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PHYSICAL REVIEW B 70, 205208(2004)

Ellipsometric study of the electronic structure of Ga,_,Mn,As and low-temperature GaAs
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1Department of Physics, University of California, San Diego, California 92093-0319, USA
2Center for Spintronics and Quantum Computation, University of California, Santa Barbara, California 93106, USA
(Received 13 April 2004; revised manuscript received 19 July 2004; published 15 Novembgr 2004

We have measured the optical constants of @34n,As from 0.62 to 6 eV, using spectroscopic ellipsometry.
The second derivatives of the dielectric function are examined through a critical point analysis, allowing us to
inspect interband transitions from different points}Zinace. The evolution of the band structure over a broad
doping range is determined. Specifically, tgcritical point shifts to higher energies with increased doping of
Mn, while all other critical points appear unaffected. The evolution of the critical points results from the
interplay between band-gap renormalization due to ionized impuritiessarl hybridization of the Mn
induced impurity band with GaAs valence and conductions bands.

DOI: 10.1103/PhysRevB.70.205208 PACS nunier78.20.Ci, 78.40.Fy, 75.50.Pp

I. INTRODUCTION namics of Ga,Mn,As, however they were limited to ener-
gies below the band gap and could only discuss effects at the
Semiconductors doped with magnetic impurities, generzone centet314
ally referred to as diluted magnetic semiconduci@sS), Experimental studies of the GaMn,As electronic struc-
have produced great scientific and technological interest ifure that combine high resolution, broad doping range, and
recent years.Such systems offer a promising opportunity to do not focus on the zone center are needed to address several
explore devices that simultaneously exploit the spin andey issues. Interestingly, although Gavn,As is generally

charge degrees of freeddiiThey also bring the challenge of referred to as a “compound,” implying the momentd is

understanding the physics involved in the coupling of localyonsered and is still a good quantum number, this has yet to
moments ind orbitals with sp extended states. One of the g onfirmed experimentally. Additionally the effects on the
most widely studied DMS is GaMn,As, in part because Gaag hand structure afp-d hybridization between the Md

GaAs is a well characterized semiconductor used in a varietgnd As/Gasp states are still unknown. To investigate these

of digital signal processing circuits, telecommunication sys— 4 gther effects of Mn doping we have a performed a line

tems, and optoelectronics. While there is general agreemeg}ane analysis of the complex dielectric function determined
that ferromagnetism in GaMn,As is driven by a carrier by spectroscopic ellipsometry.

. \ .
rrlledlated mecuanlsm. betwleenstrr\]e Ioca:l momfhhm 3? For the past four decades, spectroscopic ellipsometry has
electrony and the (_:a;\]rrlerst:jo e9,” the evollutlon_ ort Ie e_ec;] provided key insights into the electronic structure of many
tronic structure with Mn doping as well as its role in the ) aierigisls Unlike common spectroscopic techniques, ellip-

ferromagnetism is still under debate. , sometry measures the amplitude and phase of the reflected
The controversy around the electronic structure of,

Ga,MnAs generally centers around the position of theWave. Therefore, the complex dielectric respo&&)] of a
Fermi level. One scenario places the holes in the Mn inducec
impurity band?~® while others place the Fermi level in an
unperturbed GaAs valence bah@® These differing view- ¢
points are in part driven by the early work of Ohebal., >
who showed the onset of ferromagnetic behavior in?
Ga_,Mn,As is at or near the metal to insulator transitfon. ™
Additionally, optical absorption measurements established
the formation of a Mn induced shallow acceptor level
110 meV above the valence band in paramagnetic GaAs
doped with Mn in the very dilute limit. Recent STS and
ARPES experiments suggest the Mn forms an “impuritytlral
band” of d-like states that strongly hybridize with the GaAs
valence band®'? The ARPES measurements place the oc
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FIG. 1. Left: GaAs band structure and relevant critical point
nsitions reproduced from Ref. 24. The upper conduction bands
are labeled ad’; and I'g based on symmetry, while the lowest

. 5 4 “~"conduction band is labeldd;. The valence bands have been labeled
cupiedd”/d” levels~ 5.3 eV below the valence band maxi- a5 1 4. for heavy-hole, L.H. for light-hole, and S.0. for split-off.

mum (VBM), with the _unoccupiedj5ld6 level lies 3.7 €V Taken from Ref. 12, Mrd filled (d%/d?) and empty(d®/df) levels
above the VBM(see Fig. 1'% Nonetheless these measure- are shown in grey, and the acceptor Mn A is dashed-gray. The
ments are limited in resolution, and therefore the quantitativejispersion of the Mn acceptor level is also taken from Ref. 12. The
evolution of the band structure witk has yet to be estab- L point corresponds to the 111 direction and the X point to the 001
lished experimentally. Infrared spectroscopy measuremenigirection. Right: Ga_Mn,As unit cell with the important symmetry
established the role of this impurity band in the carrier dy-directions labeled.
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material can be obtained analytically in bulk isotropic mate-ellipsometry experiments the back surface of the substrate
rials. The optical constants of a layered structure can be deawvas roughened so as to prevent interference in the substrate.
termined with high resolutiof=1 meV) over a broad en- A variable angle spectroscopic ellipsomet®ASE) instru-

ergy range(=0.6—6 e\J. Strong features in the spectra ment from J. A. Woollam and Associates with a rotating
result from the enhanced interband transitions at points in thgnalyzer and an autocompensator measured the complex el-
Brillouin zone where the slope of the two bands are nearlyipsometric ratio(p) at 65° and 75° angle of incidencg.is
identical (see Fig. 1 An analysis ofd?&(E)/dE? provides  the ratio of the reflectance coefficiemtsandr, (parallel and
direct determination of the energy of these “critical points.” perpendicular to the plane of incidenc&his is generally
This motivated us to perform an ellipsometric study ofexpressed in terms of two angl#sandA:

Ga,_,Mn,As such that a detailed view of the evolution of the

band structure at a number of pointskifspace can emerge.

Similar efforts on II-VI DMS have aided in the determina- p=2=gtanv, (1)

tion of the strength osp-d hybridization (V(sp,)g) in these s

materials:® An understanding of the role afp-d hybridiza-  \yherew is a measure of the relative amplitude ahche
tion in DMS is critical, as a stronys ¢ can lead to the  rejative phase shift. From¥ and A the complex dielectric
formation of a Zhang-Rice polaron, binding the Mn inducedfunction [&(E)=¢,(E) +ie,(E)] can be readily derived using
hole.17 The Strength OV(S,p)d will also determine the Strength the tWO_phase modéambienﬂ-sammelzz However’ in real
of the hopping amplitudet® of the holes!”8 central to a materials surface roughness, oxide overlayers and the multi-
number of different theories of ferromagnetism inlayered nature of the samples require multiphase modeling
Gay_,Mn,As.*~® Additionally, the kinetic exchange, which (see Appendix which results in genuine optical constafds.
plays a large role in the magneto-optical properties ofa significant parameter in evaluating these models is the
Ga_Mn,As,” can be related to thep-d hybridization via penetration depth of the incident lighd):
second order perturbation thec{rryoﬂocvgd).lg As discussed
in Sec. IV A, sp-d hybridization will also result irsp bands 5= AN
avoiding the Mnd levels!®1%2land is therefore central to 47k’
understanding of the band structure in,G®In,As. . o .
Our spectroscopic investigation has revealed the evqutioWhere}‘ is the wavelgngth of the queﬁhgh} arkd§ tgg
of the band structure of Mn doped GaAs. Specifically, fromCOmMplex part of the index of refractidn/ e(E) =h=n+ik].=*
the critical point analysis we uncover the important role of!f @ 1ayer has a thickness greater thantBen layers below it
hybridization between Mn induced impurity band and thed0 not contribute to the measuredl and A, because of
GaAs valence band. Namely the anisotropic strength of thiStrond attenuatlofﬁ Therefore in regions where,(E) is
hybridization results in a blueshift of tHg, transition while large and/or at higher energies, the primary contribution is
all other critical points remain unchanged. This analysis i§fom the top few atomic layers. Specifically in the region of
discussed in Sec. Ill C. The measured elipsometric data cdf€ Ei critical point 5(E;) ~20 nm, whereas nedt, 5(E,)
be found in Sec. lll A. The samples and experimental meth=5 nm.
ods are described in Sec. Il. The fitting procedure is de-
scribed in the Appendix and the resulting dielectric function
is detailed in Sec. Ill B. Finally we discuss the implications ll. RESULTS AND ANALYSIS
for each critical point in Sec. IV. A. W and A

(2)

In Fig. 2 we plot the measured ellipsometric parameters at
Il. SAMPLES AND EXPERIMENTAL METHOD 65° (top panelgand 75°(bottom panelsangle of incidence.
We first take note of the significant difference in the shape

The samples in this study were grown at the University ofand magnitude oA at these two angles. The uniqueness of
California, Santa Barbara on semi-insulating GAA$) by  the information garnered at the measured angles is the result
low temperature molecular beam epitaiyT-MBE). The  of taking data just below and above the Brewster’s angle for
Ga,_,Mn,As and LT-GaAs samples were deposited at a temGaAs. Turning our attention to the low energy portion of the
perature of 260°C. The sample labeled GaAs is a bare sulspectra (E<1.75 eV}, interference fringes appear in all
strate. The Ga,Mn,As layers had a nominal thickness of samples except the bare substrate. In this range we approach
500 nm and were grown atop a 60 nm LT-GaAs buffer layerthe fundamental band gap of GaAs, which can be seen as
The LT-GaAs sample had a nominal thickness of 1500 nnsharp points around 1.42 eV in both andA. Furthermore,
(see Fig. 7 for details The oxide and buffer layers were in this regionk becomes sufficiently small andadequately
taken into account using a multiphase analysis described ilong so that 2 is greater than the thickness of the deposited
the Appendix. film.2%

Spectroscopic ellipsometi.62—-6 eV and near-normal We now examine the region between 2.5 and 3 eV. Fo-
incidence transmissiofiT) measurements over the energy cusing first on¥, we see that at both angles the GaAs data
range 0.005-1.42 eV were performed at the University ofdisplay two sharps points. These are BheandE; +A, criti-
California, San Diego at room temperature. Details of thecal points that result from the almost parallel nature of the
transmission measurements can be found in Ref. 13. For ttmonduction and valence bands near th@oint (see Fig. 1

205208-2
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FIG. 2. Ellipsometric angle¥ and A measured at a 65top FIG. 3. Left panel: The real part of the dielectric function for all
panel$ and 75°(bottom panelsangle of incidence. The interfer- samples in this study. Right panel: The imagineasorptive part
ence fringes at low energies are due to interference from the thiff the dielectric function with the critical points labeled. In both
film. The two peaks around 3 eV are due to tRgand E;+A,  panels we clearly see the broadenind=gfand E; with Mn doping,
critical points, which clearly broaden and blueshift with Mn doping. While the right panel clearly demonstrates the blueshifting=pf
However, Mn doping has little effect on the two extrema around 4.5We also note the apparent lack of changég and E,.
and 5 eV are due to thEy, andE, critical points.

that as we increase the doping the peak at 2.85 eV broadens
These critical points are broadened due to disorder in all thend decreases in strength. Turning our attentioe,t8), the
samples in this study. Due to this broadening, inGQdn,As  E; peak is broadened and decreases in strength in LT-GaAs.
the two critical points appear to have merged. This trend calowever in the Mn doped samples tBgpeak can no longer
also be seen in tha data taken at 750see Fig. 2 In Fig. 2  be distinguished from thg;+A, critical point. It is interest-
we note a reduction i between 2.75 and 3 eV and con- ing to note that previous studies of doped GaAs revealed a
current growth below 2.5 eV. redshifting of both th&; andE; + A, transitions2® However,

Finally, we turn our attention to the region between 4 anda blueshift in E; is observed in Ga,Mn,As, while the
5 eV. While data in this region is affected by the native broadening and reduction in amplitude are consistent with
oxide layer, discussed further in Sec. IV E, there is an im-previous studie$®
portant trend worth noting. This is best seenAnat 75°, Finally we turn our attention to the region of thg, and
where two clear peaks are evident in the GaAs data. Whil&, critical points(4.25—5.25 eV} in Fig. 3. These critical
the sharpness of the peaks appears reduced in the LT-Gafgints result from transitions near the zone center and at the
and Ga_,Mn,As samples, this does not seem to be the resulX point respectivelysee Fig. 1. Despite the presence of the
of significant broadening. Most notably the position of theseoxide layer and the small penetration depé+5 nm), the

two peaks remains unchanged with Mn doping. critical points can still be clearly recognized in al(E)
spectra and in most of the(E) spectra. Focusing o, (E),
B. Optical constants we see that the position and broadening of Hye and E,

critical points appears almost constant throughout the series.
. ) . . A Not surprisingly, the amplitude of this peak appears to be

asft_delscrlt_)etd mftge;ﬁpphendlxb are tllllzplla)(/je_d ”':hFlg. 3'hTh andom, as previous ellipsometric studies established the ef-
critical points o s have been labeled In the graph Ok of the oxide layer reduces the strength of the measured

&,(E). Consistent with our earlier work on these samples, weE2 peak?” Therefore we do not expect the presence of the

find that the fundamental band gdfo) is significantly  Jiqe |ayer to significantly effect our critical point analysis.
broadened in LT-GaAs and GaMn,As samples such that a

sharp onset is no longer observédNe note that this effect
can be seen in boty (E) ande,(E). The origin of this broad-
ening will be discussed in Sec. IV B, however Fig. 3 dem- The numerical second derivatives of te¢E) data pre-
onstrates that this broadening grows with Mn doping untilsented in Fig. 3 can be found in Fig. 4. A cursory examina-
x=0.028. Additionally this effect seems to extend to tion of this graph reveals its utility in analyzing the structures
~2.75 eV. This band gap broadening is aided by a transfeseen in thee(E) spectra. Before discussing the results sepa-
of spectral weight from the region between 2.75 and 3.25 eVately for each of the relevant critical points, we briefly men-
to the region below 2.75 eV. tion some general trends in the data. g andE, critical

We now discuss the region of th® and E;+A; transi-  points, with the exception of the GgdVng osAS sample,
tions, namely 2.5 3.5 eV. First focusing or;(E) we note  appear almost completely unaffected by growth at low tem-

The €(E) spectra resulting from the modeling ¥fandA,

C. Critical point analysis

205208-3
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FIG. 4. Derivative spectra of all samples in this study, which = GalAs LTGIaAs x1l.7 x.‘;_s
allow a clear identification of all critical points. We note the com- Sampl
plete loss of a feature & in all samples grown by low tempera-
ture MBE. TheE; critical point is significantly broadened and blue- ~ FIG. 5. (Top paneJ The resonant energy of each critical point
shifted with Mn doping, whileE,, andE, show little change. for all samples. We note the increasebnwith increasingx, while

all other points remain unchangedliddle pane) The broadening
perature and/or Mn doping. We believe the anomalous beof the critical points for each sample. The sudden change i the
havior of the Ggg,MngosAs sample results from having =1.7% sample is due to the merging Bf and E;+A,. (Bottom
had the longest exposure to asee Table ), however it's pane).'ljhe phe.nomenoltl)gical phase parameter which accounts for
origin is not entirely clear. Interestingly for samples with the mixing of different critical points due to Coulomb effects. Lines

=0.04, an extremely weak extra featufabeledE,,,) ap- are guides to the eyes. When the structure just overlaps thgy,

ears at eneraies iust beld@.. The origin of this peak will critical point, it results inEy, appearing more asymmetric. We
Ee discussedgin S{ac vV DCEM g P therefore conclude that the significant broadening and blueshifting

Next we turn our attention to the, and Eg+A, transi- of E; is responsible for the apparent anomaliex=a0.017,0.028.

. . . . In th I ith high i th lit f itical
tions, which undergo a substantial change attributable to th(i1 e samples with higher dopings, the amplitude ofHheritica

I h v th o oint continues to be reduced and the overlap betvigeand Ey,

ow temperature growt .zl\lame y,2t ese transitions are NQ,.oages, reducing the asymmetric effecEgfon Eq.

longer observable in thd“e(E)/dE- spectra and therefore

we have not attempted to fit these transitions in any sample, | . N

with the exception of the GaAs substrate. However, given thevhile the Elf+ Ay algpeasrs ttho beﬁ3|gtn|f:(c?/|ntly dbrqade_ned. .'tAS

band edge broadening seen in Fig. 3, this result is not su'e expect from Fig. S, the efiect of Mn doping 1s quite
dramatic. In all Mn doped samples, the broadening ofghe

prsing. andE; +A, critical points is such that they appear to merge.

Let us now examine th&; and E;+A; critical points, " ; . .
which contain rather surprising results. We begin by compariA‘ddmon"iIIy this merged structure is continuously blue-

ing LT-GaAs and GaAs, noting a significant reduction in theSh'Ifteg a;x |st|ncreatsed. i the derivati train th
amplitude of the critical points in the former with respect to h Sans at room temperature, the derivatve spectra in the

the later. However in LT-GaAs the broadening of Byecriti- vicinity of a critical point are well characterized by two-
: . . ; 28
cal point appears unchanged by low-temperature growtl‘li'menSIonaI line shapes:

x40 x52 x6.6
e

TABLE I. Parameters of the samples studied, which were grown

at a substrate temperature of 265°C, with As/Mn beam flux ratio of @ =Ad9(E-E,+ill)™2 (3)

~200/1. Ga growth rates were0.3 ML/s and Mn growth rates dE? ¢ '

were 0.02—-0.05 ML/s. All thicknesses are in nm ahg are in

Kelvin. whereA is the amplitude of the critical point related to the
reduced effective mass of the two bands involved in the tran-

Sample Surface layer Oxide layer Generic layde  sition, Ey is the energy of the critical point, afdis a broad-

ening parameter determined by the quasiparticle lifetime and

GaAs 0211 2.966 n.a. N3 the relaxation of the requirement of momentum conserva-

LT-GaAs 0.289 4.64 15585 n.a. tjon, The phenomenological parame€is added to account

Gay.9sMNo.01AS 0.332 3.973 514.47 <5  for Coulomb and excitonic effects that result in the admix-

Gay g7MNg goAS 0.846 3.317 480.17 30 ture of two critical pointg?

Gay 06dVINo.04cAS 0.848 2.533 485.47 45 The critical point parametef&g, ", ®) determined by fit-

Gay 04gVNg.0sAS 0.918 4.075 47957 70 ting the numerical second derivative to the form given in Eq.

Gay,65MNo 06AS 0.88 3138 497.96 70 (3) are plotted in Fig. 5. The details of the fitting procedure

can be found in the Appendix. Examining the gap energies

205208-4
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plotted in Fig. 5, we see that the fitting results are in reasonmass. The first and second terms in &).are the first- and

able agreement with our expectations from Figs. 2, 3, and 4second-order perturbations due to the impurity potentfals.

Specifically Ey of the E; critical point blueshifts with in-  The first term in Eq(4) is generally small and has a different

creasing Mn doping, whilé&ey, and E, remain unchanged sign for acceptors and donors, such that in heavily compen-

within experimental error. In Fig. 5, we also find th&f  sated materials this term can be neglected. The second-order

critical point is significantly broadened while the other criti- term produces redshifts proportional 8, where a

cal points remain mostly unchanged by low-temperature=1(1/3) for larggsmall) g scattering wherg is much great-

growth. ernlessey than gre. For Gg_,Mn,As the impurity density is
quite large, we therefore expect largescattering to domi-

IV. DISCUSSION nate. The third term in Eq4) is the result of second-order

perturbation theory of thep-d hybridization® Although not

o ) explicitly stated in Eq(4), V(spq hask dependence that re-
The Hamiltonian of Mn doped GaAs contains two termsgyts from the directional dependence of the overlaspf
due to exchangéCoulomb and hybridization(kinetic) be- 54 g orbitals. The fourth termAEX, is the shift in the

K . strain
tween the Mnd orbitals and the As/Gap orbitals. The  ¢iisical point energy due to compressive strain in the thin

exchange term produces a redshift of the critical poii#, i “Since the lattice constant of GaMn,As generally fol-
yet only blueshifting, if any, is seen in our data. 'I_'hls results|g\ys Vegard's lam(grows linearly withx), the films will be
from the fact that at room temperature, GdMn,AS is para-  nder increasing compressive strain. As we will demonstrate
magnetic, significantly reducing the effect of the exchang§, gec. |v C, the strain results in a small redshift. Therefore

interaction. The effect ofp-d hybridization on the band-gap e sjze ofAE will depend on the direction and position in
energies of DMS was first proposed in an ellipsometric stud

of Cd,_Mn,Te, and has since been described theoretitally

A. Perturbations of the critical point energies

sz space of the transitiom’, p, and the density of ionized

and observed experimentally in Z(Mn,Fe, Co,Te*® and impurities.

Ga,_FegAs.2! Qualitatively thes andp bands of the host are

repelled by thel levels througtsp-d hybridization, such that B. Eo

if a d level is abovébelow) anspband it pushes thep band The results presented in this paper provide additional in-

to lowerthighey energy. We note that due to symmetry con-sjghts into the broadening of the band gap of GaAs grown at
siderations, hybridization has no effect on iigs-like, con- 0w temperatures. In our previous studies of these samples
duction band at thé' point. However, since this is a second \ye clearly established that this broadening was, in part, the
order effect, the shifting is inversely proportional to the en-resylt of transitions either beginnin@n the case oh-type
ergy separating the,p and d bands. Carefully examining | T-GaAs) or ending(in the case op-type Ga_Mn,As) in
Fig. 1, we expect the separation between the light holeghe Ag,, impurity stated3 However, with the additional in-
heavy hole, and split-off band to be strongly affected byformation provided by thex(E>1.5 eV) we see that this
sp-d hybridization. o _ broadening is also the result of a relaxation of the require-
Another term in the Hamiltonian arises from the perturb-ent of momentum conservation. As discussed in the previ-
ing potential of the impurities in the sample. This effect wasqg section, this relaxation is due to the presence of impuri-
first studied in S and later in G& and GaA$® and agrees  fjes that provide additional scattering mechanisms. Since
well with the result of second-order perturbation theory. Theyansitions are no longer required to be direct, states in the
impurities, acceptors, and/or donors, provide scattering ceRjgjence band that are not at the zone center can contribute to
ters such that the self energy is altered. The self energy of gansitions which end at the zone center. Ultimately this re-
particle in statdk,n) is perturbed by a second order process,sults in a broadening of transitions and a transfer of spectral
whereby it scatters into a virtual intermediate stake Wweight from higher energies to lower ones, as is seen in Fig.
+d,n’) and then back into the original staIre ny. This re- 3. We note that a similar result is found in GaAs damaged by

ion i o34
sults in redshifting and broadening of the critical points.  'O" implantation”
If we assume Thomas—Fermi screening, to second order

the changes iy can be written as C.E;and E;+A;
o Ni, Nin The E; and E;+A; critical points result from the almost
AE’Q‘,: Eg— By~ > (P p2 ) -> (P + 2 )2 parallel nature of the heavy and light hole valence bands and
g A" *+0re) g "+ 01 the I'g conduction band near th& point (see Fig. 1 The
\/(2S v V2 blue shifting ofE; is quite surprising as these samples con-
+Xx, c ’pEd =Y ”dE 7| + AEvain (4)  tain alarge defect concentration. However, in LT-GdAds
i -5 - hE

unperturbed due to the nature of the defects in this sample,
namely Ag, Since Ag,, are deep double donofactivation
whereE; is the value of the gap at doping of Mn,N;,,, is  energy=0.5 eV), their electrons are very efficient at screen-
the impurity densityES" the energy of the conductioiva-  ing the impurity potential, preventing Agfrom effecting the
lence band involved in the transitiorEid the energy of the band structure. Yet in GaMn,As, asx is increased the

ith Mn level, andgizop'*m" is the Thomas—Fermi wave Fermi level moves closer to the valence band and the mate-
vector withp the carrier concentration amd' their effective  rial first becomes fully compensated, thprype10.12.13.35.36
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Impurity Density (cm"‘) screened by the carriers, which may not be surprising due to
3x10°  4x10®° 5x10° 6x10° 7x10%° their large effective mask.5m,<m’ <2.5m,).1328 Further-
. more, in previous ellipsometric studies of doped semicon-
0.3 ductors, only one type of dopant was used, either acceptors
or donors. However in GaMn,As both acceptors and do-

| — Eiperi'menial Shift
—v— Band Gap Renormilization

of the E; critical point, involves reducing the separation be-
tween the GaAs conduction band and ti%éd® level, such
1-0.1  that it lied below the conduction band near the point.
While this would also result in a blueshifting &, we be-

! ! ! I lieve this scenerio is highly unlikely, for two reasons. First,
x1.7 x28 x40 x52  x6.6 from a theoretical standpoint it would require a significant
Sample reduction in the onsite Coulomb repulsiblyy, which seems
highly suspect. Second, as discussed in the next section, in
higher doped samples we observe evidence of a transition
ffom the valence bands to ti/d level, which agree with
its placement from previous photoemission studies. We
therefore conclude that the blueshifting Bf with Mn dop-
ing is the result of hybridization between the Mn impurity
band and the GaAs valence band.

We therefore expect the screening of the potentials to be As discussed in Sec. IVA, the internal strain in
significantly reduced at low Mn dopings. Then as the numbef5a-xMnAs will also result in a redshift of th&, and E,
of carriers increases, the effect of the impurities on the band A1 critical points. Using the lattice parameters established
structure should be diminished. As a result the renormalizal? Ref. 1 we have estimated the redshiftfi=<0.019 and
tion of theE, critical point will be substantial at low dopings, Ei+A1=0.013(see Fig. 6.3 Additionally these samples are
then flatten out or possibly be reduced as the number o$00 nm thick and grown on 60 nm buffer layers such that the
carriers increases. topmost layers of the films should be relaxed. In the vicinity
The significant blueshifting seen in these critical pointsOf the E; critical point, 6 is as long as 20 nm. We therefore
suggests the impurity perturbations are overcome by a Stror@)_nclude st_rain ha_ls little or no effect on measured_ critical
V,q interaction occurring in the 111 direction. This result is POINt energies. This also suggests that the broadenirig of
not entirely surprising, given the strong hybridization be-andE;+A; is not the result of a lifting of the degeneracy of
lieved to occur between Md and Asp orbitals111237Ad-  the “Z" component of angular momentum in the light and
ditionally, regardless of the site of the substitutional Mn atomheavy hole valence bands. In particular, sifge+3/2 the
in the unit cell, it will always have As neighbors in the 111 internal splitting due to strain is more significant for the
and/or111 directions(see Fig. 1. To qualitatively evaluate heavy hole band, therefore the broadening of Eheritical
Eq. (4) for E;, we must carefully consider the result of add- Point should be greater than that of et A, critical point.
ing a 3j5 local moment to the GaAs environment. Examining However, in LT-GaAs the OppOSite is observed. Nonetheless
Fig. 1 we see that thd levels are far in energy from the the broadening oE; with Mn doping is not surprising given
bands involved in th&; critical point, such that they would the large number of impurities in these samples, and the
most likely cause a small redshift of this transition. However,resulting relaxation of momentum conservation. Assuniing
the Mn acceptor level is just above the GaAs valence bandgollows the trends previously established for doped G&#As,
Photoemission on GaMn,As has demonstrated thklike =~ We expectl’=100 meV forE; and E;+A;, which should
character of this level as well as its strong hybridization withgrow with increasing impurity concentration. This is qualita-
the As 3 states'? tively consistent with our findings of a combined broadening
To quantitatively examine these trends, in Fig. 6 we havef 220 meV(see Fig. 3 however a quantitative comparison
plotted AEX=E;-E>Y" whereE} is the measured position iS not possible due to the uncertainty in carrier and impurity
of the E; critical point at a given doping. We have chosen concentrations.
to plot the shift this way to account for the merging of the
and E; +A; critical points. Additionally the calculated shifts
due to strain, ionized impurities, angtd hybridization are
plotted separately in Fig. 6. It appears that hybridization be- TheE, critical point occurs at the zone center as a result
tween the Mn induced impurity band and the GaAs valencef transitions from the heavy and light hole valence bands to
band is needed to fully account for the blueshifting. ThesgheI'; andI'g conduction bandssee Fig. 1 Therefore, the
results also suggest that the defects in Qdn,As are well  Ey critical point provides insight into changes in the elec-

S o2l Ve, Hybridization ) |gp  Mors are present. Interestingly, previous investigations sug-
o —Vpo"_lyb"d'zat'°“ with Impurity Band ©- gest that the positions of these defects will be correlated,
£ _ [ —A—Strain =] such that they will tend to clustét. Therefore, the effect of

T 0.1f _— 4041 the impurity potentials may be reduced, as dipole fields are
- typically much weaker than single-ion potentials.

'-H_ 0.0 lo.o One alternate scenario that would explain the blue shifting
m

<

FIG. 6. The measured shift B, with increasingk. The redshifts
due to strain and band-gap renormalization are also plotted. Th
shift of E; resulting from hybridization between tlsg andd levels
are drawn in gray. The impurity band must clearly be included in
the hybridization to explain the blue shift Ey. Lines are guides to
the eyes.

D. Eqr
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tronic structure near the zone center. Given our experimental V. SUMMARY AND OUTLOOK
resolution and fitting methods, we determined the shitjn
to be <+£20 meV. Given the strong blueshifting seen in the

tEl cr:?ca:jl p0|tntt(h>15|0 meVv, thls.tls qfutlae S'\l/i;?p/rggr;g' Al(:d" band structure upon doping with Mn. Thg transition blue-
lonafly, due o the close proximity ot the CVElI0  shifts with increasing Mn doping, while all other critical

theI'; andI's conduction bands, see Fig. 1, we expect sig- oints remain unchanged. This blue shiftingEfis the re-
nificant blue shifting oy from sp-d hybridization. The Mn zult of p-d hybridizatiogn o.f the Mn inducedg:%purity band

acceptor level is also quit_e close to the Iight and heavy hOI%md the GaAs valence band. Therefore, this study demon-
valence bands at thE point. However, this apparent null trates the existence of the Mn induced impurity band

result, can be explained by a reduction in the strength o hroughout the entire doping range as well aglitharacter.
V<§,p}d alt the zpne center. We therefore concludg that the hy"I'he fact that blueshifting is only seen in tke critical point
bridization shifts at the zone center are approximately equahgicates the strength of 4 is larger in the 111 direction. It

to the strength of the renormalization of the gap from theg interesting to note thpat the anisotropy ¢, seen here
impurity potentials. It is also interesting to note that the €X-likely plays a role in the anisotropic magnetoresistance of
istence of this fe_ature in all Mn doped samples, suggests th@ai_anxAs.“o The significant increase in broadening of the
the Fermi level is less than 200 meV below the top of thegyitical points also establishes the relaxation of the conserva-

valence band. tion of momentum in these materials. Howevkerstill ap-
The Mnd®/d® level also produces another interesting ef- ears to be a a0od gquantum number iﬁ this s st(rasm aEpthe

fect on the derivative spectra of Gavin,As. As mentioned P ' 9 q y P,

in Sec. Ill C, samples withx=0.04 contain an extremely Eo/, andE, critical points can all be resolved at every doping

weak extra f’eature labele,,, just belowE,:. Due to the level in this study. Additionally the band structure of GaAs

limited amplitude of this comnp'onent «iifZE(E)?dE2 itis dif-  @Ppears to remain mostly intact, despite the large number of

ficult to discuss in detail. However, its origin ma'1y be relatedOIefeCtS f(_)un_d In these matenal:;. Interestingly, the band-gap

to a transition from the valence ba;nd to ttid d® level (see renqrmgllzatlon due to defects is compensatedspy_d .hy-
bridization. Furthermore, these results implyd hybridiza-

E'g‘ Ml?q TS'?A?E tr%ns'_f_'g?g 20 _?ﬁ\ées ggtergl V\?gsf]?’:gso_mtion plays a key role in the optical properties of ,G&n,As.
1 X x0T €. P 9 Key insights into the Hamiltonian governing Ggvin,As

ciated with these transitions is generally quite small due to . . e B
the heavy mass of thd level. Additionally this level wil are clearly provided by this work. Specifically, it is clear that

generally be split due to the crystal field, thereby broadening%he Mn 'mp_”_'”ty bap_d plays an_lmportant ro.Ie at all doping
the transition. evels. Additionallyk is only partially relaxed in these mate-
rials, confirming the assertion that GgMn,As has the elec-
tronic structure of a compound. It is also clear that the im-
E.E purity potentials are strongly screened in these materials,
The E, critical point results from the almost parallel na- €ither by heavy carriers and/or by other impurities. As this is
ture of the heavy and light hole valence bands andIthe the first ellipsometric study of a compensated semiconductor,
conduction band near thépoint (see Fig. 1. We also expect it is unclear what role defect correlations play in reducing the
to see shifts irE, as a result of the perturbing potential of the Perturbation of impurity potentials on the band structure.
impurities_ Nonetheless this critical point is C|ear|y un- Therefore further theoretical and experimental evaluation of
Changed by |0w-temperature growth and/or Mn dop|ng Th|§h|5 prOblem is Clearly called for. However the defects and
apparent null result for th&, critical point may also be additional impurity states in these materials result in a large
explained by the canceling of the impurity and hybridizationbroadening of the critical points. Therefore low temperature
terms. However, this spectral region is affected by the presmeasurements are needed to help resolve the exact position
ence of an oxide layer. Specifically, the additional layer re-of the critical points. Additionally the effect of electron-—
duces the measured strength of @gcritical point, yet it Phonon coupling and potentially the position @/ d° level
will not affect its positior?” We therefore attribute the appar- could be determined with temperature dependent ellipsom-
ent random nature of the strength of this transition seen igtry. Nonetheless this study provides a unique litmus test for

Fig. 3 to the presence of the oxide layer, which is not fullyfurther calculations of the GaMn,As band structure. In
accounted for in our model. fact, one of the reasons the GaAs band structure is so well

Interestingly, both theE, and E, critical points see an understood is the large number of calculations based upon

enhancement 0® with increased Mn doping. We believe and/or compared to experimental determinations of its criti-
this results from the additional Coulomb potentials of thecal points. We therefore believe these results will be critical
impurities in these materials. The potential due to defects i determining the physics governing Gavin,As.
Ga,_,Mn,As will be quite complicated since it originates
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surface layer  0.9nm 2oy = Ail;Ei_ , (A2)
GaAsOx xxnm B -E-ilE
~Tauc-Loren 2 - ( Ai(g_ E i)2
e SUbS(t?;.)ate O-5mm qreTTe=Ce e, C-E2(2-E) n e
+i{ A(E-Ey)* O(E-Ey)

lsurface layer  0.9nm (E2-E%)+iT? E ’
GaAsOx xxnm (A3)
LT-GaAs 1500nm where ®@(E-Ey,) is the unit step functionP implies the

GaAs substrate 0.5mm

lsurface layer  0.9nm
GaAsOx xxXnm
GaMnAs 500nm
LT-GaAs 60nm

(9)

GaAs substrate 0.5mm

Cauchy principle value, ane, is a constant used to model
the polarizability of the material. Three Lorentzian oscilla-
tors were employed to model the effects of one and two
phonon absorption in the infrared portion of the spectféim.
The Tauc—Lorentzian oscillators, see E43), were utilized

to model the effect of interband transitiotisWe note that

we choose to model the optical constants using oscillators
instead of performing a least-squares fit #E) directly so

as to ensure the results are Kramers—Kronig consistent. This
approach also enabled us to improve upon standard tech-
niques by including transmission data and the effect of oscil-
lators centered below the ellipsometer’s range. Lastly, we
note that for 0.62 e« E<1.42 eV this procedure produced
optical constants consistetithin 1%) with previous results
derived from a combination of normal incidence transmis-

FIG. 7. Schematic diagram ¢&) the GaAs substrate modéh)
the model for the LT-GaAs sample, and) the Ga_Mn,As
samples.

sion and reflection344

To obtain the initial conditions for the LT-GaAs generic
layer, we first fit the optical constants of GaAs using Eq.
(Al). We then applied this model to the LT-GaAs data and
performed a fit for the thicknesses of the LT-GaAs, oxide,

APPENDIX A: MODELING THE OPTICAL CONSTANTS and surface layers. Next we fit for the parameters of each
As noted in Sec. I, the optical constants cannot be obescillator separately. This was done to avoid the effect of
tained analytically from¥ and A for any of the samples in correlations due to the large overlap of the oscillators. Once
this study due to surface roughness and the presence of ali the oscillators had been fit, we refit the thickness of each
oxide layer? This problem is compounded by the multilay- |ayer. This iterative method was performed until the fit could

ered nature of the samples. Therefore to obtain the opticalo longer be improved. We repeated the fitting procedure
constants of the films we have devised a method to properly

model these samples. To simplify this problem we first mea-

. . El V
sured¥ and A for a piece of GaAs substrate, which had 1 2 3 34 5nergy1( (ez) 3 4 5
approximately the same exposure to air and roughening con 375 T T T 1 oo As 1375
ditions as the other samples in this study. The substrate wa T - R

successfully modeled with three laydgisee Fig. 7@)]. The
first contained the known optical constants of GaAs with a
fixed thickness of 0.5 mm. The next two layers were
GaAsOx(native oxidg, and a surface layer modeling rough- o -
ness as an effective medium of 50% void and 50% GaAsOxi )
(see Fig. 73441 We then performed a least-squares fitito . -
and A to determine the oxide and surface layer thicknesses.
Next, we modeled the LT-GaAs data similar to GaAs with
an additional 1500 nm thick layer between the substrate anc
the oxide layersee Fig. )]. Initially the thickness of the
oxide and surface layers were the same as those determine

for the substrate. The optical constants of the LT-GaAs layer 1 2 3 4 5 1 2 3 4 5
were defined using a sum of Lorentzian and Tauc-Lorentziar. Energy (eV)
oscillators:

FIG. 8. Two representative fits affe(E)/dE?. In the bottom
HE)=e+ > ot ) 4+ > ngaUC"-Oreme), (A1) panel the extra feature &=4.0 eV can be seen, however it is too
i j weak to provide a reliable fit.
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with a number of different initial conditions so as to ensuretal results in Fig. 8. We started the 2D line shape analysis

the final answer was not dependent on our original values.with GaAs and LT-GaAs. In GaAs and LT-GaAs thke and
The GgggMng1As data was fit after the LT-GaAs E,+A; critical points were fit simultaneously assuming a

sample, using a similar approach, however the model nowonstant spin orbit splittingA;=0.224 e\l. The E,, andE,

contained a 500 nm G@gMng o1/As layer atop a 60 nm LT-  critical points were also fit together, however constant sepa-

GaAs layer(see Fig. 7. Since the penetration depth for most (ation between the two was not assurdé&ince we were

of the fitted range was less than 500 nm, the thickness of thgnaple to distinguish thE, +A, critical point fromE; in the

LT'G"??S. layer ‘r’]"a‘z neverhalloweql to vary due fo its IWeakG%,QSNnO_Olﬁs sample, we fit the data in the region of the
contribution to the data. The remaining Gain,As samples E, critical point with a single 2D line shape. For the remain-

were fit in a §|m|lar fashl_on, however they contained twoing Mn samples the broadening Bf was large enough that
additional oscillators. We first modeled the effect of free car- : .
it affected theE, fit. Therefore, for the samples witk

riers using the Drude fornfa Lorentzian withE;=0), and .. . .

next we added an additional Tauc—Lorentzian oscillator to>0'02|8’ tCEEtlll Eo, agd B, Crlt(ljcal pﬁmtsfwere fit Sllmult"’.lt'h
model the effect of interband transitions from the GaAs Va‘ieglsiyén Zg d)i/t,ioﬁzsal fésa?dfese(:oﬁgrblgréegg isna:?]'; %Ser\ili‘};tive
len n he Mn in impuri nd. v .

ence band to the duced impurity band spectralabeledE,,,). Therefore in these samples four peaks
were fit simultaneously, improving the quality of the fit. As
seen in Fig. 8, this unfortunately does not provide a good
Two representative plots of thi#e(E)/dE? spectra gener- match to this extra peak, therefore the parameters determined

ated by least-squares fitting are compared to the experimefier this extra peak are not reported.

APPENDIX B: FITTING THE DERIVATIVE SPECTRA
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