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We present a theoretical study of the infrared magneto-optical properties of ferromgghdfic)V semi-
conductors. Our analysis combines the kinetic exchange modéllfidin )V ferromagnetism with the Kubo
linear response theory and the Born approximation estimates for the effect of disorder on the valence-band
quasiparticles. We predict a prominent feature in the ac-Hall conductivity at a frequency that varies over the
range from 200 to 400 meV, depending on Mn and carrier densities, and is associated with transitions between
heavy-hole and light-hole bands. In its zero frequency limit, our Hall conductivity reduces ﬂ&sbece
Berry’s phase value predicted by a recent theory of the anomalous Hall effect that is able to account quanti-
tatively for experiment. We compute theoretical estimates for magnetic circular dichroism, Faraday rotation,
and Kerr effect parameters as a function of Mn concentration and free carrier density. The midinfrared response
feature is present in each of these magneto-optical effects.
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I. INTRODUCTION In metallic ferromagnets, measurements of magneto-
optical coefficients on band energy scales provide very de-
Rapid progress has been achieved over the past year iailed information about the influence of broken time-
understanding how growth and annealing conditions influreversal symmetry on itinerant electron quasiparticle states.
ence the properties dfll,Mn)V diluted magnetic semicon- The appropriate band energy scale for the heapitjoped
ductor ferromagnets. These advances have led to the realizgy ;v ferromagnets, and for a number of other materials

tion of samples with higher ferromagnetic wansition . naye peen studied recenftlyis in the infrared. For this
temperatures and conductiviti&s. (111,Mn )V materials have ; : .
reason, we believe that experimental infrared magneto-

normally been described using a phenomenological nfofel ) : . .
in which the valence-band holes of the h@itV ) semicon- optical studies of(lll,Mn)V ferromagnets are highly desir-

ductor are coupled by exchange and Coulomb interactions tgble; we expect that they will be carried out in the near future
Mn?* local-moment ions with spirs=5/2. The properties and that comparison with the predictions presented here will
predicted by this model are most simply understood in thd€ very informative in clarifying the physics of these new
strongly metallic regime for which disorder in the spatial ferromagnets. They could, for example, reveal deficiencies of
distribution of the MR™ ions, and other defects of the ma- the relatively simple theoretical formulation that we employ.
terials, can be treated perturbatively. These approximationghe study of the magneto-optical response of these ferro-
lead to a picture of the materials in which spin-orbit couplingmagnets is also potentially interesting for applications, espe-
of the valence-band hole subsystem plays a key' inl@ro- cially if room temperature ferromagnetism is achieved in the
viding detailed explanations for many qualitative effects dis-future. Magneto-optical properties of the closely related
covered in experimental studies of thermodynamic and transi|,Mn)VI diluted magnetic semiconductor paramagfiets
port phenomena. The model can account quantitatively fopave already proved useful from both basic science and ap-
the critical temperaturé! strain sensitive magnetic- plication points of view.
crystalline anisotropy;’ anisotropic magnetoresistance  Apsorption and reflection measurements in the visible
coefficients} and the strong anomalous Hall efféft’ range have been used to establish phenomenological esti-
Golden rule estimates of qUﬁSipartiCle Scattering amplitudeﬁ]ates for thep_d and s-d exchange Coup”ng constants in
even provide the correct order of magnitude for longitudinal(j| Mn)VI materials, and in establishing the important role of
dc conductivities. valence-band holes in th@ll,Mn)V's.5>14~17 Photoemission

In this paper we discuss corresponding theoretical predicexperiments, which explore the deeper electronic structure,
tions for the infrared magneto-optical properties of these mahaye been used to explore the degree of hybridization be-
terials. We evaluate magnetic circular dichroisMCD),  tween the underlying host valence-band and Mn electronic
Faraday rotation, and Kerr effects in the infrared regime fonevels, but suffer from being surface sensithfe? In the
several different Mn concentrations and carrier denSitieSi.nfrared regime, recent optica| Conductivity measurements
From the microscopic point of view, each of these effectshave uncovered unusual nondrude behavior, including an op-
reflects the nonzero value of the ac-Hall conductivity,tical absorption pedk=2*connected to back-scattering local-
oxy(w). Our linear response theory for the Hall conductivity jzation effects and to intervalence-band transitions, in agree-
reduces in the zero frequency limit to tikespace Berry’s ment with model calculation®:2®
phase expression that explains dc-Hall effect We organize the paper as follows. In Sec. Il we introduce
observationg?-12 the Kubo formula description of the ac anomalous Hall con-
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ductivity appropriate for the studigitil,Mn)V ferromagnets.  here|nk) are the Bloch valence-band states &hg are the
In Sec. Ill we detail the model Hamiltonian and approxima-g, ., eigenenergies withik- p theory(we use either six- or

. : = Four-band models hefem is the bare electron mask, i is
lytic eyaluajuon qf the anomalous Hall conductivity for the the Fermi occupation numbéd or 1 atT=0) for the state
case in which disorder is neglected and the bands are a

proximated by the four-band spherical moddlhe six-band ﬁ)n k), and p/m is the k-p velocity operator obtainédl by
model that we use for numerical calculation reduces to thélifferentiating thek- p Hamiltonian with respect to the wave
four-band model in the limit of infinite spin-orbit coupling Vvector. In the zero frequency limit, Eq1) reduces to the
strength) The isotropic band dispersion of this model makesexpression used by Jungwirit al'®* to explain the dc-
analytic calculations possible, although they are still someanomalous Hall conductivity of these materials. This recent
what cumbersome. The details of this calculation, whichwork suggests that anomalous Hall effects are more quanti-
builds intuition about qualitative properties of thg,(w) tatively useful in characterizing itinerant electron ferromag-
curves, are relegated to an appendix. In Sec. V we presehgts than had been previously thought, at least for the present
the numerical results of the full model Hamiltonian calcula- materials. In this paper we extend this advance to finite fre-
tion for o,,(w) and apply these results to discuss all thequencies. S

common magneto-optical effects available for experiments in Even though the Hall conductivity is finite in the absence
the present geometry_ We summarize this work and presem disorder, we do anticipate that disorder will influence the

our conclusions in Sec. VI. oy (w) curves, primarily by broadening out features. The
sources of disorder known to be relevant in these materials
Il. THEORETICAL APPROACH include positional randomness of the substitutional Mn ions

with chargeQ= —e, random placement of interstitial Mn

Our theoretical model description starts by coupling thejons that act as double donors and are believed to be
host semiconductor valence-band electrons, described withifonparticipant¥ in the ferromagnetic order, and As antisites
the k-p or Kohn-Luttinger (KL) theory, with S=5/2 Mn that also act as having char@e= + 2e and are nonmagnetic.
local moments with a semiphenomenological local exchang&/e estimate the influence of disorder on the valence-band
interaction treated at a mean-field lev&%?°At zero tem-  quasiparticles by calculating their lifetimes, using Fermi’s
perature this gives rise to valence-bands that are split by agolden rule including both screened Coulomb and exchange
effective exchange f|e|dﬁ: NanJrSde%, where |\|anJr is interactions of the valence 6|E(::tr0n-s with the Mn ian and
the substitutional Mn density and the strength of the exthe compensating defectsncluding disorder broadening of
change coupling is taken to bky=55 meV nm3.27 we the qya3|part|cle spectral fur_1c_t|ons, the Kubo formula ex-
assume in this paper that the magnetization is aligned alongression for the Hall conductivity becomes

the growth §) direction by an applied small external mag-

netic field. We restrict ourselves to tie=0 limit, allowing

us to neglect scattering off thermal fluctuations in the Mn

moments orientation. We assume collinear magnetization iRE oyl @) ]=—

2

2 Im[(n'KIpnk)(nk|p,|n"k)]

2 L ’
the ground state, ignoring the possibility of disorder induced @MV knzn
noncollinearity in the ground state, which is known to be less de ot
likely for the strongly metallic(lll,Mn)V ferromagnets on X f ﬂf(f)An’,lz(f)Rane,k(f—’— fiw)]
which we focus?®2°
The linear response theory Kubo formula expression for -|-f(E)Anyg(e)Re[Gﬁ??’k(e—ﬁw)], 2)

the real part of the ac-Hall conductivity of disorder-free non-
interacting electrons is )
where An,l;(e):an/[(e—En92+Fnd4] is the disorder-

24, dk broadened spectral function ai@® and G are the ad-
Re oy (w)]=— _zJ — > (frr k= fni) vanced and retarded quasiparticle Green’s functions with fi-
m (2m)” nzn’ nite Iifetimel“r:lzllz, obtained from the golden rule scattering
Imin’ kIl nkynklo.ln’k rates from uncorrelated disordésee Sec. )l Since we are
X L(n'Klpnk)(nkip,| >], (1)  interested in the first-order effects of disorderoigy, we ap-
(0= Enkt En) (Enk—Enri) proximate the above expression as

IML(n"K[pnK}(nKI Py " K)ILT? |+ @(Eni— En i) = (Enk— En )]

S (it
T Tk k
m?V gz [(0=EnitEnd)?+T2 (Eni—En)?+T2 ]

Rq:a'xy(w)]: , 3
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wherel',, ., =(I',+1I'/)/2 andI", are the golden rule scat- Ill. MODEL HAMILTONIAN

tering rates averaged over banas in Ref. 25. We use EQ. | the virtual crystal approximation, the interactions are
(3) to evaluates,(w) below. Note that the dependence of repjaced by their spatial averages, so that the Coulomb inter-
oyy(w) on the hole densitp and Mn concentratiox are  action vanishes and hole quasiparticles interact with a spa-
implied in Eq.(3) through the dependence on the Fermi en-ially constant kinetic-exchange field. The unperturbed
ergy and the magnitude of the exchange fibld Here|h| is  Hamiltonian for the holes then reatty,=H"+h-s, where
determined only by, i.e., we assume antisite comPensatioth is the host band Hamiltonian, arglis the envelope-
throughout, ander is determined from a fixed andh. The  function hole spin operator. The host band part of the Hamil-
fact thatx and p can be treated as separate variables is &onian is described via the four- or six-band Kohn-Luttinger
consequence of the compensation of the free carriers inducedodel. Choosing the angular momentum quantization direc-
by the Mn acceptors by defects omnipresent in the lowdtion to be along thez axis, and ordering th¢=23/2 and]j
temperature molecular beam epitaxial thechnique used in the 1/2 basis functions according to the list 8/2,1/2;-1/2,
growth of these materials and its control through several an—3/2;1/2~1/2), the Luttinger-HamiltonianH- has the

nealing procedures. form®
b
Hhh —-C —-b 0 ﬁ cy2
b*+3
_C* th 0 b — \/_ _d
V2
by3
—p* 0 Hy, —c d — %—
2
- @
A= . )
0 b* _C* Hhh _C*\/E E
b* b3
bt b3 ¥  —c\2  H, 0
V2 V2
b*+3 b
¥ 2 —d¥ - BB 0 H,
V22
|
In the matrix(4) we have highlighted th¢=3/2 sector. The J3h?
Kohn-Luttinger eigenenergies are measured down from the c= om [yz(ki—kf,)—Zi Y3K«Ky 1,
top of the valence band, i.e., they are hole energies. For
completeness we list the expressions that define the quanti- 212
ties that appear if": d=- - Yol 25— (KZ+K3)1. 5
52 . ) We focus here on GaAs for which;=6.98, v,=2.06, v3
Han=5[(71+ 72) (K +K) + (71-272) K], =2.93, andA ;=341 meV?

We treat the effects of disorder on the hole quasiparticles
through a finite lifetime scattering ratg,; calculated by
_n _ 2 12 2 using Fermi’s golden rule. For uncorrelated disorder there
H'h_Zm[(h v2) (Kt Ky) + (71+ 2y2)Kz ], are two contributions to the transport-weighted scattering
2+ onti . i . .
rate =T+ due to substitutional Mn impuri-
ties and As antisites, given by

2+ 21 dk’ =
M = SN e S MKk
n,k A 3
J3#2 n' (277)

Ky(ke—ik,),
— vaka(ky—iky) X 8(Ep i~ Eni)(1—cosbi ),

2

hZ
Hsozﬁ'yl(ki'{' k)2/+ k§)+A501

|2
n,n’

b=
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and energy intervals only transitions at a fraction of the wave
_ vectors within the Fermi surface contribute #y(w).
rAs:anti_z_WN .2 dk’ ||\7|W|2 Hence, co_sidering the upper and_lower Iimits o_f the heavy-
nk 7 Asant < (2m)3 n,n’ hole and light-hole bands and their respective differences we

obtain the three energy intervals that contributeAlg( )
X 8(En k— Enrir)(1—cosbg k1), and which determine the fraction of the Fermi volume that

. . . contributes to it. Form,Eg/u—(h/6)m),/my,—h/2<w
where the scattering matrix elements are approximated b\émmEF 1+ (h/6)my, [+ h/2,

the expressionén S.I. unitg,

Mr]'ﬁ’f:deS<anz|§z|zn’l2’> — 62V2/J,w/ﬁ 3 2 h ’ 3 !
' Axy(w)———2 §U +W EU —2u
o (2m)°h @ 1-a,
- — (il zorio), 5
ehOS[e-O(lk_k |2+q'2|'F) " " + E 1— §u2+§u
8 4 2
and
3 74+ p 7ud
~ KR e? L - \1/—;arcsir( \/§u/2) + T i u+ 17
Mn,n’: > 22, 2 <an|zn’k’>- 1-A_ w
ehostfo(lk_k | +07g)

. . . . 3 7 132\ A+
Hereenostis the host semiconductor dielectric constanty) /1= —+ ) (8)
is the six-component envelope-function eigenspinor of the 4127 18 /][, [
HamiltonianA", and the Thomas-Fermi screening wave vec-
tor grr=vV9(Er)e?/(2€nost€0), Whereg(Eg) is the density  with
of states at the Fermi energiz . The interband scattering
broadeningl’,, ,» in Eqg. (3) is then calculated by averaging h &2 & &2

S - . |1+ Z | +hoF2\/h? 1+ = |- 3#%0?
Fn,n/(k)=[l"n(k)+Fn,(k)]/_2 over the allowed transitions 2 3 3 3
between bands andn’ as in Ref. 25. A= h 2 , (9
_( &
IV. FOUR-BAND SPHERICAL MODEL 2 3

In this section we briefly summarize an analytic calcula-m,,=mg/(y1—27%5), Mpy=mMg/(y1+2v5), &é=my/my,,
tion of o,y (w) for a disorder-free four-band model with iso- ,, =m,,m, /(mp,+my), andw=w—#k3 /2., wherek, is
tropic bands, the so-called spherical model. This model ishe light-hole band Fermi wave vector in zero exchange
realized by taking the spin-orbit coupling to infinity and tak- fie|d. For my,Ex/w+ (h/6)my, /myy+ h/2< w<myEr /1
ing y,=y; (equal to 2.5 for GaAsin the Kohn-Luttinger  _p/6— (h/2)my,,/my, ,
six-band model of Eq(4). This yields

> |k K-J)2 A ()= e o [Auhe h (10
"1t 572 —2y,(k-])7|, (6) Xy(w)_(zﬂ.ﬁ) 24 72 ho

with the antiferromagnetic coupling between the localized

moments and the holes given as before Hey= (h/3)],.
From the Hamiltonian in Eq(6) one can immediately see
one of the consequences of a strong spin-orbit coupling: for

ﬁ2

{L—4b—
2mg

For mthF/,u—h/6—(h/2)mhh/m|h<w<mthF/,u+ h/6
+(h/2)my,/my,,

. 2 1-A
a Bloch state labeled by wave vectqrthe spin quantization Agy(0)=— e \2uwlh §u2+ h (zu3— 2u) +
axis ath=0 is parallel tok. It is possible to evaluate}’(w) (2m)*h L8 4hw |6 —1
from Eqg. (1) in this model to first order it by completing a 3 3
straightforward but lengthy exercise in degenerate perturba- + u A /1_ Zul+ou
tion theory. This calculation is described in greater detail in 8 4 2
Appendix>® Here we simply state the final result: N 13 h 1768 120
. - us—
" " ,Axy(w') — Earcsw(\/gu/Z) . + T 1
ny(w): dw —,1 (7) +
—® w—w ~
: o . 4—4u?( 126+ 3512| | |1
where the spectral functiof,,(w) is given by different ex- + 2| 286 , (11
pressions in three different energy intervals. In the interme- 1-A,

diate energy range transitions at all wave vectors within the
Fermi surface are allowed, whereas in the lower and uppewith
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3
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FIG. 1. ac-Hall conductivity calculated within the four-band FIG. 3. ac-Hall conductivityr,,(w) for x=6% Mn concentra-
spherical model without disorder life-time broadening for severaltion and p=0.4 and 0.2 nm®, for spherical and nonspherical

itinerant hole and Mn concentrations. (band-warping models.
h & ~ & & ~ to o‘x‘b(w) from the high-frequency part of the spectral func-
_ 5(1+ 3 +§ﬁw+§\/h2(1+ 3 —3&%h%w? tion (yaccounts for rigid shifts in the low-frequency range
A= = 2 , which indicate the possible need to consider higher bands,
—| 1+ _) maybe including the conduction bands, for more realistic cal-
2 3 culations.
(12)

and Z)zw—ﬁkﬁhlz,u, where ky,, is the heavy-hole band V- NUMERICAL RESULTS

Fermi wave vector in zero exchange field; afgd (w)=0 The qualitative physics behind the four-band model cal-
otherwise. culation results still applies to the full model numerical cal-
We ShOWUfs(w) for several itinerant hole and Mn con- culations. However, the effects on(w) due to the lifetime
centrations in Fig. 1. From the above resfdhd from the broadening of the quasiparticles, finite spin-orbit coupling,

details presented in the Appenlii is relatively simple to  and the warping of the bandy{# y,) at higher concentra-
see the source of the feature observed in the midinfraretlons are an important part of the quantitative numerical re-
regime. The spectral functioA,,(w), shown in Fig. 2 for  sult. Figure 3 shows the anomalous ac-Hall conductivity of
the parameters used in Fig. 1, has its major contribution frontlisordered system for=6% andp=0.2 and 0.4 nm? cal-
transitions near the light-holes bands Fermi wave vectorsulated using the six-band model with warping; ¢ y,) and
[the lower frequency peak iA,,(w)] and near the heavy- without warping (ys=1y,), which emphasizes the impor-
holes Fermi wave vectorfthe higher frequency peak in tance of including the warping of the bands in obtaining
Ay(w)], visible for x=4% andp=0.2 nm 3. The transi- reliable results that can be compared directly with experi-
tions that contribute to first order imare between heavy and ment. Figure 4 shows the ac-Hall conductivity,(w) for
light holes with opposite polarization, as shown in the Ap-x=4% Mn concentration ang=0.2,0.4,0.6, and 0.8 nm.
pendix. We also note that there is a considerable contributiohe Hall conductivity must be nonzero in order to have non-

T
c — p=0.6 nm™, x=6% 7 40
— p=02nm", x=4%
— < p=0.4 nm'3, x=6% 20
: 5 | —_
§ o g op-
= S - |
) \ o
3 \ 32
% 201 \ ] % T — p=0.2 nm” x=4%
< \\ © 401 -- p=0.4 nm* x=4% b
N I N = p=0.6 nm"” x=4%
40+ \\ 2 -60— Lo - p=0.8 nm’” x=4% B
i | i | 20 N | . !
0 500 1000 0 500 1000
ho [meV] hao [meV]
FIG. 2. Spectral functiorA,,(w) calculated within the four- FIG. 4. ac-Hall conductivityr,,(w) for x=4% Mn concentra-

band model the itinerant hole and Mn concentrations of Fig. 1.  tion andp=0.2,0.4,0.6, and 0.8 nni.
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zero magneto-optical effects, but most measurable quantities 02— - - — 3
are also influenced by other elements of the conductivity
tensor. The most widely studied magneto-optical effects are
the Faraday and Kerr effects. The Faraday effect reflects the
relative difference between the optical absorption of right
and left circularly polarized light, referred to as MCD. In the
\Voigt geometry (magnetization aligned with axis of light
propagatioh and assuming a thin film geometrgipplicable 0.05
for all (11,Mn)V epilayers now available in the infrared re-

gime considered heté*

0.15

o 01
@)
=

5
0c(w) [10” deg/cm]

at—a” B Iml oy ()]

MCD= = .
at+a- REoxy(o)]

13

Linearly polarized light propagating through a magnetic me-
dium will experience the Faraday rotation of its polarization
angle and a transformation from linear to elliptically polar-
ized light due to MCD. The angle of rotation per unit length
traversed, again in the thin film geometry,(is cgs unit3**

Ny(w) [deg]

4 05— %50 500 750 1000
O(w)= mRe[O'xy], (14 ho [meV]

—-0.5

FIG. 5. Faraday and Kerr effects far=6% Mn concentration

wherec is the speed of light and is the index of refraction andp=0.4 nm 2.

of the substrate, in this case GaAs witk 1/10.9. Perhaps
the more technologically relevant magneto-optic phenomena VI. CONCLUSIONS
is the Kerr effect, which appears in reflection from a mag-

netic medium. In this case, also within the Voigt geometry,; .
the Kerr angle and ellipticity are defined*as

We have presented a theory of the ac-Hall effect in the
rared regime by extending Berry’s phase theory of the
dc-anomalous Hall effect to finite frequencies and treating
the effects of disorder through a finite lifetime of the
valence-band quasiparticles. We observe feat(peaks and
, (15  valleys in the transverse conductivity in the range between
ro+r- 200 and 400 meV at which the conductivity changes by more
. ) . than 100%. We have studied how these features appear in
wherer .. are the total complex reflection amplitudesith  different magneto-optical effect§VCD, Faraday rotation
multiple scattering taken into accourfor right and left cir-  and Kerr effect that are relatively easily measured, finding
cular polarized light. Note that the simple relation  strong signals. The magnitude of the Faraday rotation is very
<Im[ o7xy(w) ] and 7¢*Re o, (w)],* obtained in the thick-  |arge [one order of magnitude larger than that observed in
layer limit do not apply for the typical thifll,Mn)V epil-  paramagneti¢ll,Mn)VI's, for exampld and has a nontrivial

ayers. In Fig. 5 we show the different magneto-optic effectgjependence on the free carrier concentration. The Kerr effect
for a concentration ok=6% andp=0.4 nm 3. The Fara-

day rotation in this case is larger than the giant Faraday
rotation observed in the paramagneticMn)VI's at optical
frequencie¥3*and should be readily observable in the cur-
rent highly metallic samples. The Kerr angle and ellipticity

re—r_

0K+| K=

£
we obtain for(Ga,MnAs are comparable to the Kerr effects 5\:’?
observed in the optical regime in materials used for magne- _° ‘
torecording device® The behavior as a function of free car- = ; L .
rier hole concentration can be seen in Fig. 6 where the Far- @u o ¢ ‘\\ S — p=0.2 nmz .
aday rotation angle is shown for several carrier ® | .f L~ == p=04 nm
concentrations. The peaks and valleys in the different quan- E T p=08 .
tities are present in all the concentrations; however, the mag- - “p=08nm | 4
nitude varies, even changing sign at several concentrations , Lo , ! , !
and frequencies. Rather than presenting many different 0 250 500 [meV] 750 1000

graphs for all the possible parameteps &, etc), results for

these quantities, together with other physical quantities, can FIG. 6. Faraday rotation angle for=6% Mn concentration
be obtained and plotted vs different nominal parameters. with p=0.2, 0.4, 0.6, and 0.8 nA.
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is also strong when compared to materials used in magnetdrost valence-band Hamiltonian in this case, as shown in Sec.

optic recording. The origin of the peaks is most easily underiV, is given by

stood within a simple four-band spherical model in which

transitions between heavy- and light-hole states with oppo-

site spin polarization give the strongest contribution to the ~L—ap_ h? [

anomalous transverse optical conductivity. The four-band _z_mo

model represents the infinite spin-orbit coupling strength

limit of the six-band model we use for numerical calcula- The eigenspinors dofi-~*° are given by

tions. Our use of a six-band model can account only for

transitions within the valence-band and not for transitions i i

between conduction and valence-bands. Because of this limi- |Zg?()>:e—ijz¢/he—ijy0/h|n>’ (A2)

tation, we cannot address the crossover between intraband

and interband contributions that are not completely separateghere|n) are the spinors with the axis of quantization along

in these extremely heavily doped semiconductors, somethingje z-direction and total angular momentum 8/2The per-

that is clearly desirable and should be addressed in subsgirbation due to the antiferromagnetic coupling to the local-

quent theoretical work. ized moments i$1’ =hs,=(h/3)],. The eigenvalues to first
Our predictions depend in intricate detail on the modelorder inh are then given by

that we have used to describe the ferromagnetism of these

materials. The model depends most essentially on the as-

sumption that the Mn impurities act as reasonably shallow . h%2% h

acceptors and introduc8=5/2 local moment degrees of Ern=om,, = 2087 (A3)

freedom to the system. The specific calculations presented

here assume that Mn impurities and other scatterers in thand

system can be treated perturbatively. This assumption en-

ables quasiparticle scattering rates to be estimated in a

5 2 2
Y1t 572)" —2y,(k-]) } (A1)

simple way, but is a less essential part of the model. The . k%2 h 3 #%k?> h cosé
magneto-optical properties studied here are directly depen- th=_2mlh *3V1- 200529: om *5 o525’
dent on valence-band spin-orbit coupling, which we have (Ad)

argued elsewheté® plays an essential role in understanding

ferromagnetism in these materials. Confirmation by futurewhere tan 2’ =2tan#, hh labels heavy holes arith labels
experiment of the detailed predictions made here for thdight holes. The dipole matrix elements in Ed) are given
magneto-optical properties of these materials would furtheby

validate the approach we have taken to modeling these inter-

esting new ferromagnets. We expect that the weak-

guasiparticle-scattering approximations made here will be - m JoH
more reliable in more metallic samples, since the scattering (n"K[py|nk)= g<2nfk Ik an>
rates are then smaller compared to other relevant energy “
scales, particularly the Fermi energy. We hope that these cal- M(Epk—En) | 9,
culations will help motivate magneto-optic experiments in :T<In k nk>, (AS)
the infrared regime fofGa,MnAs and other(Ill,Mn)V fer- ¢
romagnets. SO we can write
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APPENDIX DERIVATION OF o,,(w) IN THE FOUR-BAND 9\ cos¢cosd i|z - sing i|z )

SPHERICAL MODEL ok, K k 30" ™ ksing a¢' M«

We present in this appendix the details involved in deriv- .
ing the results shown in Eq$7)—(12) for the anomalous +COS¢S'”9Q|an>7 (A7)
contribution to the ac-Hall conductivity calculated first in the
exchange field within the four-band spherical model. Theand similarly
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J SIﬂ¢COS€ J | COS¢ J | > <Zn’k|[jz_jn(0)]|znk>
ﬁk K 90/°" " ksing ¢ "
P =2 CR(8,KCh(8,k)(nl[],~i"(0)]no),
+singsin 0£|znk>. (A8) 1Nz
The perturbed spinor wave function can be written as IM[(zq/1] (COSP]y = sin)y) | a9 ]
= 2 CL(0,KC (0)(n]fyIn2),
1n2
z00=2 Cp 0Kz
o S aCh(6,k)
:2 C:,(gyk)efluzﬂ () /hig=ily0lt |1 <Zn’k|zﬁk>:z Cﬂl(ﬁ.k) (199 and
n’ ny
~ [ B . B '
=z~ - (cospjy—singj)[n’), (A9) aznk aCh (0.K)
P L Z Chi( 6.k —— —.
where j"(0)=(Zn-3li7Znk-13). Inserting Eq.(A9) into

Egs. (A7) and (A8) gives

Here we only need to consider six transitions since we only
need then#n’ terms and we will ignore transitions between

P ising bands with equal effective masses, which can be shown to
—Zok > [ —1M0) ] Zni contribute to higher order ih. From degenerate perturbation
Ik fiksing theory we obtain the four eigenvectors to linear ordeh:in
_C0os¢Ccosh 7 A .
i [(cosey—sine],)|zu) +ilZ)]
husin@
k,hh=)=|k,=3/2)+ k,=1/2), (A1l
+cos¢>sm0 |an>
|k,Ih+)=cosé’|k,+ 1/2)—sin 6’ |k, —1/2)
J _—icos¢ i husing . _——
akyznk =7 kaing Wz 1"(0)]1zo - \/_(ﬁk)z[cosa [k, +3/2)—sing’|k, —3/2)],
_sin¢cosé ¢ A . (A12)
—i = [ (cosey—sing],)|za +i|Z)]

g |k,Ih—)=sin@’|k,+ 1/2)+ cose’ |k, —1/2)
+singsind—|z
d) é,k| nk> h,u,Sin
- \/_(hk)z[sma |k, +3/2) +cosé’ |k, — 3/2)],

which can be inserted in E§A6) to yield
(A13)

Im[(n"k|py|nK)(nk|py/n"k)] where u=m;,myn/(Myy—M;p). The Fermi wave vectors to
2 first order inh/Eg for each band are given by
—;(Enk— Enid) (2ol [1,71"(0)]1Zi)

and

h
hh=, o\ _ 1 hh(0)( 4 4
< n’ k|(COSd’]y_S|n¢J )1 Zni) ke (0)=ke (1i4EFCOSG

: (A10) ki ()= k'h(o)( _6EF\/1—200§0). (A14)

After some lengthy algebra one obtains

(ﬁk)

. i
+i(Znil Zrk) + ﬁ<2nfk —
where
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Im[(k,hh+|p,|k,Ih+)(k,Ih+|p,|k,hh+)] Im[(k,hh—[p,|k,Ih—)(k,Ih—|p,|k,nh—)]
(Ejh—Eqn) (En—Enn)
m* fcos o’ + i ! in(26)sin(26") 3m? fcos o’ + i ! in(260)sin(26")
= ——Ccosfco — —Si Si — ——Ccosfco — —Si si
8u 2(hk)?| 4 8u 2(kk)?| 4
cosgcogs’ 3 cosfcogd’ 3
+cos 20cos 0’ + ———— — —cos 0cos b’ |, +c0s20c0S 0 + —————— — —coF cos 0’ |.
4cosy’ 4 4cosy’ 4
(A15) (A18)
Using Egs.(A15)—(A18) we can compute directly the dc
conductivity[Eq. (1) for w=0]:
Im[(k,hh-+|p,Jk.Ih—)(k,Ih—|py|k,hh+)] 2e’h
: e ! y oxy(0)= > 2
(Eni—Enp) MV kn>n’
am? 1 s (o= fa0 IME(n"K[py|nk)(nK[py[n"k)]
=— inFo’ + + —si i !
8 cos#sint o 2(7K)? 4S|n(26)sm(26 ) (Epp—Eprp)?
2 hho
., cosesirg’ 3 . ___& bk 1_Ew /Min
+Cos 20sirf g’ — Tvcos Zco§asm26 , (27h) 4mEg 3Vm.,
(A16) L8 M, AL9
3 my+ Jmypmyy |
in agreement with the previously derived dc-anomalous Hall
Im[(k,hh—|f)x|k,lh+)<k,lh+||Sy|k,hh_>] conductivity!® using Berry’s phase contribution to the Bloch
m - = group velocity in the semiclassical equations of motion ap-
(Eni—Enn) proach.
3m? TP 1 To compute the ac-anomalous Hall conductivity given by
— cosOsirte’ + + =sin(26)sin(26") Eq. (1), we rewrite it in terms of the spectral function
8u 2(hk)?| 4 Axy(w):
coggsirtg’ 3 o Ao
+ coS20sirt§' — ——— — —cog fsirt g’ |, ny(w)Zf dw’M, (A20)
4cosy’ 4 e w—w
(A17) with
|
e?h (fr i Fog) IMI(n"K[p,{NK)(NK[p,|n"K)]
Ayl@)=— 2 : =8l ho—(En—Epi)]. (A21)

m2V k,n#n’ (Enk_ En’k)

Ayy(w) is an odd function ofv and we need only to consider>0. We need to consider three separate frequency ranges in
what follows. First we look at the range

m,E my h h myHE h my,h
=F M NN _Mhh F___ﬂ_, (A22)
2 M6 2 2 6 mp2

and consider the different contributionsAQ,(w) from the four types of transitionsyh™ —1h =, separately. Fonh+ to |h
*+ transitions, we have
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Axy(w;hh+ﬂlhi)

f (o ,uklm[(k hh+[pylk,Ih=)(k,Ih=[p,|k,hh+)]
M2
(277 (Ehl Ehh) K= \/2"‘_“’(1_,_—12;;?:;:%, +m?—wcos(9)
e 22uwlh J 3 cog o’ h |1 cog o’
= 2 20"+
(2m)h d(cosa)(gcosa[ sirke’ e ¥ sm( 0)sin(26')+ cos 26 sirkg’
1 co2g (cosd'| 3 cogo’
- o 1 —=CoS0 L, ]
800520’ S|n20 8 SInZH
|
We can sum the two and obtain 72 Oz hcosd h
AEZ ()= k T——— Ecose, (A25)
Agy(@;hh+ —1h+)+A(w;hh+ —lh—) Gcos ¥
e 22pnwlh where we have defineg= —m,/u+1=my,/my,, and the
= 5 J d(cos#) —C050 absolute minimum is given by
(2m)h
h 1 3 52 mph h
= _ = - _0)= — K24 LU
+ 27| +cos 29+ 8c0520 8co§0” AE;(0min=0) 2n Kg 6 2
e 5 2uhw h Forhh— to Ih= we have instead
= — (A23)
(27h) 48 h2 ho
h? ()24 Mip hcosé# h
For thehh— to Ih+ transition we obtain the same result, ABZ(0)= 22F Tt coszy 2505
therefore within this range we have
2
e’ 5 2ufio h AE*(pig=1)= =— f klh(O)ZiEE_E.
Ay(0)= e o\ ———. min— 2u My 6 2
Y (27h) 247 52 ho

2 1h(0)2, 7 - :
As one can see from its definitioA, (w) changes most Let fw=(A7/2u) kg™ "+ w, wherehw will be of the order

rapidly in the region where transitions near the Fermi surfac®f h. For anw, which is too small, there will be a limit on the
are allowed. Let us next consider transitions frbin+ to  angular integrationd obtained by setting= k'h—, so for
lh= first in the lower range r(y, /w) Eg— (my, /my,y) (h/6) hh+ tolh+,

—hi2<w< (m|h /,LL)EF+ (m|h /mhh)(h/6)+ h/2:

~_mph 3 h -
Ay(w;hh+—lh=) ﬁw+m—hh§ 1—Zco§~0+§c050=0, (A26)

1 [
:j 1d(cos€) fkw(a)dkf(0’k)5(h‘”_AEi)’ whose solution is
- F

(A24)

. -~ f 2 gz 272
with —ﬁwi§ h 1+§ - 37w
cosf. = h z =1-A.,
(hk)> hcosé h = 1+=
AET=—F——+ — -cosf and 2 3
2w " ecosw 2 (A27)
A similar procedure for the transitions froimh— to Ih*
klht(e):klh(o)(llL, /1—§cos°-0> yields cosf.=—1+A.. Combining the contributions for
F F 6Er 4 ' each transiton we then obtain, formEgr/u
—(h/6)m|h/mhh—h/2<w<m|hE,:/,u+(h/6)m|h/mhh
The minimum ofAE*(6) ., at a fixedd is then +h/2,
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1 1
Axy(a))=J’1_A d(cose?)Axy(w,cosﬁ?;hh+—>Ih+)+fl_A d(cosf)A,(w,cosf;hh+ —1h—)
N _

—1+A_ —1+A,
+f d(cosa)AXy(w,cosﬁ;hh——>Ih+)+f d(cosf)A(w,cosf;hh——lh—)
-1 -1
eZ\/Z/Lw/ﬁjl 3 h 1
= d(cosf)| —coshcos O’ + ——| — =sin(26)sin(26’ )+ 2cos Hcos 6’
mn i, 00807 dho|  25M20)sin207)
cosfcoss’ 3 e?\2uwlt (1 3
+ —————— —co$0cos0’ | | — —'uj d(cos@)(—cosasinza’
4cosy’ 4 (2m)%h Ji-a_ 4
+ +1‘ 26)sin(26")+ 2cos sirt 6’ cosesin'e’ 3 g osirt 6’
e Esm( )sin(26")+2cos Psi W ZCO Si
e2\2uwlh [3 , h (7 ) 1 ul [ 3. 3 J3 1744
=—————{|-uP+—|=zut-2u +|= 1— —u?+ ~u| — ——arcsir(y/3u/2)
(277)2ﬁ 8 dhw\ 6 -4, 8 4 2 12 1-A_
h [T R LA
BT | PR e e PYARET R I I

A similar procedure for the upper range,,Er/mu—h/6—(h/2)mp,/mp<w<mp,Er/mu+h/6+ (h/2)m,,/my, yields
A,,(w) given in Eq.(11). For any other value ob, A, (w)=0.
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