga-
tion constantg(v)52pvn̂(v) of the material@ n̂(v) is the
complex index of refraction#, and the load at the boundary,Z
~Fig. 10!. The load at the vacuum-film interface is given b

Z2l5h f

Zs cosh~g fdf !1h f sinh~g fdf !

h f cosh~g fdf !1Zs sinh~g fdf !
, ~A2!

while the load at the film-substrate interface is

Zs5hs

Z0 cosh~gsds!1hs sinh~gsds!

hs cosh~gsds!1Z0 sinh~gsds!
, ~A3!

where the subscriptf labels the properties of the film and th
subscripts corresponds to the substrate.Z05377 V is the
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impedance of free space. The complex transmission co
cient for the two layer system is given by

t̂2l5
h f1Z2l

Z01Z2l

hs1Zs

h f1Zs

2Z0

hs1Z0
e2(dfg f1dsgs). ~A4!

Additionally, the complex reflectivity for the thin film side i

r̂ 2l5
Z2l2Z0

Z2l1Z0
. ~A5!

The problem now is to deconvolve the two layer transm
sion (T2l5 t̂2l* t̂2l) into an equivalent one layer transmissio
For this purpose it is instructive to first consider the sligh
different geometry of a single layer bounded on one side
vacuum and the other by an infinite substrate~Fig. 10 with
ds→`). In this case we have

t̂1l5
h f1Z1l

Z01Z1l

2hs

h f1hs
e2dfg f , ~A6!

where

Z1l5h f

hs cosh~g fdf !1h f sinh~g fdf !

h f cosh~g fdf !1h f sinh~g fdf !
. ~A7!

Guided by the form of the right-hand side in Eq.~A6! we can
now rewrite Eq.~A4! as

t̂2l5 t̂KK t̂ corr , ~A8!

where

t̂ corr5
2Z0

hs1Z0
e2dsgs ~A9!

and

t̂KK5
h f1Z2l

Z01Z2l

hs1Zs

h f1Zs
e2dfg f . ~A10!

First notice thatt̂ corr only depends on the properties of th
substrate and therefore is entirely known. Nowt̂KK is analo-
gous to Eq.~A6!, but is now the transmission into afinite
thickness substrate. This is the quantity that we KK tra
form in order to get the corresponding phase spectrum.
perimentally, we measure the transmission of the two la
system relative to a bare substrate,Tmeas5T2l /Ts . There-
fore from the experimental data and knowledge of the s
strate properties we calculate the KK input for Eq.~A1! as

u t̂KKu5
ATmeasTs

u t̂ corru
. ~A11!

2. Kramers-Kronig extrapolations and reflectivity constraints

Having established the applicability of the Kramer
Kronig procedure we now comment on the inherent limi
tions of this method. Examination of Eq.~A1! reveals that
the phase at any frequency depends on the transmission
v50 to v→`. For regions outside of the measured fr
4-11
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FIG. 11. Main panel showsR2l andT2l for the
x50.066 sample atT5292 K. These data are
used to calculates1(v) shown in Fig. 12, and
additionally obtain a phase correction factor f
all v and T of the x50.066 sample. The inse
shows the difference between theR2l and T2l

phase and the KK phase obtained without a hig
v extrapolation~solid line!. The observed linear-
ity allows for a phase correction factor to be d
termined at allv ~dashed line!.
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quency interval some value of the transmission must be
sumed. For the current data set the low frequency extrap
tion has a negligible impact on the optical constants in
measured bandwidth due to the low experimental cu
(15 cm21). However, the present experimental configurat
severely limits our high frequency cutoff due to the band g
in the GaAs substrate (;12 000 cm21). Varying the high-v
extrapolation has a considerable impact on the KK-gener
phase and therefore the final form of the optical consta
Thus, some method of constraining the phase is neede
order to obtain reliable results.

As discussed earlier, an alternative way of generating
optical constants without relying on the KK technique is
measure bothT2l and R2l . Using Eqs.~A4! and ~A5! the
16520
s-
la-
e
ff

p

ed
s.
in

e

optical constants of the film can be solved for directly. W
this knowledge, Eq.~A10! can be used to calculate the co
rect phase directly, and therefore determine an appropr
correction factor for the KK phase. This procedure is illu
trated in Figs. 11 and 12. The main panel of Fig. 11 sho
the two layer reflectivity and transmissivity of thex50.066
sample at 292 K. With this data Eqs.~A4! and ~A5! were
used to calculates1(v), shown with a thick line in Fig. 12.
Also shown in Fig. 12 are twos1(v) curves corresponding
to the KK analysis ofT2l in Fig. 11 outlined in the previous
section. In the first case the high-v extrapolation used in Eq
~A1! to calculate the phase wasTKK50. s1(v) correspond-
ing to this choice is shown with the dash-dotted line. There
a large suppression ofs1(v) relative to theT2l and R2l
k
n

se
or-
lly,

ich
FIG. 12. s1(v) for the x50.066 sample at
T5292 K obtained in various ways. The thic
black line corresponds to a direct calculatio
from R2l and T2l shown in Fig. 11. The dot-
dashed line was calculated fromT2l alone utiliz-
ing the KK relations without a highv extrapola-
tion. The strong discrepancies between the
curves demonstrates the impact of using an inc
rect extrapolation to calculate the phase. Fina
using theR2l and T2l results to correct the KK
generated phase produces the dashed line, wh
is in full agreement with the directR2l and T2l

result.
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method, and additionally, no finite frequency peak is o
served, which as will be discussed below is a robust fea
even in the raw data~Fig. 1!.

The strong deviation between the two curves in Fig.
can be traced back to the incorrect KK generated phase
to the lack of high-frequency extrapolation. The error in t
KK phase is illustrated in the inset of Fig. 11 where t
difference between the KK-generated phase and the p
calculated from the results of theR2l andT2l measurements
is plotted as a function of frequency~solid line!. The fact that
this difference is nearly linear is expected based on the f
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