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PHYSICAL REVIEW B 68, 165204 (2003

Electronic structure and carrier dynamics of the ferromagnetic semiconductor Ga_,Mn,As
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Infrared spectroscopy is used to study the doping and temperature dependence of the intragap absorption in
the ferromagnetic semiconductor GgMn,As, from a paramagnetics=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 wher& 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.

DOI: 10.1103/PhysRevB.68.165204 PACS nuni®er75.50.Pp, 71.55.Eq, 78.20e

. INTRODUCTION cate a strong As @ Mn 3d hybridization** Direct measure-
ments of the electronic states in GaMn,As from angle
The discovery of ferromagnetic order induced by dopingresolved photoemission spectroscoyRPES show Mn-
common IlI-V semiconductors has recently generated a greanduced states both 3—4 eV below the top of the valence
deal of interest. With transition temperatures in excess of band, and also very near the Fermi enery)(*>'5The low
100 K these systems are emerging as one of the most proranergy band has small but finite spectral weighEatwith
ising materials base for spin electronics applicatohew little dispersion, and is spread out in energy by nearly 1 eV.
temperature epitaxial growth techniques have allowed for thdhese Mn-induced states Bt are a critical component for
incorporation of large amounts of Mn atoms, beyond thecarrier mediated ferromagnetism in the 1lI-V series. Unfortu-
bulk solubility limit, in both InAs and GaAs. In GaAs, up to nately, the present resolutiqd00 meVj of the ARPES ex-
8% of the Ga atoms may be replaced by Mn. The Mn atorrperiments precludes a detailed inspection of these states near
generally sits in place of a Ga atom providing a local mag-E¢ . Recent tunneling measurements have shwishifting
netic moment, and acts as an acceptor, thus doping a hofeom midgap to the top of the valence band with increased
into the system. These high dopings also inevitably introduceloping®’ These studies find a significant broadening of the
disorder in the form of Mn interstitials which are believed to valence band, suggestive of hybridization with a Mn-induced
act as double donors. A natural explanation for the resultaritnpurity band. Currently little is known about the dynamical
magnetic order is in terms of the itinerant doped holes meproperties of conducting holes since the vast majority of ex-
diating the ferromagnetism of the localized Mn spins. perimental studies of Ga,Mn,As are focused on transport
A more comprehensive picture of the ferromagnetic stataneasurements in the dc limit.
requires knowledge of the Mn induced changes in the GaAs Infrared spectroscopy offers a unique perspective on the
electronic structure at high doping levels. Optical absorptiorelectronic structure and charge dynamics of solids by provid-
measurements on nonmagnetic GaAs doped with Mn in théng experimental access to the critical energy range extend-
very dilute limit indicate that Mn forms a shallow acceptor ing from a few meV to several eV. The high resolution
level at 110 meV above the valence bdfdHowever, the (<1 meV) enables a detailed examination of fine features
concept of an isolated impurity level is likely to break down near Ex. Previous measurements of the absorption coeffi-
at high doping levelg¢few atomic percentneeded to initiate cient on thin films of Ga_,Mn,As have detected a reso-
the ferromagnetic state in GaMn,As. Indeed, most band nance near 200 me\?:1® While it's origin is as yet unre-
structure calculations predict a substantial hybridization ofsolved, this feature has been attributed to a small poldon,
the GaAs bands with Mul levels in this doping regim&:*®  impurity band absorptiotf~*! and intervalence band
Experimental verification of this proposal is found in the transitions:>?2-*Additionally these experiments have found
results of core-level photoemission experiments which indi-a strong growth of the far-infrared spectral weight belbyv
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A comprehensive analysis of the information obtained TABLE I. Magnetic and electronic parameters of,Gavin,As
through spectroscopic experiments is hardly possible withouhin films. Ferromagnetic transition temperatufie,, Magnetiza-
extracting theoptical constant®f the studied material from tion at 5 K, M, and effective mass values)*, are determined as
measured transmission and/or reflectance spectra. Indeed, t#gscribed in the text.
dissipative part of the optical constarjthe real part of the

complex conductivityr;, (w) or imaginary part of the dielec- X 0.000 0.017 0.028 0.040 0.052 0.066 0.079
tric function e,(w)] uncovers resonances attributable to dif- +_(x <5 <5 30 45 70 70 70
ferent excitation channels in a system. Moreover, a variety of, (emucnd) O 0 13 23 26 32 28
sum rules that can be formulated for the optical constant * (M) 08 08 07 09 12

permit extraction of quantitative information from the data m?
pertinent, for example, to the determination of the effective_™**
masses and/or carrier densitf@sSince sum rules can be

traced back to fundamental conservation laws, this analysigentrations used, and summarizes some of the magnetic and
offers opportunities to infer a wealth of information in a electronic properties. The=0.017 sample is paramagnetic
model-independent way. Recently we have published our inigown to the lowest measured temperatu@); all other

tial results of a study of the optical conductivity of ferromag- mn-doped samples showed a well defined ferromagnetic
netic Ga_,Mn,As films?® Here we report on the detailed transition. In addition, we examined the infrared response of
doping and temperature dependence of the infrared propeg 0.5,m film of GaAs prepared using the low-temperature
ties of a series of Ga,Mn,As films throughout the Mn-  growth at T=260°C which is an optimized condition for
doping phase diagram. An examination of doping trends algpitaxy of ferromagnetic films.

lows us to distinguish between two types of compensating |nfrared transmission experiments were performed be-
defects: Ag, antisites and Mpinterstitials which play a piv-  tween 292 K and 5 K, well above and below the ferromag-
otal role in dEfining both the electronic and magnetic state Of’]etic transition temperatures of the Samp]es_ The energy
the Ga_,Mn,As systent’"?We confirm the existence of range covered in the experiment extends from 15 tio

the 200 meV resonance in the intragap conductivity of12 000 cni? (the band gap in GaAsThe ratio of the trans-
Ga_Mn,As. We show that this feature is specific to the missjon through the film and substrate to the transmission of
response of ferromagnetic samples. Applying a sum rulg plank substrate was measured. A novel approximation free

analysis to our data we found that charge carries in ferromagnethod®3! described in the Appendix was used to calculate
netiC f|ImS reVeaI Signiﬁcant enhancement Of theil’ eﬁectiVEan effective Sing'e_layer transmissionTKG() of the

mass compared to the valence band mass. Below the CurGai_anxAs films. A Kramers-Kronig analysis ofT
temperature we obsgrve a strong increase of the Iow-energyems the accompanying phase chan@e A combination of
spectral weight consistent with the lowering wf values T, and® allows all of the complex optical constants of the

(Me) 24 19 15 20 26

that tracks the temperature dependence of magnetization. _ Mn,As film, such as the optical conductivity(w), to
discuss these results in the context of recent proposals for thgs ™ calculated. To eliminate uncertainties related to the
electronic structure of ferromagnetic 11I-V compounds. Kramers-Kronig(KK ) analysis of the transmission, we have

This paper is organized in the following manner. In Sec. ll31s9 measured the reflectance of the films far
we briefly outline the experimental procedures. Also in-~ 3000 cnit at 292 K. With the raw transmission and re-
cluded is an appenditSec. V) with a detailed discussion of fjgctance data the optical constants can be calculated directly,

a novel method of extracting the optical constants of th&yhich serves to set a constraint on the KK generated phase.
Ga, _,Mn,As films from a combination of transmission and

reflectance measurements, supplemented with a Kramers-

Kronig analysis of the transmission data. In Sec Il we

present both the doping and temperature dependence of The measured transmission spectra, which is the ratio be-

o1(w) for the Gg_,Mn,As films. Section IV A discusses the tween the transmission through both the; GMn,As film

effects of compensation in these heavily doped systems. land substrate, and the bare substratg.( =T, /T,) is plot-

Sec. IV B we infer the gross features of the electronic strucied in Fig. 1 for all studied samples @292 K and 5 K3?

ture of Ga_,Mn,As from the conductivity data and discuss For thex=0 film [low-temperaturéLT) GaAs| we find that

the evolution of the electronic structure with Mn doping. The T, .,sis indistinguishable from that of bulk GaAs substrate

temperature dependence of the conductivity in the ferromagfor <7000 cm L. At higher frequencies we observe a sub-

netic state is analyzed in terms of an effective mass changstantial drop ofT e, Which is especially prominent as the

in Sec. IV C. Finally we summarize our findings and provideband gap of GaAs is approached. For #w%0.017 sample,

an outlook on future experiments in Sec. V. the TheasSpectra 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 quali-

tative change in the transmission data occurs between
Thin films of Ga _,Mn,As were grown with the low tem- =0.017 andx=0.028, coincident with the onset of ferro-

perature molecular-beam epitaxy mettothe films had a magnetism in our series of films. Hefg,q,sis substantially

thickness of 0.5um, and were grown on single crystal GaAs suppressed below 1, even at low frequencies. Additionally, a

substrates 0.5 mm thick. Table | shows the different Mn connew feature emerges in all of these samples. Near

Ill. RESULTS AND ANALYSIS

II. EXPERIMENTAL PROCEDURES

165204-2



ELECTRONIC STRUCTURE AND CARRIER DYNAMIG . .. PHYSICAL REVIEW B 68, 165204 (2003

1.0 - T " 110
08| - T=T0K 104
06 |- T - 0.6
04 +__ = 0.4
02 - x=0.000 L x=0052 02
[ . ] . ] . T . 1 R ] . ]
———— ———F—
1.0 i T =70K ] 1.0
0.8 N C 7] 0.8 FIG. 1. The measured transmission which is
w 06 - - 0.6 the two layer transmission normalized to the
|:_ 0.4 [ E\_/P—N\ 0.4 ‘%4 transmission of a blank substrateTp{sss
N i =0.017 i =Ty /Ts) is shown for all seven samples &t
0.2 | X = 402 § 2/Ts
I; A T .x ?'06‘? . ¢ M =292 K and 5 K. Deviations fronT .1 is
w101 ! ' ! s 410 o an indication of absorption in the GaMn,As
20.8 _'i_ Tc= 30K T Tc= K Jos B film. As the Mn doping is increased the overall
- 06 ] T Jose m—| level of T,,casdecreases. Additionally, a strongly
. Wt m— 1™ temperature dependent minimum is observed
041 =0.028 _\—-/\ 04 near 2000 cm?® for all ferromagnetic samples.
0.2+ x=u — x=0.079 40.2 The weak oscillations observed throughout the
-ttt . 1 . frequency range in all samples is due to interfer-
1.0 - T =45K T 110 ence within the film.
0.8 ¢ - -4 0.8
0.6 1 I - 22K o6
oa o= =  —5K Joa
02 x=0.040 402
0.0 [ s 1 s 1 L T s 1 N 1 s ] 0.0
0 4000 8000 0 4000 8000 12000

Frequency (cm’)

2000 cm * a minimum is observed, clearly seen at low tem-noticeable in all samples prepared using low-temperature
peratures for the films with low doping, and at all tempera-growth. Such broadening, also observed in LT GaAs, in part
tures for the higher Mn concentration samples. This mini-can be attributed to disorder associated with; Aantisite
mum near 2000 crt should be distinguished from the weak defects’2® This structure will be discussed in the next sec-
periodic oscillations observed throughout the spectra. Thé&on in the context of compensation effects in;GaMn,As.
latter weak structure iT(w) can be attributed to interfer- ~ Turning now to the ferromagnetic sample witk-0.052
ence within the Ga_,Mn,As film. The minimum at finitao ~ (thick black line, we see a qualitative change in the spec-
observed in the raw data is a clear signature of the peak iflum. There is a strong increase in the absolute value of
the KK generatedr;(w) discussed below. o1(w) at all . In particular,o1(0—0) has increased by
Before discussing the full doping dependencergfw), nearly two orders of magnitude from the paramagnetic
we show in Fig. 2 the paramagnetic sample with0.017, ~ sample, signaling a crossover to metallic transport. The other
and a ferromagnetic sampla0.052) with aTc near the new feature which dominates the conductivity spectrum of
maximum for the series. Also plotted is;(w) for undoped ferromagnetic Ga ,Mn,As is the strong resonance at
GaAs(Ref. 33 along with the data for the Mn free LT GaAs ~2000 cm L. This feature is indicative of an interband tran-
sample*® The spectrum of single crystal GaAgray ling  sition within what was the GaAs band gap.
shows the canonical features of a direct gap semiconductor: A common feature of the paramagnetie-0.017 sample
o1(w)=0, except for the sharp absorption in the far infraredand all the ferromagnetic samples is the broad tail near the
(w=265 cn' 1) due to a well known optically active pho- GaAs band gap. In order to more clearly focus on the Mn-
non, and the sudden onset of(w) signaling absorption doping dependence of the conductivity we plof'(w)
across the GaAs band gap. These two features imposeo’(w)— % *""(w) in Fig. 3 for T=292 K. This subtrac-
opaque regions on the energy window of our experimentsjon has negligible effect oor;(w) below 4000 cm?, and
since nearly all of the light which is transmitted through thesimply removes the high energy tail.
thin Ga _,Mn,As films is absorbed in the thickd.5 mm) All the samples shown in Fig. 3 share the same features as
GaAs substrate. The changes in(w) when the doping thex=0.052 sample discussed above. A strong resonance is
level is at 1.7% Mn(paramagnetic sample, dashed Jimee  observed in the region of 1500—-2000 ¢l and o (w
relatively weak. Below 2500 cim', o,(w) is flat and fea- —0) remains finite. The overall magnitude of the conductiv-
tureless with a value of~5 Q~*cm™?, close to the noise ity spectra increases with doping up xe=0.052, which is
floor of the current experimental setup. The most significanalso the sample in wherg; saturates for the present series.
change is the strong broadening of the gap edge, which ¥/e also observe reproducible structure in all the ferromag-
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7x10"

Energy (eV) -~
0.01 0.1 1 . E Ga,_Mn As
—r . - — 15x10” e T=292K
Ga_ Mn As =2
200 | 1-x X N £
T=292K {3x10”® =
150 2
| ———— £
+ i < 150 - x=0.052 1
£ x=0.052 ] e ——___ x=0066
T; Ferromagnetic x=0.017 I o [T=x=0079
& P
= 00 Paramagnetic I Ei% 100 - -
3 -
= © [ x=0.040
sl x=0.000 /] S0  ——————x=0.028 - 3
LT-Gads _ ! I X5, / ]
I GaAs \,’\ ] x~0.00002 —} ~
“', 0 | L N I | N el
o= x s;} oo s e ST J_ 100 1000 10000
;I il 1 TR W | " 1 1

* y ! E—— Frequency (cm'l)
100 1000 10000

Frequency (cm’) FIG. 3. In order to focus on the effects of Mn doping'(w)
=o¥(0)— 0¥ 1™ () is plotted for all ferromagnetic samples at 5
FIG. 2. Real part of the conductivity derived from measuredK. All samples show an absorption feature in the midinfrared, in-
transmission for paramagnetic=0.017 samplddashed ling fer-  dicative of an interband transition. As the doping increases the
romagneticx=0.052 samplethick solid line, and the LT GaAs  strength of this feature increases, along with the overall level of the
film (x=0.00, thin black ling. Also shown is the conductivity of ¢ (w) curve. Atx=0.052, whereT,, saturates near its maximum
GaAs from Ref. 33gray ling. The conductivity of the GaAs sub- value,o;(w) also reaches a maximum than decreases slightly with
strate is zero except for the narrow band near 265 ‘cwhere there  increased doping. Also shown isry(w) for nonmagnetic
is a strong phonon mode, and above 12 000 tmhere absorption Ga,_,Mn,As (Ref. 4, in the very dilute limit withx~0.00002. An
across the band gap sets in. Due to the thickness of the substradsorption band is observed in the dilute sample starting at
these regions are opaque to our experiment. The LT GaAs filng00 cm * and peaked near 1500 crhdue to transitions from the
spectrum deviates from the single crystal data above 7000t cm valence band to the Mn-induced impurity level. There is a close
where additional absorption is observed due tg; Adefects. The  correspondence between the energy scales of the absorption band in
absorption increases in this region and extends down to lower erthe dilute sample and ferromagnetic films. The inset shows the dop-
ergy as 1.7% Mn is doped into the system. However, belowing dependence df andn/m* [Eq. (1)].
2500 cm ! o4 (w) remains flat and featureless with a magnitude of

<5 O lecm . While the x=0.052 ferromagnetic sample has a . o :
similar broad band tail as at=0.017, it also has qualitatively 'S yet another indication of the presence of compensation

new features. Near 2000 cth a strong interband absorption effect; that yviII be addressed in the next section. Also plotted
is observed. Additionally the lows conductivity has increased IN the inset is the Mn dependence of the ferromagnetic tran-
substantially. sition temperatureT . The correlation between carrier den-
sity and T, which has also been found in a number of
measurement¥, *° argues in favor of a pivotal role of the
é’tinerant carriers in the formation of the ferromagnetic state.
The close association between the charge response and

netic samples around 7000—10 000 ¢m Such an absorp-
tion in the infrared conductivity has been predicted to aris
from heavy hole to split-off band transitions in the GaAs S ;
valence band® In the current data set these features are Onl);nagnetlsm is also found in the temperature depende_nce of
clearly visible after subtracting the conductivity spectrum of“l(“’)‘ The temperaturg de_pendenc_e of_the conduciivity for
the 1.7% sample as discussed above. all Mn—doped samples is d|spla)_/ed in Fig. 4. For the para-
The increase of the conductivity with Mn doping is a sign Magneticx=0.017 sampler; () is shown at 292 K and 5

of increasing carrier concentration, which can be seen mork: Throughout most of the spectrum there is very litlle
clearly by calculating the effective spectral weight: dependence. For all other sample§(«) is plotted atT
=292 K, T, and 5 K. The basic trends in the temperature

dependence of all of these samples are nearly identical. Go-
n_=2(*® ing from 292 K toT, the finite f k
—=—"| oy(w)do, (1  ing from 0T, the finite frequency peak narrows,
m*  we?Jo while the loww conductivity decreases. The latter trend is

reversed in the ferromagnetic state andTatT¢, o(w)

wheren is the density of carrieran* is the effective mass, increases at alb<<2500 cm . This leads to a nearly paral-
and(} is the appropriate cutoff of the integration. The insetlel offset between the spectra at different temperatures.
of Fig. 3 showsn/m* calculated fromo}'(w) with the inte- To focus more clearly on this temperature dependence,
gration limit of 11000 cm?, as a function of Mn concen- o(w) is shown in Fig. 5 for thex=0.052 sample. The top
tration. The spectral weight rises strongly with Mn doping panel displays temperaturds=T., while the bottom panel
until x=0.052, and then decrease slowly at highkeNon-  presents the spectrum obtainedTat along with the data at
monotonic dependence nfm* on the doping concentration lower temperatures. A critical review of the data reveals two
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2 20 2
‘g 20T x=0.017 x=0.028 2%
_I‘o 200 - T,=30K ] 200
@ 150 y 150
5 100} 100
= [ .
e S0 50 FIG. 4. Temperature dependence of the con-
a ductivity for all Mn-doped samples. For the
250 - 250 -7, =0.017 samplesy(w) is plotted atT=292 K
200 200 g and 5 K. There is only minofl dependence at
~ 150 150 e high frequencies. For all other sample§'(w)
o o) =0(w)— X" w) is shown atT=292 K
g 100 100 ™ NN ’
o i o T., and 5 K. The temperature dependence for all
7@ 50 / 50 =] samples is very similar. The low frequency con-
~ m:: T B—— |||m|. FHHH— - — ] < ductivity decreases with decreasing temperature
’é‘ 250 | - - 250 aboveT, but increase as the temperature is low-
g 200 T 1 200 ered in the ferromagnetic state. In contrast, the
b - T . peak height increases as the temperature is low-
150 y :7( 7150 ered for allT.
100 | - -1 100
- x=0.079 i
50 -—'/ F"/ T,=70K 50
olwt vt vl v il g
10° 10° 10* 10 10° 10°

Frequency (em™)

distinctly different behaviors in th& and w dependence of spectral weight remains nearly constant below
o, above and beloW . At T>T¢ (top panel strengthening  ~4000 cm L. In contrast aff < T (bottom paneélthe low-
of the 2000 cm ! feature is accompanied by a correspondingw conductivity now increases simultaneously with the
decrease inr;(w) below 900 cmt. As a result, the total growth of the peak. This leads to an overall gain in spectral
at <4000 cmil. This excess spectral weight is drawn
Energy (V) from the energy region between 4000 chrand 8000 cm?.
0.01 0.1 1 At even higher frequencies the spectral weight is indepen-
e S T T dent of temperature.
The nonmonotonic temperature dependencespfw),
common for all ferromagnetic samples, reflects dramatic
changes in the charge responseTatT.. Further insights

~ into the free carrier transport may be gained by looking at
E o1(w) in the limit of w— 0, where the response is governed
ﬂ& entirely by intraband processes. In Fig. 6 we plafy,

= =1/, (o=40 cmi 1), which is an optical measure of the dc
E} resistivity. While the magnitude of,, is doping dependent,

all of the ferromagnetic samples share the same qualitative
features of thel dependence. Belov the resistivity is an
increasing function of temperature. AboVie the slope of
dp/dT changes and a semiconducting character is observed
in popt- For all ferromagnetic samplgs,,, remains finite as
T—0, signaling metallic transport. The slight increase in
popt abovex=0.052 is likely the result of the accelerated
rate of compensation at high Mn concentration. Both the
temperature dependence and magnitudpgf is in accord

Frequency (em™)

FIG. 5. Temperature dependencesdf(w) for x=0.052 sample

on a log scale. Top panel shows=T., while the bottom panel . . 37
displaysT=T¢. As the temperature is lowered from 292 KTe with direct measurements @i, for x>0.035™ However,

(top panel the midinfrared peak narrows, shifts slightly to higher at lower doping Ie\{els dc measurements Ol?serve a negative
frequencies, and increases in strength. Concomitantly, there is &/d T over the entire temperature range, with only a shoul-
depression ofr;(w) below 900 cm. Cooling belowT, in the ~ der visible atTc. _

ferromagnetic statébottom panelproduces a qualitatively different The temperature dependencepdll) has previously been
effect. The peak now broadens and shifts to lower frequencies, bttributed to a modification of the scattering of metallic car-
still increases in magnitude. Notably, the laweonductivity now  riers by spin fluctuations below the Curie temperatiire.
increases with decreasing temperature, and there is no crossing bfowever, this interpretation of the dc data must be reconsid-
o,(w) near 900 cm?! at different temperatures. ered in light of the results for the dynamical conductivity
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- - T T T ation. Although holes “neutralized” through the compensa-
10" - mm Ga Mn As tion processes d? not pa}rtlmpate in either _dc or Ilovmon-'

- Iy ductivity, these “neutral” states do contribute to optical
absorption at higher energies. In order to illustrate a spectro-

T _
g .Q .\ T scopic probe of compensation in a heavily doped system let
L/ ® ] us consider first the electronic structure of LT GaAs. The
\ ] Asg, defects form double donor levels 0.52 eV and 0.75 eV
L . ]
.\.\

g
]
9«1 above the valence bafiThe concentration of these defects
o mx_00  an be as high as foem™? in LT GaAs films grown at
I 74‘ ’ 260-270°C. Tunnelling spectroscopy measurements for
"' %2\ ® x = 0.040 such samples have shown that these levels broaden to form a
, /*/*\ Xy | midgap deep donor band centered.5 eV above the va-
107 5% \ $— x=0079 lence band?*3 Transitions from the donor band to the con-
*\*Q :fg-gg duction bandpanel A Fig. 7 lead to a significant smearing

of the fundamental absorption edge. As shown in Fig. 2 the
0 50 100 150 200 250 300 350

optical conductivity of an LT GaAs sample grown under
Temperature (K) similar conditions to all Ga_,Mn,As studied in this work
reveals characteristic “band-tailing” absorption with a sharp
onset ofo;(w) at 7000 cm! (0.87 eV). This is consistent

FIG. 6. Optical analog of the dc resistivity),,=1/o (@
=40 cmi %) is plotted vs temperature for all ferromagnetic samples.

; ; ; ,36,44
The magnitude o,y decreases with doping unii=0.052, after Wlt\rllvﬁiglf\/rlnp?sblsligigtlrﬁizwfll. introduced in the GaAs host
which it saturates at a slightly higher value. All samples share the y

same qualitative features; beloW, p,p; increases with increasing g IS knownbto forf:n a Slhallowbacgeptﬁr level approxflmater:y
temperature, while in the paramagnetic statg; decreases. The -11 eV above the valence band. The presence of such an

temperature dependencemy, is governed by the redistribution of accgptgg level has been verified by optical absorption
spectral weight as can be clearly seen in Fig. 5. studies:” In LT GaAs samples doped with Mn we would
expect an additional absorption structure directly attributable
19 compensation. Indeed, in Mn-doped samples thg,As-

h in Figs. 4 A .
shown in Figs. 4 and 5. A strong temperature dependence fisite levels become depopulated and therefore can serve as

the scattering rate should lead to noticeable changes in t o
low-e line shape ofe; as the temperature is reduced. Inhnnal states for transitions from both the valence band and

contrast with this expectation based on transport theories V\}gln-mduced levels. Similar absarption is likely to occur in

only observe a parallel offset between the different spectr l.l p-doped LT GaAs samples. As illustrated in panel B of

: L e _Fig. 7, the energy position of Ag levels and Mn acceptor
e s B aaion o . oo o EVES 1 Suh 13t th onset ofband aling Al
found in the strong changes in the lawspectral weight®2° Compensated sample is expected to shift to approximately
Within the Drude theorypoc(m*/n)(1/7), the dc resistivity 0.4 eV. This scenario is fully cpnsstent vylth our data fo'r the
is a function of both the scattering time, and the itinerant )l:()_ %Ol?l sarr;ple where a norlceablezsgéf(t)l;w;eovgiled in the
carrier spectral weightn/m*. As suggested in Ref. 18 it and tai t.o requencies as 1ow as 2 31 ev.
appears that the nonmonotonic behaviop6T) is simply a Depopulation of Ag, levels also neutralizes holes produced

further manifestation of the strong renormalization of thets)gn'\élg gfo ?rl]r;g (or i\nn%igftzeg;g[jmlo;pfydOogml\(ﬁj)ﬁ Iir; tg:sb-is
carrier mass al <T¢. ASa 7%

expected to induce strong Drude-like absorption in the far-ir
region with a plasma frequencywpD=47rne2/m*
IV. DISCUSSION =5800 cm ! (assuming free electron mas# primary im-
pact of compensation is that the spectral weight is removed
from the Drude channel to be recovered in the band-tail ab-
A critical unresolved issue in the study of GaMn,Asis  sorption. Integrating the area under the band tail inthe
the nature of the electronic structure in the heavily doped=1.7% film we obtained the plasma frequency of
system. Spectroscopic data presented in the previous secti@@00 cmi 1. This value is somewhat lower than our estimate
clearly show that Mn-induced changes in the intragap refor w,p. This discrepancy is expected because interband
sponse of Ga_,Mn,As are not merely restricted to the gen- absorption involving neutralized holes is likely to extend be-
eration of charge carriers. Intriguingly, as much as 1.7% ofyond the transmission cutoff imposed by the GaAs substrate,
Mn does noiinitiate any noticeable enhancement of the con-and therefore beyond the reach of our current data set.
ductivity in the far-ir region, thus giving no indication for the For the series of Ga ,Mn,As samples studied here a Mn
presence of mobile holes. Hence this sample appears to lm®ncentration ok=0.017 appears to correspond to a critical
completely compensated. Since ferromagnetism irevel of compensation when all holes are neutralized hy.,As
Ga _Mn,As is believed to be mediated by conducting states. At higher densities of Mn, free carrier absorption is
holes, compensation effects are likely to play a major role irevident in the data. The conjecture that the compensating
defining not only electronic but also the magnetic state of aapacity of antisite defects has been exhausted xor
the doped system and therefore deserve careful consider-0.017 is supported by insensitivity of the band-tailing ab-

A. Spectroscopic signatures of compensation in Ga,Mn,As
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FIG. 7. Panel A shows the electronic structure of LT GaAs. According to tunneling spectroscopic measuregelegesin LT GaAs
broaden to form bound centers approximately 0.5 eV above the valence band. The presengg ahtisgies 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 i). 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 whendhsitks 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 B. Electronic structure of ferromagnetic Ga,_,Mn,As
plotted in Fig. 3 are indicative of additional compensation
channels unrelated to antisites. Indeed, the spectral Weiglate
[Eq. (1)] in the intragap conductivity first increases with the
increase of Mn concentration but decreases Xbt5.2%.
This nonmonotoniadependence of the spectral weight xon

When constructing theories of carrier mediated ferromag-
tism, 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.

points to the fact that Mn dopants not only act as acceptors jficeording to one SChOOI Of. thought, the doﬁpfg chazrglgfg are
the GaAs host but also produce donor states. The latter rogSSUmed to reside in an impurity bai).”===%=5"

is expected if Mn enters the GaAs host interstitidfy/’ The This picture stems from .the fact that Mn is known to' form a
doping dependence of the electronic spectral weight dissha"f’W accigtor level in GaAs when the doping is weak
cussed above suggests that the fraction of Mn occupyingl0'’ cm™°)."* The impurity band scenario assumes that as
interstitial sites is enhanced &at>5.2%. One aspect of Mn doping progresses from this very dilute limit, to the heavily
self-compensation which is not entirely clear is the preciseloped regime, the shallow Mn acceptor level broadens and
location of the spectral weight associated with the transition§orms an impurity bandpanel B in Fig. 7. An alternative

to Mn-induced donor levels. Density functional theory re-scenario suggests that holes are doped into the GaAs valence
sults by Erwin and Petukhd¥ predict that the relevant en- band(VB).3%2-240jithin these models, the role of Mn dop-
ergy levels are likely to occur at energies close to 0.7 eV andhg is primarily restricted to increase of the hole concentra-
0.9 eV above the valence band. This position of the energyion (panel C in Fig. 7. In the following we will test the
levels implies that a depression of the far-ir conductivity at-validity of these proposals based on the current experimental
tributable to partial neutralization of mobile holes has to beresults.

accompanied with the increase of absorption at frequencies A key feature of the data presented earlier is the strong
at ®>0.7 eV. Such an increase is not evident in our datamidinfrared absorption, observed exclusively in ferromag-
We therefore speculate that the levels associated with Mnetic samples. This feature has a natural explanation within
interstitial are likely to occur much closer to the bottom of the impurity band picture of the electronic structure. Return-
the conduction band. Accurate measurements of the opticahg to Fig. 3,01(w) is also shown for a very dilute sample of
constants as a function of doping and temperature at energi€a, _,Mn,As with a Mn content ofx~0.00002% Below
above the fundamental absorption edge are needed to resol880 cm !, o,(w) is zero in the dilute Mn sample, as in the
this issue. undoped GaAs. However, at higher energies an absorption
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band is observed. This absorption is attributed to electronicabolic character of the valence band may be partially re-
transitions from the valence band to the Mn impurity level,sponsible for this discrepancy. The effects of hybridization
which from this data lies about 800 crh above the top of between the Mn acceptor levels andp\gvels that make up
the valence band. Examining the data for the ferromagnetithe valence band can also lead to an enhanced mass. Indeed,
films in Fig. 3 we see a strong correspondence between tHe present experiments demonstrate the need to go beyond a
position of the Mn impurity level in the dilute limit, and the simple picture of holes doped into unaltered GaAs bands.
strong absorption observed in the ferromagnetic system. Additionally, mass enhancement may not solely a band struc-
While at this doping levels it is unlikely that an isolated Mn ture effect, but caused by renormalization due to both lattice
impurity level remains, the data of Fig. 2 suggest that tranand magnetic polarori.Indeed, in this context it is worth-
sitions from the valence band to Mn-related electronic statewhile to mention that the sum rule analysis yields effective
may be the origin of the strong infrared absorption. massm* which may significantly exceed the band masgs
Alternatively, the midinfrared absorption may be ac- It is them, value that is relevant to attempts to discriminate
counted for without invoking an impurity band model. Inter- between the impurity band and valence band pictures of the
nal structure of the valence band in IlI-V materials may giveelectronic structure. Consideration of possible role of po-
rise to a variety of absorption processes provided the systefaronic effects is the obvious next step in understanding these
is heavily doped? Specifically, if Eg is located as depicted materials.
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 de-
pend on the subband masses, spin-orbit energy, and doping Having discussed the gross features of the electronic
level, are consistent with the resonance we observe ne&fructure forT>Tc, we now explore the changes that occur
2000 cny 1.23:24 at lower temperatures and how they are related to the onset
While both models can explain the absorption band in thef ferromagnetism. In Figs. 4 dn5 a nonmonotonic tem-
midinfrared, critical differences can be found in the predictedPerature dependence was observed in the low-energy part of
band structure properties. Specifically, the itinerant carriefh€ o1(w) spectra. As the bottom panel of Fig. 5 demon-
mass will be significantly heavier in the impurity band thanstrates, this is due to a growth of low-spectral weight
the GaAs valence band. The mass of the charge carriers m&glow Tc. In order to quantify this effect we calculate the
be accessed through a sum rule analysis of the intrabarifitraband spectral weight using E@). In Fig. 8 we plot the
response inr;(w) [Eq. (1)] provided that the carrier density differential spectral weight defined a¥n/m*)=(n/m*);
is known. In practice an accurate determinationnaf is ~ —(n/m*)r_, for all ferromagnetic samples. For this calcula-
complicated by the compensation effects discussed earlietion the upper bound of the intraband spectral weight was
and an accurate deconvolution of the intraband and interbangsed. For thec=0.052 sample, we also show the temperature
contributions ofo;(w). Nevertheless, examination of the dependence of(n/m*) using the lower bound estimate of
phase space of realistic valuesrof provides useful insight the intraband spectral weight and also for just integrating the
into the origin of the itinerant carriers. Following the proce- entire o;(w) curve to 4000 cm?! at each temperaturesee
dure outlined in Ref. 26 we separate the intra- and interban®ef. 26. Regardless of the method employed the principal
components of the conductivity spectra in Fig. 3. We firsttrends are the same. Beldly, 5(n/m*) begins to increase,
assume no compensation and thus assign one charge carrigrd continues to grow until the lowest temperature studied.
for every Mn atom in Ga ,Mn,As. For the x=0.052 This behavior is seen for all Mn-doping levels.
sample, which has the greatest spectral weight, integration of Also plotted in Fig. 8 is the magnetization of the samples.
the intraband components yields values of the effective masshe strong correlation between the temperature dependence
betweerm* = (2.1-44)m, . A direct integration of the entire of the low-w spectral weight and magnetization indicates
o'(w) spectrum also yields a mass of* =2.1m,.%° The  that the heavy itinerant carriers may be mediating the ferro-
above estimates are considerably reduced if compensationagnetism. Changes in the carriers effective mass bé&leow
effects are considered. Discussion in the Sec. IVA clearlhave also been observed in the mangarfi@@8 and
illustrates that as much as 1.7% of Mn does not deliver anyiexaborides! both itinerant ferromagnets. A theory of ki-
mobile holes suggesting at least a 30% compensation level inetic energy driven ferromagnetism proposed by Hi$ch
thex=0.052 film. High field Hall measurements support thiscan account for this behavior. In the top left panel of Fig. 8
conclusion where the hole doping was found to be only onéhe relation between spectral weight and the gross magnetic
third of the Mn concentratioff Taking into account these properties of Ga_,Mn,As is further quantified. While the
results our estimates of the mass are reduced to (0.Tr:15) data for individual samples is rather sparse, the overall trend
Table | summarizes the range of possible masses for all thef several Mn dopings indicates a linear scaling between
different ferromagnetic samples, with the effects of compen€hanges in the spectral weight and the square of the magne-
sation included. tization. This form of scaling relation is also observed in the
These estimates are consistent with ARPES réSults manganite¥-®® and can be accounted for within the double
which find a flat impurity band at the Fermi level, but exceedexchange modef
theoretical estimates of the mass of a 5% sample in a model The data in Fig. 8 indicate that the changes in lkow-
where the holes are doped into the GaAs valence band argpectral weight has its origin in magnetic interactions. With
producemg = 0.25m, .2* At this high doping level the nonpa- this in mind we can get an estimate of the relevant energy

C. Hole dynamics in the ferromagnetic state
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(M/Ms)z scales by looking at the frequency dependence of the spectral
0.00 0.25 0.50 0.75 1.00 weight above and beloW¢ . To this end it is useful to com-
o= ol T | s - pare the partial sum rule of E€l), which defines the spec-
1 : ::g:ggg-A £ - tral weight, to the global sum rule
E 04 & x=0066 ,E, 10
g 0.2 v = n 2 J'w d 2
“© A ol —_— =
I ‘A 5- me 7Te2 o o-l(w) w, ( )
e Ty 0 . .
T T (emuem?) which simply states that the total area under the conductivity
® x=0040 ' x curve is a constant, independent of external parameters such
20 o ao® 5 as temperature. Equatiai2) demands that at some cutoff
sx10”] el frequencyQ = Q. the partial sum rule of Eq(l) will be-
? 10 ‘;" come temperature independent. In Fig. 9 we plot the spectral
- 5“‘ weight [Eq. (1)] as a function of cut-off frequenc at T
E 0 M — =T and 5 K. For all the samples the spectral weight in the
— ferromagnetic state is enhanced at low energies. However, by
E Q<8000 cm ? the relative difference in spectral weight is
& less than 5% for the different temperatur€3<Q, see
1x10” L arrows. This means that the low- spectral weight gained in
the ferromagnetic state originated from energies
| <8000 cm'* (1 eV). This provides a rough estimate of the
A 0 D) 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?*°® In contrast the Mn ion in Ga ,Mn,As is in the

FIG. 8. Change in the spectral weight belol, o(n/m*) 45 1416560 54 the Hunds coupling is not the relevant ex-
_ *\_ * ; _ ! X . .
=(n/m*)r=(n/m*)r, of the intraband component ofy(w) cal- -, ahqe interaction. Rather a smaller kinetic exchange should
culated for all samplgs using the maximum spectral weight. For albpmy' consistent with the lower energy scale of the spectral
samples a strong increase is observed befby. For the x weight convergence observed in Fig. 9. WHile for all Mn

=x 0.052 sampleS(n/m*) was also calculated with the minimum - - .
spectral weightstarsx 25), and from a direct integration of;(w) dopings is in the general range of 4000-8000 & deff

up to 4000 cm? (trianglesx 125) (Ref. 26. All methods give the hite pattern in _the dopi_ng dependence is Ot.)served' In the top
same qualitative result. Also plotted is the magnetization for eacl&eft panel of F'g,' 9N ',S plotted a,s a function of Mn dop-
sample. The top left panel showén/m*) normalized to the mag- N9S- Atlow dopings()¢ increases linearly and than saturates
nitude of the spectral weight &k plotted against the square of the at higher Mn concentration. Interestingly the doping depen-
magnetization. All samples show the same scaling regardieEg of dence of(lc shows a remarkable similarity to the doping
or Mn doping. dependence of - shown in the inset of Fig. 3.

0.0 0.2 04 06 03 1.0 0.2 0.4 0.6 08 1.0

T/T T/T,

x (%Mn)

10000 ————

FIG. 9. Frequency dependence of the spectral
weight[Eq. (1)] for all ferromagnetic samples at
T=Tc and 5 K. Throughout most of the fre-
quency range there is more spectral weight in the
ferromagnetic state. However, by 4000-—
8000 cm'! data at all temperatures converge to
the same value. The arrows mdid , defined as
the energy at which there is less than 5 % relative
differences in the spectral weight above and be-
low T . The top left panel shows the doping de-
pendence of(}-, which has a striking resem-
blance to the doping dependenceTqf (inset of
Fig. 3.
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V. SUMMARY AND OUTLOOK <dfre—-d— >

In this work we have employed a novel approximation
free method for extracting the optical constanta@ layer .
system to investigate the electronic structure and dynamic KK
properties of Ga_,Mn,As. We have expanded on our earlier
work by further examining trends in the evolution @f(w)
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¢. | ]

The main features of the electromagnetic response of Z, Z
Ga, _,Mn,As include a broadening of the band edge seen in
all samples, a resonance centered near 20001;:rand a FIG. 10. Representation of the experimental geometry. The mea-
Drude(free carriey absorption at low energies; the latter two Sured quantity isTy /Ts,p, whereTs,, is the transmitted intensity
features are detected only in ferromagnetic films. The stron§rough a blank substrate. The desired quantity for Kramers-Kronig
intragap absorption structure at 2000 ¢mhas been dis- analysis |_s the transm|s§|on through the fll_m into the substrate
cussed in terms of both transitions to an impurity band and ). Which can be obtained from the experimental data and sub-
intervalence transitions. While both ideas can reproduce thgirat€ Properties from EALL) as explained in the texgy, Zs,
energy scale of the absorption resonance, neither can corﬁEIOIZO correspond to the load at each interface.

pletely account for all of the data. In particular, sum rulé yohieved by trivial increase of Mn concentration since
analysis of the infrared conductivity suggests that the e1‘fecGai MnAs is a strongly compensated system. Recent
_ Mn, .

tive mass of the itinerant carriers is (0.7—§). A realistic transport and magnetic measurements have indicated that

picture of the electronic structure has to include hybridiza-proper heat treatment of GaMn,As films during and/or

tion effects between the Mn-induced impurity band and the;ar the growth can dramatically enhance the Curie

valence band of the GaAs host. _ temperatur€-®2 This enhancement has been attributed to a
Sum rules were also utilized to examine temperature dezeqction of defects in the material: however, to date this has
pendent changes in the Drude contributiorrtdw). In par-

not been verified experimentally. It will be instructive to ex-

ticular, we observe a strong enhancement of low-energyqre this behavior in the context of redistribution of the

spectral weight below the ferromagnetic transition. This eNglectronic spectral weight. In particular the changes in a

hancement is understood in terms of a decrease ir) the carmigl,mber of parameter@.e., effective mass, scattering rate,
mass in the ferromagnetic state. The change in spectr@yc) may be deduced, giving further insight into the dynam-
weight is found to scale with the magnetization for all Mn ;¢ of these materials.

dopings studied. The spectral weight becomes temperature
independent near 8000 crh which supports a small ex-
change coupling in this system. The doping dependence of
the spectral weight was also examined and correlated well This work was supported by the DOE, NSF, DARPA, and
with T, further supporting a picture of ferromagnetism me-ONR. We would like to thank P. Henning for his help with
diated by heavy conducting holes. We emphasize that ththe impedance theory. We would like to acknowledge numer-
effective mass inferred from the analysis of the spectroscopious discussions with C. Cuiti, A. MacDonald, L.J. Sham, and
data may be enhanced compared to the band mass due XoSinova.

many-body effects. These effects are outside the scope of the

Z,
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present paper but deserve further examination. APPENDIX
We have presented a detailed discussion of compensation ) .
effects in Ga_,Mn,As based on the analysis of the fre- 1. Kramers-Kronig analysis of a two-layer system

quency dependence of the conductivity. We have shown that Obtaining the optical constants from transmission mea-
in fully compensated samples the role of Mn doping is re-surements is complicated by the fact that the film of interest
stricted to broadening of the fundamental absorption edgds deposited on a substrate. The experimentally accessible
The gap edge structure is reminisced of that of LT GaAs butjuantity is the transmission through the film/substrate two
is shifted to lower energies in quantitative agreement withayer systemT,, (Fig. 10. This transmission will depend on
the energetics of Ag, antisite levels and Mn-induced levels six parameters: the real and imaginary parts of both the film
in the GaAs host. We can estimate a low bound of the comand substrate optical constants, and the thickness of both the
pensation level due to Ag antisites in Ga_,Mn,As, which  film and substrate. In general both thicknesses, and the opti-
is about 30%. Another form of compensating defects iscal constants of the substrate are knariori, leaving two
found in heavily doped sampleg¥5%) and is attributed to  unknown quantities: the real and imaginary optical constants
Mn interstitials. The nonmonotonic dependence of the in-of the film. However, knowledge of the transmission of the
tragap spectral weight with doping detected in our measureawo layer system alone is insufficient in determining these
ments indicates that the enhancement gitannot be readily parameters.
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A second piece of information is required in order toimpedance of free space. The complex transmission coeffi-
uniquely solve for the optical constants. One approach is taient for the two layer system is given by
additionally measure the near normal incidence reflectance
of the film/substrate systenRg). The two unknown quan- - nitZy mstls 27,
tities can then be determined froRy, and T, .%% An alter- A7 Z0+Zy it Zs 15t Zo
native method employed here is to make use of the KK re-
lations in order to calculate the phase change of théo‘
transmitted light. With the transmission and phase we can _

_ _ . A~ Ly—Zg

then calculate the optical constants of the film. As will be
discussed later we do measirg in the mid infrared at 292
K and cal_culate the optical constants directly, in order to set The problem now is to deconvolve the two layer transmis-
a constraint on our KK analysis. . T . e

In the analysis of reflectance measurements, the Kramer§ion (Tzi=13t2) into an equivalent one layer transmission.

Kronig relations are routinely used to generate the phase COF__or this purpose it is inst_ructive to first consider the in_ghtIy
responding to the measured reflectance. With this informadifférent geometry of a single layer bounded on one side by

tion the optical constants are then calculated. Using thi¥@cuum and the other by an infinite substréftey. 10 with
method for transmission experiments introduces additionafls—>)- In this case we have

complications as well as the known problem of integration L7 2
limits encountered in reflectance measurements. The trans- A“:Ui
mission, T, of a single layer determines the amplitude of the Zot+Zy mit s

complex transmission coefficient=\Te?. The KK inte-  where
gral relating the measured amplitude to the unknown phase

e~ Writdsyd — (A4)

dditionally, the complex reflectivity for the thin film side is

I :—Zz| T ZO . (AS)

e*dm’f, (AB)

of a electromagnetic wave passing througsirayle layeris®* 7s Cost{ y¢dy) + n; sinh(y;d¢)
Zy= s : : (A7)
R R 7y coshiy;ds) + 77¢ sinh(ydy)
=“In[[t(w)|/|t(wo)[] : . o
O(wg)=—(2wq /) > 2 do+2m7wd;, Guided by the form of the right-hand side in E46) we can
0 0"~ w, now rewrite Eq.(A4) as
(A1)
whereds is the thickness of the film. It is worth emphasizing a1 =tkkteorr (A8)
that Eq.(Al) only applies to a single free-standing layer. We \yhere
are not aware of a corresponding equation for a two layer
system. The main challenge in applying the KK approach to . 27,
transmission measurements is to deconvolve the measured teorr= netZ e e (A9)
. . . . S 0
T, into an effective one-layer transmission. Often this is
done through an iterative process where by first guessingnd
values of the films optical constants the transmission through
the film and substrate can be easily separated allowing for a s Mty 7’S+Zsefd,«/f_ (A10)

KK analysis of the films transmission yielding a new set of K Zo+Zy i+ Zs

optical constants for the film. This processes is repeated until. ) - .
the values of the films optical constants conveftfe. First notice thatt.,,, only depends on the properties of the

In the present analysis we use an alternative techniqueubstrate and therefore is entirely known. Ny is analo-
which is free of approximations, and does not require numergous to Eq.(A6), but is now the transmission into fanite
ous iterations? Using the formalism of impedance theB‘?‘y thickness substrate. This is the quantity that we KK trans-
the transmission across any boundary can be written in ternform in order to get the corresponding phase spectrum. Ex-

of the intrinsic impedance;(w)zlzow/ﬁ(w) and propaga- perimentally,. we measure the transmission of the two layer
tion constanty(w) =2 mwn(w) of the material A(w) is the system relative to a bare substralg,e,—= T /Ts. There-

: : fore from the experimental data and knowledge of the sub-
complex index of refractioly and the load at the bounda®), . -
(Fig. 10. The load at the vacuum-film interface is given by strate properties we calculate the KK input for E41) as

\ TmeasTs

|ECOI'I'|

Z coshy;ds) + 75 sinh(y¢dy) (A2) |t =
ns cosh{yid;) + Zg sinh(y¢d;) '

while the load at the film-substrate interface is

(A1)

Zy=n4

2. Kramers-Kronig extrapolations and reflectivity constraints

Z, coshiy.ds) + 7 sinh( y.d) (A3) Having established the applicability of the Kramers-
s= s : , A3 Kronig procedure we now comment on the inherent limita-
cosh ysds) +Z; sin d
7 Costysds)+ 2o sinh( y5d,) tions of this method. Examination of E¢AL) reveals that
where the subscrigtlabels the properties of the film and the the phase at any frequency depends on the transmission from
subscripts corresponds to the substrat&;=377() is the w=0 to w—o. For regions outside of the measured fre-
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l§ 2 .. . FIG. 11. Main panel showR, andT for the
S ® L x=0.066 sample aff =292 K. These data are
= ob—1 -t 1 . 1 . | used to calculater,(w) shown in Fig. 12, and
; 0.50 |- R 0 2000 4000 6000 §1°°° 10000 additionally obtain a phase correction factor for
=4 21 Frequency (cm ) all @ and T of the x=0.066 sample. The inset
/ shows the difference between tiiRy, and Ty
phase and the KK phase obtained without a high-
w extrapolation(solid line). The observed linear-
0.25 “_/_,/\_—“”*\\ ity allows for a phase correction factor to be de-
T / termined at allw (dashed ling
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guency interval some value of the transmission must be a®ptical constants of the film can be solved for directly. With
sumed. For the current data set the low frequency extrapoldhis knowledge, Eq(A10) can be used to calculate the cor-
tion has a negligible impact on the optical constants in theect phase directly, and therefore determine an appropriate
measured bandwidth due to the low experimental cutoficorrection factor for the KK phase. This procedure is illus-
(15 cm Y). However, the present experimental configurationtrated in Figs. 11 and 12. The main panel of Fig. 11 shows
severely limits our high frequency cutoff due to the band gaphe two layer reflectivity and transmissivity of thxe=0.066
in the GaAs substrate~12 000 cm'!). Varying the highe =~ sample at 292 K. With this data Eq§\4) and (A5) were
extrapolation has a considerable impact on the KK-generatedsed to calculater;(w), shown with a thick line in Fig. 12.
phase and therefore the final form of the optical constantsAlso shown in Fig. 12 are twor;(w) curves corresponding
Thus, some method of constraining the phase is needed io the KK analysis ofT, in Fig. 11 outlined in the previous
order to obtain reliable results. section. In the first case the high-extrapolation used in Eq.
As discussed earlier, an alternative way of generating théAl) to calculate the phase wadgx =0. o,(w) correspond-
optical constants without relying on the KK technique is toing to this choice is shown with the dash-dotted line. There is
measure botlT, and R, . Using Egs.(A4) and (A5) the  a large suppression af;(w) relative to theT, and Ry

200 ' | ¥ T ! T ! T T

N Ga__ Mn__As

0.934 0.066

150 | FIG. 12. o4(w) 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, and T, shown in Fig. 11. The dot-
dashed line was calculated from, alone utiliz-
. —R,&T, 7] ing the KK relations without a higla extrapola-
N —-=--T,, (uncorrected) tion. The strong dlscrepanmes betyveen .these
curves demonstrates the impact of using an incor-
rect extrapolation to calculate the phase. Finally,
50 | ‘~ JIRS eand using theR, and T, results to correct the KK
e ———— - generated phase produces the dashed line, which

is in full agreement with the dired®, and T,
T=292K 1 result.

o (@) (@ em™)
3
)
-

~- - — = T, (corrected)

0 2000 4000 6000 8000 10000

Frequency (cm™)
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method, and additionally, no finite frequency peak is ob-of the KK equatiorf>®® and provides a practical solution to
served, which as will be discussed below is a robust featurénding the correct KK phase. Extrapolating the phase differ-
even in the raw datéFig. 1). ence to low frequencie&ashed ling allows for a reliable
The strong deviation between the two curves in Fig. 12determination of the phase even outside of the frequency
can be traced back to the incorrect KK generated phase dueterval whereR, was measured. Additionally, the phase
to the lack of high-frequency extrapolation. The error in thecorrection factor determined at 292 K can be used foiall
KK phase is illustrated in the inset of Fig. 11 where theas evidenced by it’s lack of variation for samples with dif-
difference between the KK-generated phase and the phagerent Mn dopind’ After the phase is corrected,(®) can
calculated from the results of th®, and T, measurements again be calculated, and is shown in Fig. 12 as a dashed line.
is plotted as a function of frequenégolid line). The fact that The agreement with the value directly obtained from e
this difference is nearly linear is expected based on the fornand T,, data is excellent.
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