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Ab initio description of the diluted magnetic semiconductor Ga_,Mn,As: Ferromagnetism,
electronic structure, and optical response
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Motivated by a study of various experiments describing the electronic and magnetic properties of the diluted
magnetic semiconductor GaMn,As, we investigate its physical response in detail using a combination of
first-principles band structure with methods based on dynamical mean field theory to incorporate strong,
dynamical correlationsand intrinsic as well as extrinsic disorder in one single theoretical picture. We show
how ferromagnetism is driven by double exchariB&), in agreement with very recent observations, along
with a good quantitative description of the details of the electronic structure, as probed by scanning tunneling
microscopy and optical conductivity. Our results show how ferromagnetism can be driven by DE even in
diluted magnetic semiconductors with small carrier concentration.
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Spintronics is a rapidly emerging technology where it isers. This is obviously not the case in DMS’s, where the car-
not the electron charge but the electron spin that carries irder concentration is low.An alternative double-exchange
formation. It offers promising opportunities for developing a (DE) model based approatthas recently been invoked
new generation of devices based on a combination of starwithin a model band structure to study the evolutionTgf
dard microelectronics with spin-dependent effects arisingvith x. However, the specific conditions under which DE
from the interaction of the carrier spin with the magnetism ofideas can be applied to DMS remain to be elucidated.
the material Another promising area envisions its marriage ~ GaAs is a well known band semiconductor. Its electronic
with optical photons, with the possibility of designing new structure, however, is sensitive to As antisites forming in the
spin based devices such as spin-field effect transistorsulk during growth. The importance of these defects in the
(FET’s), spin-light emitting diode$LED’s), optical switches GaAs host, constituting a source iftrinsic disorder, will
operating in the THz range, modulators, encoders, and ddsecome clear below. Each Mn ion in GaAs serves a dual
coders, and bits for quantum computatfoRiscovery of op-  purpose, acting as an acceptor as well as a magnetic impu-
tically induced ferromagnetism in some Mn-doped llI-V rity. In reality, the situation is a bit more complex when the
semiconductors opens up the possibility of applications taealistic local characteristics of the Mn ion, such as the
photonic storage devices and photonically driven micromeecharge transfer energ\Ef;,— Es), and thep-d hybridiza-
chanical elementsSuccess of this vision demands a deepettion (As—Mn), and Coulomb interactions, are taken into
understanding of fundamental spin interactions in the solichccount. The importance of including such quantum chemi-
state, along with the realistic bandstructures, and roles ofal aspects is shown very clearly in spectroscopic
dimensionality as well as intrinsi@xtrinsio defects. measurement$; these yield the on-site HubbardJ

The discovery of dilute magnetic semiconductors=3.5 eV, the charge transfer energy=—1.5 eV, and the
(DMS’s), which are IlI-V semiconductors randomly doped hybridization t,q=1.1 eV. Additionally, the Hund's rule
with small amounts of magnetic atoms, such as’Mnhas  couplingJ,=0.55 eV, acting similar to a magnetic impurity
provided us with an attractive example of prototype materipotential® Finally, the random distribution of the Mn ions
als of great interest in this contekfThese have ferromag- gives rise to an additional non-magnetic disorder component.
netic transition temperatures much higher than those of eaall previous theoretical works done for GaMn,As have
lier known Eu-chalcogenidesof order 100 K, and the focused either on pure bandstructure aspewatish the use of
magnetism can be controlled electronically. The optimumthe coherent-potential-approximati¢@PA) for treating Mn
value of x in Ga_,Mn,As corresponding to highest.  doping induced(magnetic-non-magnetit disorder, or on
=110 K is 0.043-0.05. In spite of much activity, the nature model approachesand we are not aware of calculations
of ferromagnetism, as well as the detailed electronic strucwhich incorporate the strong correlation at Mn sites, along
ture, is not properly understood. Ultimately, the mechanisnwith local quantum chemical informatiom,A) andintrin-
of FM should go hand-in-hand with the details of spin inter-sic As antisite disorder as well as Mn-doping related mag-
actions in a system of dilute M ions doped randomly in netic and nonmagnetic disorder into the complex band struc-
the GaAs host, and to the details of modification of the electure of this material in a consistent way. In addition, the
tronic structure due to Mn doping. LDA +CPA worlé shows the As antisite barabovethe re-

Application of the Ruderman-Kittel-Kasuya-Yosida gion of the DOS where half-metallicity is observed, in clear
(RKKY) mechanism provides some understanding of mageisagreement with the results of the STM measuremémt.
netic and transport properties of DM$'qut is somewhat addition, no study of optical response has been performed to
questionable in this case, since it is only valid when thedate with such approaches. Very recent theoretical
exchange interactiod<Eg, the Fermi energy of the carri- advance¥ have opened an attractive possibility to study the
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correlated bandstructure of materials involving transition  0.16 . .
metal oxides and rare-earth based compounds via local der
sity approximation with dynamical mean field theqbyDA
+DMFT).

In what follows, we show how a consistent theoretical
(via  LDA+DMFT) implementation including real band
structures of GaAs, quantum chemical and strong correlatior -,
aspects mentioned above, and As antisite disorder is indee§; 0.08
necessary for a detailed quantitative understanding of the c@
physics of Ga_,Mn,As.

A beautiful recent time-resolved magneto-optic measure-
ment clearly shows the half-metallic character of the ferro-  0.04 1
magnetic metallic state in Ga,Mn,As. ! But this is not all,

as the correlated nature of this state is further revealed by

various responses. First, photoemission measurefiaets 0.00 k J ‘ ‘ ,

veal very small spectral weight near the Fermi surface, and¢ -140 -105  -7.0 -3.5 0.0 35 7.0
T-dependent build-up of spectral weight at higher energies. o (eV)

Further, the change of the chemical potentgl with Mn
doping is intriguing. At smallx, it appears to be almost
pinned to itsx=0 value, but starts moving towards the va-
lence band (VB) around the x value where the
semiconductor-metal transition accompanied by FM occursconstantdJ,J,; can be computed from first principles. Itin-
At x>0.05, it moves up again, concomitant with occurrenceerant aspects of the actual solid enter via a dynamical bath
of insulating behavior with reduction df,, clearly showing function describingp-d hybridization; it quantifies the de-
the intimate connection between changes in electronic strug@ree of itinerance of the electrons, and needs to be deter-
ture and variation ifT, as a function ofk. More anomalous Mined in a self-consistent way from the DMFT equations.
features are observed in optical measurembhtisere is no ~ With this, the problem is reduced to solving @symmetric,
quasicoherent Drude response; instead, the spectrum exhibifs general multiorbital Anderson impurity problem self-

a peak centered around 1200 chwith a curious bump at  consistently embedded in a dynamical bath, giving us the
lower energies. From a “modified Drude fit,” an effective MPUrity Green's functionGinp(w) and the self-energy

massm* =0.72m is deduced, in contrast tm,=0.24m from

FIG. 1. Total density of state®0S) of pure (without antisite$
GaAs computed within the Kohn-Sham local density approximation
(Ref. 7). The Fermi level is located ah=0.0.

w).
. . : : _ The bands of GaAs are obtained from the eigenvalues of
LDA calculations. The depression of the low-energy mcoherthe matrix one-electron HamiltoniaH (k), obtained from

ent spectral weight with mcregsﬂg(d_ec_reasmg magnetiza- the LDA Kohn-Sham Hamiltoniah The actual LDA density
tion) is also very clearly seen; what is interesting is that this

spectral weight transfeSWT) takes place over a wide en- of stategDOS) for GaAs(without antisitegis shown in Fig.

1. In addition to a term describing the LDA band structure,
ergy scale of about 4 e¥uch larger thaic). These ob- e total Hamiltonian we will work with contains the Hub-

servations are inexplicable within bandstructure ideas, a”Bard, hybridization, and charge transfer energy terms along
constitute direct evidence for the importance of dynamicalyith the term describing the locéhs p-Mn d) Kondo cou-
electronic correlations in Ga,Mn,As. pling, with the parameter values chosen as given before.
While it provides a good description of ground state prop-These were obtained from a cluster model analysis of the
erties, the local density approximatiqhDA) cannot de-  high-energy spectroscopic data, as in Ref. 6. They are not
scribe the excited states of correlated systems, since the dgrbitrarily chosen free parameters, but are a faithful reflec-
namical correlations in @uantummany-body system are tion of the local quantum chemistry of the Mn environment
neglected in the LDA. Thus, given the above arguments, #n GaAs.
realistic description of Ga ,Mn,As requires combining the To begin with, we model the effect of the random As
LDA, which provides an excellenab initio one-electron antisite potential in pure GaAs using the usual coherent po-
bandstructure of weakly correlated metals and bandential approximatiofCPA).2* Next, given the small concen-
insulators’ with well controlled, state-of-the-art many body tration of Mn sites, we first solve the asymmetric Anderson
calculations capable of accessing the dynamical effects dmpurity problem in the dynamical bath provided by the
strong electron correlations in a proper way. Recently, the&saAs band structure for a single Mn impurity with the pa-
combination of LDA with dynamical mean field theory rameters given earlier, using the generalization of the iterated
(DMFT) has been shown to provide good quantitative deperturbation theory(IPT) for arbitrary fillingl® The exact
scription for various correlated systedfs.Using LDA low-frequency behavior is obtained from the Friedel-
+DMFT, we will show how good quantitative agreement Luttinger sum rulé?® while the correct high-frequency be-
with DE ferromagnetism, STM data, and optical conductivity havior is obtained from a self-consistent computation of mo-
is obtained. ments. These equations have appeared previously in various
Local atomiclike features of Mii in GaAs are obtained contexts'® and we do not reproduce them here. For the one-
from the set of many-body levels describing processes dband Hubbard model, very good agreement with quantum
electron addition and/or removal in the atondicshell. The  Monte Carlo data has been reported at higlror a concen-
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FIG. 2. (Color onling Renormalized total DOS of Ga,Mn,As
as a function ofx. For x=0, the additional impurity feature a# FIG. 3. (Color onlingé Computed optical conductivity(w,T)
=—0.1 is related to the antisiten{s=0.015) contribution(solid  versusw for various T both belowand aboveT.=120 K. Good
line). For x=0.022, a second Mn-doping related peak is resolvedquantitative agreement with experimeéRef. 13 is clearly visible.
but the system remains insulatitdptted ling. With x=0.043(dot-
dashey half-metallic behavior is clearly seen in the infieold and ~ €Nergy coherence, resulting in the inset curve in Fig. 2. For
dashed lines correspond to majority- and minority-spin D@sr-  X=0.043, metallic behavior, together with ferromagnetism
responding to DE ferromagnetism. Notice the good agreement witfisee beloy, is clearly revealed in the result§ig. 2, dot
STM data(Ref. 9. dashedl Our results are very different from those of Ko-
rzhavyi et al® and reproduce the STM observations very
tration x of Mn impurities, one has additionally to perform a faithfully. From the real part of the one particle self-energy
configurational average over random Mn positionenmag-  (not shown, we find 9%’ (w)/dw|, - ,= —2.03, leading to a
netic as well as an average over all spin configurations ofnass enhancement of* /m,=3.03 (here,my, is the carrier
the Mn ions(magneti¢. These effects of strong magnetic and mass estimated from LDAIn excellent agreement with ob-
positional disorder scattering are treated using the extendeskrvations. The half-metallic character of the system for
dynamical coherent potential approximati6®PA),®> which  |»|<0.2 is clearly seen from our computed resuitset to
is combined with IPT for the Mn impurities in a consistent Fig. 2), in full accord! with recent experimental work.
way® The ferromagnetic character of the metallic state is clearly
Marriage of LDA with DMFT gives us a quantitative de- shown by using the DMFT propagators to compute the static
scription ofboth ground- and excited-state properties. Finitepart of the spin susceptibility Xs(q):NflEkGT(k
temperature, and local moment effects abdyeare readily +q)G,(k), and the effective intersite exchangkg(q)
handled using temperature Green’s functions within DMFT.=J2y(q). Given the small concentration of the correlated
We now describe our results. In Fig. 2, we show the totalMn ions, we expect that vertex corrections appearing nor-
density of states (DOS for Ga_,Mn,As for x mally in the computation of(q) will not modify our esti-
=0,0.022,0.043 for our chosen parameter set. Gitbat  mate of T, much (these corrections scale with the Mn con-
each Mn dopant creates an additional As antisite, the conceentration. The transition temperaturg. is estimated from
tration of antisitesnys=0.015+x. For x=0, the effect of the DMFT equations.We find, in full agreement with Ref.
the random As antisite disorder is modeled using CPA, re16, that T.=0 for x=0,0.022 andT,=120 K for x
sulting in an impurity(As) band of antisites split off from the =0.043.
VB in the semiconducting gap of GaAs. We draw attention to  In light of our results, we see clearly that ferromagnetism
the good agreement of the calculated=0) DOS with STM  in Ga,_,Mn,As results from the interplay between two
data? as well as to the fact that earlier LDACPA) calcu-  scales: the effective impurity bandwidth of the correlated so-
lations predicted the antisite band to lie close to the bottonmution (W.;) and the local Hund interactionJy) with Jy
of the conduction ban8jn direct conflict with STM results.  >W,¢, putting the system in the DE class. As described
For smallx=0.022, the total DOS still indicates semicon- above, this is out of scope of pure LDA- or LDAUJ based
ducting behavior, in coincidence with conclusions from Ref.approaches, which cannot access dynamical effects of strong
16. Notice, however, the appearance of a second, broadetectronic correlations and staticdynamig disorder. A
peak in the gap. Again, this is in accordance with results oproper treatment of these dynamical processes plays a crucial
STM measurementsWithout random magnetic and non- role (via DMFT) in generating an impurity band with re-
magnetic impurity scattering, a quasicoherent peak is obduced bandwidth \(/<Jy), stabilizing DE ferromagnetism
tained (not shown. Inclusion of strong magneticJ(;) and in this DMS system.
positional disorder scattering by CPA washes out this low- Finally, we compute the optical conductivity(w) di-
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rectly from the fully renormalized DOS using the result Given the detailed quantitative agreement of our results
known rigorously’ in DMFT. In Fig. 3, we show our result with those gleaned from various spectroscopic, optical, and
o(w,T) as a function ofw for x=0.043. Concentrating on magnetic measurements, we believe that we have provided a
the T dependence, we see clearly that our results are veryonsistent, ab initio (LDA +correlation description of
similar to the one from Ref. 13. In particular, the broad peakGg, _,Mn,As. Our study highlights the importance of in-
around 800 cm*, the smallelantisite relatelbump around  cluding intrinsic and extrinsic disorder, strong dynamical
100 cm * (somewhat different from experimenand the in-  correlations and magnetic scattering, in concert with the real
coherent low-energy response are all in complete accordangga pand structure in one single picture. We have clearly
with observations. More satisfyingly, the dependence of ghown how a consistent treatment of dynamical electronic
the spectral weight transfer is also correctly reproduced: alyrejations and disorder generates a narrow, quasicoherent
low T (bialow Tc), no crossing point iny(w) is seen until 0,5 vy band in the semiconductor band gap, opening up
3000 cm Wt"lle _above TC’. the curves seem to CrOSS e possibility for DE to drive the system into a ferromag-
around 800 cm”, in full semiquantitative agreement with netic half-metallic state. Other diluted magnetic semiconduc-

experiment. quever, we were not aple to resol_ve_a Clea{ors of great current interest can be studied readily within
crossing point in the spectra aboVg. Finally, the distribu- this framework

tion and T dependence of the optical spectral weigtie-
crease with increasing below T, and increasing withl This work was supported by the Sonderforschungsbereich
aboveT,) is in good agreement with the data as well. 608 of the Deutsche Forschungsgemeinschaft.
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