PHYSICAL REVIEW B 70, 195201(2004)

Dielectric function of diluted magnetic semiconductors in the infrared regime
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We present a study of the dielectric function of metallit, Mn)V diluted magnetic semiconductors in the
infrared regime. Our theoretical approach is based on the kinetic exchange model for carrier {ftiiubes/
ferromagnetism. The dielectric function is calculated within the random phase approximation and, within this
metallic regime, we treat disorder effects perturbatively and thermal effects within the mean field approxima-
tion. We also discuss the implications of this calculations on carrier concentration measurements from the
optical f-sum rule and the analysis of plasmon-phonon coupled modes in Raman spectra.
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[. INTRODUCTION weighting differently intra-band and inter-band contribu-

Ever since post-growth annealing proceduregligMn )V tions. This approximation is extensively used in the study of
diluted magnetic semiconducto(®MS)! demonstrated the these materials and is justified for this model through finite-
ability to increase the ferromagnetic transition temperatureSize exact diagonalization studigswe estimate the magni-
T., by almost two fold, the study of these promising andtude of these lifetimes from theoretical dc-transport studies,
interesting materials has been vigorous both experimentan the context of Boltzmann transport theory within the re-
and theoretical. The observed increaseTjnis due to the laxation time approximation, which describe successfully the
increase of the free hole-carrier concentration originally in-metallic DMS highT, regime!#13
duced by the Mn substitutional impurities but partially com- The predictions discussed below are intended to be
pensated by other impurities such as As-antisites and Mnmore reliable for the most metallic systeugth resistivities
interstitials which arise from the needed nonequilibriumwhich are one or two orders of magnitude above the
growth of these materiafs® Because of the sensitivity of Mott limit).!* This treatment in the metallic regime is
their magnetic state to growth conditions, doping, and extervalidated by the accurate description of many transport
nal fields, and the strong valence-band spin-orbit couplingroperties, obtained within this approximation, of these
the transport and optical properties of these heavily-dopethaterials. Nonetheless, our results appear to explain much
semiconductors are richer than those of conventional itinercurrently available infrared optical data, many of which has
ant electron ferromagnets. been obtained in studies of systems with relatively low dc

We present a theory of the infrared dielectric function ofconductivities.
(11,Mn)V ferromagnets based on the kinetic exchange model The paper is organized as follows. In Sec. Il we briefly
for carrier inducedlll,Mn)V ferromagnetism which assumes describe the model Hamiltonian and our theoretical approach
a sallow acceptor picture. This justifies the treatment of theédnd approximations. In Secs. Il we analyze the results of
electronic structure of the free carriers by the unperturbedhe dielectric function calculations, sum rules, and plasmon-
host semiconductor band structure. The Mf 8lectrons are  phonon coupled modes. We then present a summary
strongly localized with a fully polarizeds=5/2 moment in Sec. IV.
which interacts with the free carriers via Coulomb and short-

range exchange interactiofi$,as has been demonstrated by Il. MODEL HAMILTONIAN
electron paramagnetic resonancé€EPR and optical ] . . ) .
measurement&!® As described in the next section, the di- Focusing on the infrared regime, in our calculations we

electric function is calculated within the random phase apdescribe the free carriers electronic structure of the DMS
proximation and, in this metallic regime, we treat disorderuSing the six band Kohn-Luttinger Hamiltonian. The dielec-

effects perturbatively and thermal effects within the mearfric function is calculated in the Random Phase Approxima-
field approximation. tion (RPA) formalism and finite disorder effects are taken

In particular, we demonstrate that infrared dielectric func-nto account perturbatively by introducing a finite quasipar-
tion measurements in metallic samples can be used to obtafi¢/e lifetime. In addition, thermal fluctuations are ignored
information about the carrier concentration, to simulate the2nd finite temperature effects are only considered at the
plasmon-phonon overdamped coupled modes, and to explaff€an field level. Hence, the system is described by the fol-
naturally the observed optical absorption measurements #9Wing Hamiltonian:
the infrared regime arising from inter-valence-band transi-
tions. Some ofgour considgrations are based on standard ex- H = Hhotes™ Hinz+-hotes™ ‘]; Si-salri-Ry), (1)
pressions for weakly disordered metals, in which disorder is !
included through finite quasiparticle lifetimes and localiza-whereHy,esis the part of the Hamiltonian which describes
tion effects are taken into account phenomenologically bythe itinerant holes within thé-p theory, Hyn2+-noles de-
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scribes the screened Coulomb interactions between the holas exchange coupling=60 eV nn?.”.17 Although the prop-
and localized Mn ions, and the last term is the antiferromagerties of the system depend on the orientation of the magne-
netic exchange interaction with strengittbetween the spin tization, this dependence is much smaller than the
of the Mr?* ions located at the random positioRs and the ~ T-dependence and since we are interested in the variation of
spins of the hole carriers. the electronic properties with we fix the Mn spin polariza-

The sources of disorder known to be relevant in thesdion in the z-direction. Experimentally this can be easily
materials include the positional randomneRs,of the sub- achieved by a small coercive field of the order of 100 Oz.
stitutional Mn ions with charge e; random placement of From the eigenvalues and eigenvectors, we calculate the
interstitial Mn ions, acting as nonferromagnetic doubledielectric function that in the RPA has the form
donors!®and nonmagnetic As anti-sites acting also as having

. ; ; . €(q,w) An€?

charge +2. These Coulomb interactions are included in =1+——x(q,0), (5)
Hun2+noles Previous estimates of the valence band quasipar- € €q
ticles lifetimes using Fermi’s golden rule induced by this being x(q, ») the susceptibility,
term are of the order of 100—250 mé¥We treatH,2+_noes
vynhm the Born approximation. Th|s' is consistent with pre- V(@) = D Ne(&ik+g) nF(SJ,k)fi (KoK +q), ©6)
vious dc-transport theoretical studies using the Boltzman Tk hote—sikg )
equation  formalism  within the relaxation time
approximationt23 Hence, in what follows, we drop With
Hun2+-noles@Nd introduce its effects through a finite quasipar- fkk)=(S (@) Jmy\2 7)
ticle lifetime. k)= (Jm %k “J,k’) ’

In order to obtain the temperature dependence of the elec- I
tronic and magnetic properties of the system, we minimizevhere nz denotes the Fermi-Dirac distribution ard the

the free energy per unit volume, dielectric function of the host semiconduci@t.=10.90 for
GaASs. In the limitq=|q|— 0, the overlap function becomes
F = Fionst Froles ) fij(k,k+q)— 8;+A;(k)g? and Eq.(5) can be rewritten as
where Fi,,s is the contribution of the ion spins to the free e(w) D2 Ane?
energy and in the mean field description has the form o =1 ——g + €—ther(w). (8
sinh(hST)

n , (3) The second term in the right hand side of Ef) is the
(hg2T) intra-band contribution and constitutes the Drude weight

whereh=Jp¢/2, p andNy, 2+ are the free carrier density and present in dc measurements and it is closely related to the

Mn density, respectively, andlis the spin polarization of the plasmon frequency in the metallic regime,
carriers. Froes IS the free energy of the holes, which is ob- > Are?
tained in the virtual crystal approximatiofy CA) using a p

Luttingerk -p model for describing the carriers. In the VCA -

the average density of states for the real system is replacerhe third term is the inter-band contribution and has the form
by that of the average Hamiltonian. This approach implies a

Fions= ~ TNyn2+ |

(98i'k
kK

% Ak — ) 9

. . . . . n (8' )—n (8- )
m ff F\€ik F\€jk
translatlpnal Invariant ;yste_ with an effective exchange Xinter @) z ! Ai,j(k)- (10
field acting on the carrier sping.,=mNy,2+SJ wherem is i#jk ho+ ik T &k

the polarization of the Mn spins. In the Luttingerp model
the wave function of the holes in the stdtek), wheren is
the subband index arklis the wave vector, is expressed as

We also consider the coupling of the holes with longitudinal
optical (LO) phonons. Within the RPA approximation this
can be done by including a phonon term in the susceptibility

Yi(r) =57 ai3,my), (4)  such that the final dielectric function is
o e(w) _ 1 EE . Ame? . wio— 0l
where|J,m;) are the sixI', valence band wave functions. . o e Xinter @) % = @20+ |0 Ypnonon

The coefficientsaf;{l1J and the corresponding eigenvalues,
enk, depend on the spin polarization of the Mn, and are 1D
obtained, from the Luttingek -p Hamiltonian®° wherefiwro=33.25 meV fiw o=36.23 meV. In the case of
By minimizing Eq.(2) we obtain theT-dependence of the the coupled plasmon-phonon systems, the damping of the
spin polarization of the carrierg(T) and of the Mnm(T). In  optical phonons is small compared to that of plasnirasd
the VCA the Curie temperature has the expressiornt is estimated to beyponod @to=~0.01 for GaAs. We ac-
TC:Nan+SZJ2/3Xp where y, is the zero wavevector para- count for disorder by including the lifetime broadening of
magnetic susceptibility of the hole gas. Through the depenguasiparticle spectral functions in a phenomenological way
dence of the Hamiltonian on the spin polarization, we obtainrelaxation time approximationWe use different lifetimes
the temperature dependence of the eigenvectors, eigenvalu@s the inter- and intra-band contributions to the dielectric
and chemical potential. Throughout this paper we considefunction. In general we expect the intraband lifetime
always the typical optimal Mn concentration 0#0.05 and  7;=1/y; to be much smaller than the interband lifetime
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FIG. 2. (Color onling Frequency dependence of the dielectric
FIG. 1. (Color onling Frequency dependence of the dielectric funptlon.(a) w.lm[e(“’)]ﬂma(a’)' (b) ~Im[1/e(w)]. (¢) The same
function. () 4o (w) = IM[e(w)]. (b) —IM[1/e(w)]. (¢) The same as |_n(b) showing a blow-up of the goupled plasmon—pt\;)nc_)n mode

as in(b) showing a blow-up of the coupled plasmon-phonon mode' €9'o" Parameter_s of the _calculatlo'h;o K, p=0.5 ™, fixed
region. Parameters of the calculatid=0 K, p=0.5 nni3 and dif- i =25 meV and differenty;: 2.5, 25, 50, 100 and 250 meV.

ferent inter-band and intra-band scattering timgs= y;;=2.5, 25,

50, 100 and 250 meV. peak contributio{intraband broadens and overlaps with the
high-frequency interband contribution. Our results agree

7;=1/y; as the intraband scattering occurs at zero energi/ith those obtained previously by Sinoea al. in Ref. 20
whereas the interband scattering occurs at finite energ@nd aré consistent with the experiments of Singgéwl. in
This has been demonstrated by finite-size exact diagonaliza€fs- 21 and 22. Nevertheless, the dc conductivity in the
tion studies where a much larger intra-band disordeXperiments is always much smaller than the ac conductivity

~ <1 This i indicati intra-
reduction was observed than the interband contribution a@ounde~2000 cm™. This is an indication that intra-band

finite frequencies! It is well known that the effects of disorder is larger than inter-band disorder in these experi-
collisions, within the relaxation time approximation, have MeNts. This is also in agreement with finite size exact diago-
to be taken into account carefully when calculating theN@lization studies where a much larger intra-band spectral
dielectric function of a degenerate electron gas. An incorrec{/€ight fedﬂctlon_ was observed due to disorder-induced
treatment of the collisions in a relaxation time approximationlocalization:= We illustrate this in Fig. @) where we plot
fails to conserve local electron number. This problem#7o(@) vs o for fixed inter-band disordey; =25 meV and
was treated several years ago by Mermin in Ref. 19 wherdifferent intra-band disordey;. For ;> the dc limit is
the correct procedure to include the effect of the impuritiesSMaller than the ac conductivity for frequencies up to
in the longitudinal dielectric function was put forward. In @=2000 cm™ (for y; =250 meVj which corroborates our
our case, this is accomplished by making the substitution8révious argument. Overall, the agreement with the experi-
@2 — w(w+iy;) and Xiel(®) — Ximed@+iy:) in the intra- Mental information is rather good. This is true even in the
band and interband terms, respectively. ) metallic low conducting cas€%; =250 meV). Nonetheless,

In the previous formalism we have considered only theWe Stress again that these latter case could be in the limit of
diagonal component of the dielectric function parallel to the@Pplicability of our theory: when studying results in this limit
carrier spin polarization. we aim to show a clear tendency rather than providing quan-

titative results.
In Fig. 3 we plot 4ro(w) and —Inj1/e(w)] for different
. RESULTS hole densities in the case of zero temperature,
7%i =100 meV, andy; =25 meV. As obtained by Sino\t al.
in Ref. 20, we find that as the hole density increases a peak at

We have computed the dielectric function for different energy near 280 meV emerges and the Drude peak appears
electron densities, lifetimes and temperatures. We illustratenore clearly.
the low-temperature behavior of the dielectric function The main features of —Ifi/e(w)] [Fig. 3(b)] are a strong
and the ac conductivity, o(w), in Fig. 1 where single plasmon-like peakmarked in the figure with a circle
47o(w)=w Im[e(w)] and —Inf1/e(w)] are plotted for differ-  for p=0.2 nnT3) with much weaker shoulde(snarked with
ent degree of disordey=y; = ;. squarep that correspond to inter-band transitions. The

The conductivity, which is finite in the dc limit, has dif- plasmon-like character of the strong peak is evident when we
ferent high-frequency contributions which can be explainedlot the position of the peaks in —[rh/e(w)] as function of
in terms of inter-band transitions: in the clean limit, at thisthe hole density(Fig. 4. The energy of the strong peaks
carrier density, there are four strong resonancesatl00, (circleg can be fitted perfectly to the expression
175, 275 and 390 meV, due to transitions between the spim‘47-re2p/ex,mp|, with m,=0.25m,. The energies of the other
polarized sixk -p hole bands. Upon increasing the Drude  peaks at~230 meV and~375 meV (squares depend very

A. Dielectric function
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FIG. 3. (Color onling Frequency dependence of the dielectric pP_ 2e, do | €

function. (8) w Im[e(w)]=4mo(w). (b) ~Im[1/e(w)]. (c) The same m, t: 4e? @ 1m e(w)
as in(b) showing a blow-up of the coupled plasmon-phonon mode P 0
region. Parameters of the calculatioT=0 K, v;=25 meV, .
v; =100 meV, and hole densities varying from 2
0.1 nnt® to 0.5 nm3. The symbols mark the position of the :—ezf do R o(w)]. (12)
plasmon-like peakcircle) and of the peaks corresponding to inter- 77 o

band transitiongsquaresfor p=0.2 nm3 (see the tejt
Both sum rules, when integrated up to infinity, give the same

optical mass. However, because the calculation can only be
little on the hole density, and we assign them to the light-holedone in a finite frequency range, in practice the two sum
band to heavy-hole band transition and to the light-hole bandules give different optical masses that depend on the fre-
to the split-off spin-orbit band transition, respectively. Of quency cut-off in the integrationyg.g In Fig. 5, we plot
course these transitions are coupled with the plasmon-likée quantityp/m,, as obtained from the two different sum
excitation. Note that the peak positions are also ratherules as a function ol for p=0.5 nni3. Note that it is
independent of the carrier spin polarization, as the concemecessary to sum up to rather large values of the frequency in
tration of Mn impurities is fixed ak=5% for all the hole order to get the same effective mass from the two different
densities, and the carrier polarization changes from 0.81 fosum rules. Also, we see that in the six-badng Hamiltonian
p=0.1 nn73 to 0.57 forp=0.6 nm=S, it is necessary to integrate up to very high energies for ob-
taining an accurate value @/ m,,. That imposes a serious
limitation for the experimental accurate estimation of this
B. Sum rules quantity to a few percent but can still be used in combination
with other indirect transport measurements to establish con-
We can also define an optical effective mass from the sursistency.
rules of the model as Recently, Singleyet al?? have studied experimentally the
dependence of/m,,; on the cutoff frequency and tempera-
ture by integrating the measured infrared conductivity up to

500 - 1.5eV. In order to compare with these experiments, we
’/,1" study p/m,; as obtained from the conductivity for different
< 400 1 e o 9_.~ . hole densities. The value of the optical mass so obtained
2 200 .,/‘ = ° depends on the density of holes and, for a finite frequency
g . 7 . = cutoff, on the lifetimes used in the calculations. This is illus-
0] 2 " " - trated in Fig. 6 where we plot the conductivity sum rule as a
I, VA ] . . .
/ function of this frequency cut-off for different temperatures,
1004/ 4z’ o . : o .
= p densities and quasiparticle lifetimes. From the figure we see
0 _{CMpl ' ' ' that in the most metallic samples, lowegt, the sum rule
00 01 02 03 04 05 06 will be most accurate in determining the carrier concentra-
p(nm-3) tion. However, it is clear that for moderate hole densities the

value of p/mg, obtained from the sum rule is far from the
FIG. 4. Energy positions of the peaks appearing ifillfa(w)] converged value. In any case the values of the optical mass
as a function of the hole densify Circles corresponds to the stron- Obtained from the sum rule are in the range 0.17-930
ger peak in the spectra whereas square dots correspond to teepending on the density, frequency cutoff and temperature.
weaker peaks. The dashed line is the energy of a plasmon with a Fig. 6 we also compare the value pfm,; at zero tem-
effective mass 0.25 times the free electron mass. perature(ferromagnetic phagewith its value at high tem-
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the Raman experiments in Refs. 23 and 24. Indeed, the au-
thors of Ref. 24 model their data by using a simplified Drude
model where inter-band transitions are neglected, and obtain
the value of the carrier density indirectly by a line-shape
analysis of the coupled plasmon LO phonon in their Raman
spectra. By using an averaged hole mass, they conclude that
the same line-shape is obtained if one keeps the Htig
fixed, which allows them to estimate the carrier density for
different values of the plasmon damping. Note, however, that
in a simplified Drude moded(w) = p/Myyyy; Which, together

IR | AN IR with our results, suggests that it should not be possible to
0 200 400 600 800 0 200 400 600 300 know p, my,; and y; independently. Thus, we believe that
Oy V] Oyl MEV] further experimental work is needed in order to clarify this
important point.

0 1 | | 1

FIG. 6. (Color onling Cut-off frequency dependence of the sum
rule p/myy=2/me?[Ceuoll do R o(w)]. (8) i =7;=25 meV for
T:OFI)<n(]BT;ck solic{OIine) ande'[l':zoi') Ié )(rgtljI d@shed ling for IV. SUMMARY
p=0.1 nm* (bottom curvepandp=0.5 nm* (top curves. (b) The In closing, we have presented a theory of the infrared
same as in@) but y; =250 meV andy; =25 meV. dielectric function of(ll,Mn)V ferromagnets based on the

kinetic exchange model for carrier inducét,Mn)V ferro-
perature(paramagnetic phageAt low temperatures there is magnetism. Our results demonstrate that the infrared dielec-
an enhancement of the low energy spectral weight. This catric function in metallic samples can be used to obtain infor-
be attributed to low energy inter-band transitions in the spirmation about the carrier concentration, to simulate the
polarized system which originate from the spin-orbit cou-plasmon-phonon overdamped coupled modes, and to explain
pling. These transitions are absent in the paramagnetic phaseturally the observed optical absorption measurements in
because there is not a Zeeman-like spin splitting of thehe infrared regime arising from inter-valence-band transi-
bands. In the absence of spin-orbit coupling, these excitations. The predictegh/ m, ratios could be tested in the me-
tions correspond to transitions between bands with well detallic regime within the newly grown samples which exhibit
fined spin antiparallel polarization and, therefore, do not contarge conductivities. The utilization of thiesum rule to es-
tribute to the charge-charge response function, and are abseithate the carrier concentration has been shown to be most

in the InT1/e(w)] spectrum. accurate within the highly metallic samples and should be
tested experimentally by careful comparison of these mea-
C. Plasmon-phonon coupled modes surements with other means of measuring the carrier concen-

tration. We also have shown that the analysis of the Raman
rlilasmon-phonon coupled modes within a simple one band
Drude model as in Ref. 24 are not very accurate since esti-
mates ofmy, and y; cannot be done independently. Our
Pfesults are based on an effective model which has been suc-
cessful in describing many transport and optical properties of
DMS samples. However, more comparisons of different pre-
dictions with ongoing experiments are needed in order to
establish further refinements, which could be needed for de-
scribing metallic low conducting samples, to the model.

For the range of carrier densities considered, a plasmo
phonon coupled mode occurs at= wtgo. This plasmon-
phonon coupled modg-ig. 1(c)] is very sensitive to disor-
der: it changes from a peak-like shape to a Fano-like sha
upon increasingy;. Interestingly, only intra-band disorder
modifies significantly the coupled mode: -lbie(w)]
aroundw = wr changes little whery; increases. This can be
seen by comparing the curves in Figcil(where y; varies
from 2.5 meV to 500 meYywith the corresponding curves
(i.e., with the samey;) in Fig. 2c) where ;=25 meV is
fixed. Due to the energy difference betweepy and the
inter-band transition energies, the phonon modes almost do
not couple with the inter-band transitions. The plasmon-like Financial support is acknowledged from Grants No
part of the coupled mode is superimposed to the plasmomAT2002-04429-C03-01, No. MAT2002-04095-C02-01,
peak for smally;. On the other hand, foy; =250 meV the and No. MAT2002-0246%MCyT, Spair) and the Fundacion
plasmon peak is strongly overdampighlis corresponds to a Ramdn Areces. Ramoén Aguado also acknowledges the sup-
phonon peak at=wro superimposed to an almost feature- port of the MCyT of Spain through the “Ramén y Cajal”
lesso(w), see Fig. 1a)], and only the phonon-like coupled program. The authors acknowledge insightful conversations
mode remains. This is likely the situation corresponding towith N. Samarth, D. N. Basov, and K. S. Burch.
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