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Hole-mediated ferromagnetism in tetrahedrally coordinated semiconductors
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A mean-field model of ferromagnetism mediated by delocalized or weakly localized holes in zinc-blende
and wurzite diluted magnetic semiconductors is presented. The model takes into account strong spin-orbit and
k-p couplings in the valence band as well as the influence of strain upon the hole density of states. Possible
effects of disorder and carrier-carrier interactions, particularly near the metal-to-insulator transition, are dis-
cussed. A quantitative comparison between experimental and theoretical resi@afoinAs demonstrates
that the theory describes the values of the Curie temperatures observed in the studied systems as well as
explaining the directions of the easy axes and the magnitudes of the corresponding anisotropy fields as a
function of biaxial strain. Furthermore, the model reproduces the unusual sign, magnitude, and temperature
dependence of the magnetic circular dichroism in the spectral region of the fundamental absorption edge.
Chemical trends and various suggestions concerning design of ferromagnetic semiconductor systems are de-
scribed.
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I. INTRODUCTION lar case is used to take carefully into account the complex
structure of the valence band. We then present the results
The discovery of ferromagnetism in zinc-blehddll-V of comprehensive numerical studies which provide a
and* -Vl Mn-based compounds allows one to explore the qualitative, and in many cases quantitative, interpretation of
physics of previously unavailable combinations of quanturrexperimental findings accumulated over recent years for
structure and magnetism in semiconductors. For instance, {£a,MnAs. This good agreement between experimental and
was shown to be possible to change the magnetic phase Jbeoretical data encourages us to show expected chemical
ing light in®> (In,Mn)As/(Al,Ga)Sb and (Cd,Mn)Te/ trends in the final part of the paper, and to give various
(Cd,Zn,MgTe heterostructures. Injection of spin-polarized Suggestions concerning the design of ferromagnetic semicon-
carriers from(Ga,MnAs to an(In,GaAs quantum well in ductor systems.
the absence of an external magnetic field was also N general terms, our results point to the importance of the
demonstratefi.It is thus important to understand the ferro- K-p and spin-orbit interactions in the physics of hole-
magnetism in these semiconductors, and to ask whether tiaediated ferromagnetism in semiconductors. These interac-
Curie temperaturd@ . can be raised to above 300 K from the tions control the magnitude of the Curie temperature, the
present 110 K observed for GaMng gsAs2’ saturatlpn vqlue of'the magnetlzgtlon, and the pharacter of
In this paper, we develop the theory of hole-mediatedMagnetic anisotropies. A comparison of theoretical and ex-
ferromagnetism in tetrahedrally coordinated semiconductor@erimental findings not only emphasizes similarities and dif-
along the lines of our recently proposed moti&ince we ferences be;ween [1I-V magnetic semlconductors.and other
aim at a quantitative description of experimental findings, théeromagnetic systems, but also demonstrates different as-
proposed theoretical approdamakes use of empirical facts peqts of half-metallic ferromagnets. Recent comprehensive
and parameters wherever possible. We begin the present p&views present many aspects of II”VI-VI, ** as well as
per by discussing electronic statespitype magnetic semi- IV-VI magnetic semiconductors, which will not be dis-
conductors. We classify the studied systems as charg&ussed here.
transfer insulators, so that our theory is not applicable to
materials in which d electrons participate in charge transport.  1l. ELECTRONIC STATES IN p-TYPE MAGNETIC
We note that Mn ions act as both a source of localized spins SEMICONDUCTORS
and effective mass acceptors. We adapt, therefore, the phys-
ics of the metal-insulator transition in doped semiconductors
for the case studied, and assume that over the relevant range We consider zinc-blende or wurzite semiconductor com-
of impurity concentrations the ferromagnetic exchange igounds, in which the cations are partly substituted by mag-
mediated by delocalized or weakly localized holes. Since thaetic ions, such as Mn. The magnetic ions are assumed to be
resulting spin-spin coupling is long range, we use a meanrandomly distributed over the cation sites, as found by ex-
field approximation to determine various thermodynamictended x-ray absorption fine structure studies of
magnetoelastic, and optical properties of the system. ParticGa,_ Mn,As (Ref. 12 and Cd_,Mn,Tel® The Mn pro-

A. Mn ion in tetrahedrally coordinated semiconductors
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vides the localized spif=3 and, in the case of IlI-V semi- pied impurity states with increasing disorder occurs gradu-
conductors, acts as an acceptor. These Mn acceptors comly, and has already begun on the metal side of the MIT.
pensate the deep antisite donors commonly present in GaAghis leads to a disorder-driven static phase separation into
grown by low-temperature molecular beam epitaxy, and protwo types of region, one populated by electrons in extended
duce ap-type conduction with metallic resistance for the Mn states, and another that is totally depleted of carriers or con-
concentratiorx in the range 0.04x<0.067%"16 Accurate  tains singly occupied impuritylike states. The latter region
analysis of the transport data, complicated by the large magsontrols the magnetic response of doped nonmagnetic
nitude of the anomalous Hall effect, confirms the presence ofemiconductofS and gives rise to the presence of bound
a strong compensatidii,presumably by As antisite donors, magnetic polaron§BMP’s) on both sides of the MIT in
as mentioned above. However, at this stage we cannot exaagnetic semiconductof$23! Actually, the formation
clude the existence of self-compensation mechanisms, sueii BMP’s shifts the MIT toward higher carrier
as the formation of MnAX-like centers or donor defects concentrationd®3%3* On crossing the MIT, the extended
once the Fermi level reaches an appropriately deep positiostates become localized. However, according to the scaling
in the valence bantf theory of the MIT, their localization radiusdecreases rather
According to optical studies, Mn in GaAs forms an accep-gradually from infinity at the MIT toward the Bohr radius
tor center characterized by a moderate binding edérigy  deep in the insulator phase, so that on a length scale smaller
=110 meV, and a small magnitude of the energy differenceéhan¢ the wave function retains an extended character. Such
between the states corresponding to the spin of the bounaeakly localized states are thought to determine the static
hole parallel and antiparallel to the Mn spitt° Ae=8=3  longitudinal and Hall conductivities of doped semiconduc-
meV. This small value demonstrates that the hole introducetbrs. The central suggestion of the recent mbikethat the
by the divalent Mn in GaAs does not reside on the d shell oholes in extended or weakly localized states mediate the
form a Zhang-Rice-like singlét:?> but occupies an long-range interactions between the localized spins on both
effective-mass Bohr orbft?® Thus, due to the large intrasite sides of the MIT in the IlI-V and II-VI magnetic semicon-
correlation energyU, (Ga,MnAs can be classified as a ductors.
charge-transfer insulator, a conclusion consistent with photo- As will be discussed below, the Curie temperatliceis
emission spectroscop§?° At the same time, thp-d hybrid-  proportional to the thermodynamic spin density of staigs
ization results in a spin-dependent coupling between thavhich, in turn, is proportional to the spin susceptibility of the
holes and the Mn iongil ;4= — BNgs- S. Here g8 is thep-d  carrier liquid, xs. Like other thermodynamic quantitieps
exchange integral anid, is concentration of the cation sites. does not exhibit any critical behavior at the MIT. However,
Analysis of photoemission d&t&° and the magnitudé of  p exhibits large space fluctuations at criticality, which will
A€ leads to the exchange energi,~—1 eV. Similar val-  result in local fluctuations of magnetic properties. The quan-
ues of BNy are observed in II-VI diluted magnetic semicon- titative renormalization op4 by disorder will depend on its

ductors with comparable lattice constafftsThis confirms — Mmicroscopic nature, for instance, on the degree of compen-
Harrison’s suggestion that the hybridization matrix element$ation. The enhancement pf by the carrier-carrier interac-
depend primarily on the interatomic distarfééccording to ~ tions can be described by the Fermi-liquid parameter

the model in question, the magnetic electrons remain locales—Arps->> The value ofAg=1.2, as evaluatéd by the

ized at the magnetic ion, so that they do not contribute tdocal-spin-density approximation for the relevant hole con-
charge transport. This precludes Zener's double excifingecentrations, has been adopted for our computations. We note
as the mechanism leading to ferromagnetic correlation bethat disorder-modified carrier-carrier interactions in the trip-
tween the distant Mn spins. At the same time, for some comlet particle-hole channel tend to enhangg, which may
binations of transition metals and hosts, the “chemical” andeven drive the system toward a Stoner-like instabitityn
exchange attractive potential introduced by the magnetic iofnagnetic systems, however, spin-flip scattering by fluctua-
can be strong enough to bind the hole in a local othitIn  tions of magnetization makes this enhancement mechanism
an intermediate regime, the probability of finding the holerather inefficient.

around the magnetic ion is enhanced, which results in the The two-fluid model is consistent with recent electron

apparent increase ®BN,| with decreasing.22 paramagnetic resonantePR) results®> which show the co-
existence of the neutral Mn acceptors and ionized Mn d

states in some range of Mn concentration. Furthermore, the
B. Two-fluid model of electronic states near observed®?®’ sign of the magnetic circular dichroism in

the metal-insulator transition (Ga,MnAs suggests the presence of Fermi-liquid-like states

lonized impurity and magnetic scattering lead to localiza-0n both sides of the MIT, as we shall discuss in Sec. IV D.

tion of the effective-mass holes introduced by Mn in IlI-V
compounds or by acceptors in the case of II-VI materials. It
is therefore important to discuss the effect of Anderson-Mott
localization on the onset of ferromagnetism. The two-fluid
modef® constitutes the established description of electronic Since the valence band originates merely from the anion p
states in the vicinity of the Anderson-Mott metal-insulator and cation d wave functions, the exchange interaction medi-
transition(MIT) in doped semiconductors. According to that ated by holes is expected to be strongly affected by anisot-
model, the conversion of itinerant electrons into singly occu+opy of hole dynamics and the coupling between the spin and

C. Valence band structure and exchange splitting
of the hole subbands
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[100]; €,4=—2%; (c)M|| [001]; €,,= +2%. A strong dependence
FIG. 1. Fermi energy as a function of the hole concentragion Of the splitting on the relative orientation of the wave vector and

computed from the 86 Luttinger model fork- p parameters dis- Mmagnetization is visible.

played in the figure. Inset shows cross section of the Fermi sphere

for p=3.5x10%° cm™3.

HOLE CONCENTRATION [10” cm™]

the band parameters corresponding to GaAs. No effects of

. . -d exchange, disorder, or Coulomb interactions between the
orbital degrees of freedom. To take those effects into acp 9

count, the hole dispersion and wave functions are com utelaOIes are taken into account. The corresponding density-of-
’ P 38 Inp States(DOY) effective mass increases from Oy in the

by diagonalizing the & 6 Kohn-Luttingerk-p matrix: . .
this model, fourl'g and twoI'; bands are taken explicitly limit of Sm(?” h?;e co_ncgntraﬂon; to the value of ]“Wor
§=5% 107° cm™3. This increase is caused by thep inter-

into account, whereas other bands are included by second- X
order perturbation theory. The model is developed for zinc@ction between thég andI'; bands, which—because of the
blende and wurzite semiconductors. It allows for warping,relatively small magnitude o, in GaAs—is important for
quantizing magnetic fields, and biaxial strain, but no termghe relevant hole densities. The inset to Fig. 1 shows the
associated with the lack of symmetry inversion are taken int¢ross section of the Fermi surface for=3.5x 10°° cm™?,
account. The effect of the spin-dependent interaction bewhich corresponds tegr=—195 meV with respect to the
tween the holes and the Mn spins is described in terms of thenergy of thel'g point. Two valleys, the heavy- and light-
virtual-crystal and molecular-field approximatiofisso that  hole subbands, are visible.

A strong and complex influence of the p-d interaction and

Hpa=BsM(r)/gug, (1) strain upon the valence band is shown in Fig. 2. The cross

whereM(r) is the magnetization of the localized spins thatsec_t'sOns c_)f the Fermi spheres are depictedpfer3.5x 10°°
carry magnetic moment Sgug, whereS=2 andg=2.0. cm *, which now corresponds te,:é_—165 meV, and for
The explicit form of thek- p 6x 6 matrices, together with the parameter of the exchange splitting,
the matrixH 4 derived by us in the Luttinger-Kohn represen-
tation for arbitrary directions of magnetizatiovi, are dis-
played in Appendix A. We note that for the case under con- Be=ArBM/6gusg, 2
sideration, involving large exchange interaction and high
kinetic energy, particularly important are off-diagonal terms
describing the p-d coupling between thig andl', bands. A @ken asBg=—30 meV. If BNo=—1.2 eV andAg=1.2,
numerical procedure that serves to determine the concentrd?iS magnitude oBg occurs for the saturation value of mag-
tion, free energy, wave functions, and optical characteristic§€tizationM at x=0.05. We note at this point that some of
of the holes is outlined in Appendix B. The adopted valuesthe effects, e.g., the direction of the spin-polarization vector,
of the Luttinger parametery; and the spin-orbit splittings depend on the sign g8 and thusBg, whereas others, like
Ao are summarized in Appendix C for various Ill-V and the Curie temperature, are proportionajda In the absence
[I-VI parent compounds. According to photoemission of strain, e=0, the fourfold degeneracy at tHe point is
studied* BNy=—1.2+0.2 eV for (Ga,MnAs. The value lifted by the p-d exchange, and the corresponding energies
BNy=—1.2 eV is taken for the computations, although fu-at k=0 are +3Bg and =Bg for Ay>|Bg|. However, the
ture work may reveal some dependenceBoin Eq. (1) on  splitting at nonzero wave vectors depends on the relative
Mn and/or hole concentrations because of the energetic proxrientation ofM andk.3? In particular, since the spin of the
imity of the Fermi and relevant Mn d levels. Such a depen-eavy hole is polarized alorigfor e=0, the exchange split-
dence could result also from corrections to the virtual-crystating is seen to vanish fok. M. This mixing of orbital and
and molecular-field approximations if the short-range part okpin degrees of freedom, together with highly nonparabolic,
the Mn potential is attractive for the valence band Héle.  anisotropic, and mutually crossing dispersion relations, con-
Figure 1 presents the dependence of the low-temperatusgitute important aspects of the hole-mediated ferromag-
Fermi energys: on the hole concentratiop computed for netism in terahedrally coordinated semiconductors.
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1. HOLE-INDUCED FERROMAGNETISM netic alignment of neighbor Mn®°dnegative ioné/ so that
IN SEMICONDUCTORS X~Xqq and Tae~0. By contrast, in 1I-VI compounds, for
A. Short-range antiferromagnetic superexchange which acceptor cores do not carry any spin and the degree of
and ferromagnetic double exchange compensation is low, BMP’s are not preferentially formed

- ) ) ) around Mn pairs, so that the close pairs remained antiferro-

[n add|t_|on to the interaction betwegn. the_ carrier and |°'magnetically aligned, even in p-type samples. The presence
calized spin subsystems, the p-d hybridization leads also tgf competition between the ferromagnetic and antiferromag-
superexchange, a short-range antiferromagnetic coupling b@gtic interactions in 11-Vl compounds, and its absence in
tween the Mn spins. The superexchange is mediated by Spif).\y materials, constitutes an important difference between

polarization of occupied electron bands, in contrast to th§nese two families of magnetic semiconductors.
Zener ferromagnetic exchange, which is mediated by spin

polarization of the carrier liquid. The antiferromagnetic ex-
change dominates in undoped II-VI semiconduct8rand
also in compensated GaMn,As: Sn*° Based on qualitative
considerations presented below, the presence of this interac- As mentioned above, we assume that weakly localized or
tion is taken into account in the case of 1I-VI materials butdelocalized holes mediate long-range ferromagnetic interac-
neglected in the case of noncompensdi®d,MnAs struc- tion between the spins. Zefrfirst proposed a model of
tures. ferromagnetism driven by the exchange coupling of the car-

It is convenient to parametrize the dependence of magnéiers and the localized spins. According to that model, spin
tization on the magnetic field in the absence of the carrierspolarization of the localized spins leads to spin splitting of
Mo(H), by the Brillouin function B according to the bands, which results in the lowering of the carrier energy.

At sufficiently low temperature, this lowering overcompen-
Mo(H)=0gugSNoXerB gusH/ka(T+Tar)],  (3)  sates the increase of the free energy caused by the decrease

where two empirical parameters, the effective spin concend! €Niropy. that is associated with the polarization of local-

tration x.gNg<xN, and temperaturd@ .«>T, take the pres- ized spins. However, the Zener model was later abandoned,

ence of the superexchange antiferromagnetic interaction®> neither the itine_rant charz_icte_r of the magnetic eIecFrons
into account®! The dependenciesig(x) and Tae(X) nor the quantumFriede) oscillations of the electron spin
. €

=T.(x)—T are knowf24%for 11-VI compounds. polarization around the localized spins were taken |nto_ ac-
. . count, and both of these are now established to be critical
In order to elucidate the effect of doping aps and T ag

we refer to the two-fluid model described in Sec. IIB. In ingredients of the theory of magnetic metals. In particular,

terms of that model the delocalized or weakly localized holesthe resulting competition between ferromagnetic and antifer-

account for the ferromagnetism. In fact, the participation Ofromagnetlc interactions in metals leads rather to a spin-glass

) than to a ferromagnetic ground state. In the case of semicon-
the same set of holes in both charge transport and ferromag- . S
° . : . . uctors, however, the mean distance between the carriers is
netic interactions is shown, ifGa,MnAs (Ref. 14 and in

(Zn,Mn)Te 3 by the agreement between the temperature aanuaIIy much greater than that between the spins. Under such

field dependencies of the magnetization deduced from thgondltlons, the_ exchange Interaction m_ed|ateql by the carriers
: o IS ferromagnetic for most of the spin pairs, which reduces the
anomalous Hall effectM, and from direct magnetization

measurementa articularly in the vicinity ofT ~ . How- tendency toward spin-glass freezing. In fact, for a random
D P ymn ty offc. distribution of the localized spins, the mean-field value of the
ever, belowT: and in magnetic fields greater than the coer-

. : . Curie temperaturé - deduced from the Zener model is equal
cive force, whileM  saturategas in standard ferromagngts P ¢ d

M ntinues to incr with increasing madnetic f&RI to that obtained from the Ruderman, Kittel, Kasuya, and
'D continues to increase creasing magnetic " Yosida (RKKY) approactt?48-°%in which the presence of
SinceMy, is proportional to the spin polarization of the car-

i ) ' ) ~ the Friedel oscillations is explicitly taken into account.
riers, its saturation may reflect a saturation of hole polariza-

tion, which—for appropriately low values of the Fermi
energy—can occur even if the Mn spins are not totally spin
polarized(half-metallic casg It appears, however, that Mn

B. Zener model of ferromagnetic interactions mediated
by free carriers

C. Mean-field model of Curie temperature
and thermodynamic properties

spins in the regions depleted of carriéngich, therefore, do As reported elsewhefethe Zener model describes cor-
not participate in the long-range magnetic ojdalso con- rectly the experimental values @t in both (Ga,MnAs and
tribute to the slowly increasing component iy (H). (Zn,Mn)Te, provided that band structure effects are taken

According to the two-fluid model, some of the carriers areinto account. The starting point of the model is to determine
trapped on strongly localized impurity states, and thus formhow the Ginzburg-Landau free-energy functioRatiepends
bound magnetic polarons. If there is an exchange couplingn the magnetizatioM of the localized spins. The hole con-
between the two fluids, the BMP’s participate in the forma-tribution to F, F[M], is computed by diagonalizing the
tion of ferromagnetic order. Furthermore, the coupling be-6x6 Kohn-Luttinger matrix together with the p-d exchange
tween the BMP’s appears to be ferromagnetic, at least iwontribution, and by subsequent computation of the partition
some range of relevant paramet&$> To gain Coulomb functionZ, as described in Appendix B. This model takes the
energy, the BMP’s are preferentially formed around closeeffects of the spin-orbit interaction into account, a task dif-
pairs of ionized acceptors. In the case of Ill-V materials thisficult technically within the RKKY approach, as the spin-
leads, via Zener's double excharffeto a local ferromag- orbit coupling leads to nonscalar terms in the spin-spin
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as a function of the degeneracy factor. . .
9 y FIG. 4. Curie temperature as a function of the hole concentra-

. . - . jon for Gg ggVing gsAs computed from the B 6 Luttinger model
Hgmlltonla_n. Morepver, .the. indirect exchange assomate(gsolid ling). Straight dashed lines represent results obtained assum-
with the virtual spin excitations between the valence sub

) ) ing a large and a small value of the spin-orbit splittihg, respec-
bands, the Bloembergen-Rowland mechadfsis automati- tively. The dotted line is calculated neglecting the effect of the

cally included. The remaining part of the free-energy func-qpin_orpit interaction on the hole spin susceptibility.
tional, that of the localized spins, is given by

M The values ofl ¢ as a function of the hole concentratipn

FdM]= J dMoH(Mo), (4)  for Gay gMng osAS, as computed by our model, are shown by
0 the solid line in Fig. 4. Since the magnitudeT{ is directly

where H(M,) is given in Eq.(3). By minimizing F[M] proportional tox.sNoB2Ar , the theoretical results can easily
=FJ[M]+FgM] with respect taVl at givenT, H, and hole  be extended to other values gf 8, or A¢. In particular,
concentrationp, one obtainsM (T,H) as a solution of the Tc=300 K is expected forx=0.125 andp=3.5x 10°°

. . —3
mean-field equation, cm .

gug(—dF[M]/oM+H)
Kg(T+Tap)

M = ugupSNoXeriBg (5) D. Validity of the model and comparison to other approaches

Equation(7) with ps=p, that is, neglecting the effects of
Near the Curie temperaturBz, whereM is small, we  Spin-orbit interaction, has already been derived by a number
expectF [M]—F[0]~M?2. It is convenient to parametrize ©of equivalent method®:*4334%|n the present worke[M],

this dependence by the spin density of states which served to determindc, M(T,H), the anisotropy
fields, and the optical spectra, was obtained from the66
FJIM]=FJ0]—ArpsBZM2/2(2gug)>. (6) k-p model, as described in Appendices A and B. In order to

illustrate the importance of band structure effects, the evalu-
ation of T has been performed employing various models.
The two straight dashed lines in Fig. 4 depict the expected
Tc(p) if the warping is neglectedy,= y3) and a large and
a small spin-orbit splittingirg— EF7EAO is assumed, re-
Te=XeiNoS(S+1) B2App(Te)12kg—Tae.  (7)  SPectively. We see that the above assumptions are approxi-
mately fulfilled in the low and high concentration ranges, but
For a strongly degenerate carrier liquidg|/kgT>1, and the calculation within the full model is necessary in the ex-
neglecting the spin-orbit interactiop; becomes equal to the perimentally relevant region of intermediate hole densities.
total density of stateg for intraband charge excitations, In particular, the &4 4 modef®® (A,>|e|) would be rea-
wherep=m¥oKe / 7%h2. sonably correct fofzn,Mn)Te, whereA is about 1 eV, but
In order to check the quantitative significance of carriernot for (Ga,MnAs, for which Aq is almost three times
entropy, the computed values B¢ were compared to those smaller. Finally, the dotted line showls. evaluated by re-
obtained assuming strong degeneracy of the carrier liquicblacing ps by p. We see thaip~p already for p~10%°
As shown in Fig. 3 such an assumption leads to error smalleem 3, despite the fact that | is still two times smaller than
than 1% ifeg|/kgT>10. Thus, in this range, the carrier en- Aq. In contrastp, is more than two times smaller thanin
ergy, not the free energy, was used for the evaluatiohaf  the limit of smallp. This reduction of the spin susceptibility,
Furthermore, we takex.s=x and Tor=0, as discussed and thus off, stems from the absence of exchange splitting
above. of the heavy-hole subband f&rL M.

The spin density of statgs, is related to the carrier magnetic
susceptibility according tov=Ar(g* ug)?pJ/4 and, in gen-
eral, has to be determined numerically by compufinpgM ].
By expanding B(M) we arrive at,
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As described aboveél - can be computed by minimizing and to determine the actual spin configuration corresponding
the free energy, and without referring to the explicit form of to the ground state. Preliminary results appear to confirm the
the Kohn-Luttinger amplitudes;,. Since neafT the rel-  validity of the MFA>®*"as well as to indicate the possibility
evant magnetizatioM is small, the carrier free energy, and of the existence of noncollinear magnetic structures in low-
thusT¢, can also be determined from linear response theorydimensional  systen®. Another significant  recent

The corresponding assumes the standard form development is the examination of spin-wave excitations,
5 their spectrum and effect on magnetization. A strong reduc-
p—lim8> (Ui il smluj i i (K)[1—F(k+q)] tion of T was predicted® though it should be noted that the
=

Ej(k+aq)—Ei(k) ' spin-wave approximation usually breaks down at criticality.
In contrast, such an approach offers valid results at low tem-
) ) peratures, provided that effects of magnetic anisotropy are
wheres,, is the component of the spin operator along theihoroughly taken into account. Furthermore, the existence of
direction of magnetization anfj(k) is the Fermi-Dirac dis- 3 ferromagnetic ground state was confirmed dly initio
lence ofps as given by Egs(6) and(8) can be checked for  compound$®°%° However, to what extent the procedures

the 4x4 spherical model by using the explicit forfiof  employed are able to capture correlation effects on the open
Ei(k) andu; . Such a comparison demonstrates that almost g shells accurately seems to be still unclear.

30% contribution toT originates from interband polariza- Finally, we would like to stress once more that, if the

tion. concentrations of carriers and spins become compargeple,
As discussed elsewhéfé® it is straightforward to gen- <t randomness associated with the competition of ferro-
eralize the model for the case of carriers confined t0 @nagnetic and antiferromagnetic interactions can drive the
d'dimensional Space. The tendency tOWard the formation O&ystem toward a Spin_g'ass phéém the case of II-VI com-
spin-density waves in low-dimensional systéfi§ as well  pounds, the antiferromagnetic component is additionally en-
as pOSSible Spatial correlation in the distribution of the mag"arged by the Superexchange interacﬁaﬁurthermore, scat-
netic ions can also be taken into account within the formaltering by ionized impurities, and the associated nonuniform
ism considered here. distribution of carriers in semiconductors near the MIT, may
Since within the mean-field approximatiaFA) the  enhance disorder effects even further. We note also that in
presence of magnetization fluctuations is neglected, ouhe extreme case,<r g the Kondo effect, that is, dynamic
model may lead to an overestimation of the magnitud®!of  screening of the localized spins by the sea of carriers, may

and thus Oﬂ—c . To address this question we recall that thepredude both ferromagnetic and spin-g|ass magnetic
decay of the strength of the carrier-mediated exchange integrdering.

action with increasing distance between the spins de-
scribed by the RKKY function, which in the three-
dimensional situation assumes the fo#m°

g0 1K

IV. COMPARISON OF THEORETICAL AND
J(r)~[sin(2ker) — 2ker cos(ZkFr)]/(ZkFr)“. (9) EXPERIMENTAL RESULTS FOR (Ga,Mn)As

In the case of semiconductors the average distance between A. Curie temperature and spontaneous magnetization

the carriersr.=(4mp/3)” 3 is usually much greater than The most interesting property of GaMn,As epilayers
that between the spinss=(47xNy/3)~ Y. This means that is the large magnitude df, up to 110 K for the Mn con-
the carrier-mediated interaction is ferromagnetic and effeceentrationx=5.3%2" Because of this highlc, the spin-
tively long range for most of the spins as the first zero of thedependent anomalous contribution to the Hall resistage
RKKY function occurs at ~1.17% . A theoretical study of persists up to 300 K, making an accurate determination of
critical exponents for @-dimensional space showed that asthe hole density difficulf:}*~1® However, the recent
long aso<d/2 in the dependencé(r)~1/r4"° the mean- measuremeft of Ry, up to 27 T and at 50 mK yielded an
field approach to the long-wavelength susceptibifyT) is  unambiguous value op=3.5x 10°° cm 3 for the metallic
valid, a conclusion presumably not affected by disorder inGa, g,Mng osAS sample in whichTc = 110 K is observed.
the spin distribution. At the same time, both the relevantThe above value o is about three times smaller thaiN,,
length scaler, (notrg) and the critical exponerts =2 confirming the importance of compensation (i@a,MnAs.
—o and v=1/o point to much faster decay of(q) with g  As shown in Fig. 4, the numerical results leadTig=120 K
than that expected from the classical Ornstein-Zernikdor x=0.05, and thus =128 K for x=0.053 andp=3.5
theory>® This indicates that the MFA should remain valid x 10?°° cm™3. We conclude that the proposed model, with the
down to at leasfT—T¢|/Te~rg/r.<1. Actually, the decay presently known set of material parameters, describes the
of x(q) with g in the range 8.q<2kg is corroborated by high values ofT. found in (Ga,MnAs. Furthermore, the
the observation of smaller critical scattering of the holes byscaling theory of electronic states near the MIT, discussed in
magnetization fluctuations than that calculated fgiq) Sec. Il B, makes it possible to explain the presence of the
=x(0)Y ferromagnetism on both sides of the MIT, and a noncritical
Recently, Monte Carlo studies of carrier-mediated ferro-evolution of T across the critical poirftA comparison be-
magnetism in semiconducors have been initidfed.Such  tween theoretical and experimental data in a wider range of
an approach has the potential to test the accuracy of the MFMn and hole concentrations requires reliable information on
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the hole density in particular samples, which is not presentlysm 1.0 =
available in the case dfza,MnAs. s i
In the case ofZn,Mn)Te:N, the hole concentration can =
readily be determined by Hall effect measurements at 30(2
K.** The absence of the anomalous Hall effect at 300 K
stems from the much lower values B¢, 0.75<=T<2.4 K
for 5%=x=2% and 1&°<p=<10?° cm 2. The model in
question satisfactorily explaing:(x,p).** Three effects con-
spire to makeT. much greater in g6a,MnAs than in
p-(Zn,Mn)Te at givenp andx. First, as already mentioned,
the small value of the splitting, makes the reduction dfc
by spin-orbit coupling of minor importance in the case of &
(Ga,MnAs. Second, because of the smaller lattice param-
eter, the producBN is greater in(Ga,MnAs. Finally, fer-
romagnetic double exchange between close-lying pairs o=
Mn ions is stronger than antiferromagnetic superexchange irx
compensatedGa,MnAs. In contrast, antiferromagnetic su-
perexchange remains significantpa(Zn,Mn)Te, as the Mn
atoms are electrically inactive in 11-VI compounds.
Important characteristics of ferromagnets are the magni-
tude and temperature dependence of the spontaneous magr
tization M below T.. Experimental studies of metallic
samples indicate that on lowering temperatMrencreases as
the Brillouin function reaching the saturation valive, for
T—0.” This behavior indicates that the molecular fiéld
acting on the Mn spins is proportional to their magnetization ~ 0:0 v

LATIVE MAGNETI

®

BN, = 1.2 8V
A =12

RELATIVE MAGNETIZATIO

v 1 |
0.4 0.6 0.8 1.0

L)
M. Figure 5 presents values bf/M; as a function off/ T 0.0 0.2
calculated with no adjustable parameter fGa,MnAs con- RELATIVE TEMPERATURE 7/T
taining various hole and Mn concentrations. We see that in-
deed the computed Mn spin magnetizativh(T)/Mg fol- FIG. 5. The computed spontaneous magnetizatiobelow the

lows, to a good approximation, the Brillouin function, except Curie temperatur@c for various hole concentrations(a) and Mn

for materials with rather small values pfor large values of ~ contentx (b) in Ga ggMng osAS (points. If the exchange splitting of

x. The latter cases correspond to the half-metallic situationthe valence band is much smaller than the Fermi endegge p,

for which only the ground-state hole subband is populatedima”x): the evolution of magnetization follows the Brillouin func-

even atM <My, so that the molecular field produced by the tion (dashed lines

carriersH* attains its maximum value and, therefore, ceases

to be proportional ta\M. Nevertheless, the saturation value M.=— lim dG.(H)/dH, (10

Mg can be reached provided that the temperature is suffi- T.H=0

ciently low, kgTes<SgugH*. Such half-metallic behavior

is observed in the case of ferromagnetic correlation imposedhere the Gibbs thermodynamic potential is calculated for a

by a dilute hole liquid in(Cd,Mn)Te quantum well$3 given value of the Mn spin magnetizatidh and the Fermi

energyer(M) as a function of the magnetic field acting on

the carriersH. In general, the eigenvalue problem for the

holes in the magnetic field cannot be transformed into an
The magnitude of the magnetization presented in the prealgebraic equation. Such a transformation is possible, how-

vious section was computed neglecting the possible contriever, if the warping is neglected. We have therefore calcu-

bution originating from hole magnetic moments. Such a conilated the hole magnetizatidvl, disregarding the anisotropy,

tribution can be significant as the hole liquid is spinthat is, assuming;=6.85, y,=y3=2.58, andk=1.2. The

polarized for nonzero magnetization of the Mn spins. Be-explicit form of the relevant Luttinger matrices is displayed

cause of the spin-orbit interaction, the hole magnetizationn Appendix A. The partition functiorz was computed by

consists of two components. One comes from the magnetisumming over the Landau index the wave vectok,, and

moments of the hole spins, described by the Lafadtor of  the six hole subbands.

the free electrons and the Luttinger parameterAnother The results of the computations are shown in Fig. 6,

contribution, absent for localized carriers, originates fromwhere M. is plotted as a function ofp for Bg

diamagnetic currents, whose magnetic moments can be ori= A BM/6gug=—30 meV. In this paper, for the sake of

ented along the spin polarization by the spin-orbit interaccomparison with experimental results, we depict the magne-

tion. Evaluation of the latter requires the inclusion of thetization in Sl units according touoM (T)=4710 *M

Landau quantization in th&-p Hamiltonian. The carrier (emu. The diamagneticorbital) contribution toM. is seen

magnetizatiorM . is then given by to be negative and dominant. The spin term is positive,

B. Hole magnetization and spin polarization
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FIG. 6. MagnetizationM. of the hole liquid (squares in
SPLITTING PARAMETER, IBGI [meV]

Ga _,Mn,As computed as a function of the hole concentration for
the spin splitting parametd;= —30 meV (which corresponds to
the saturation value of Mn spin magnetizatidh for x=0.05).
Crosses show spin and orbital contributiondvtg.

FIG. 8. Computed degree of spin polarization of the hole liquid
as a function of the spin-splitting parameter for various hole con-
centrations in Ga ,Mn,As (Bg=-—30 meV corresponds to the

which for the antiferromagnetic sign of the p-d exchange,saturation value of Mn spin magnetization fo# 0.05). The polar-

integral 8 indicates the negative sign of the hole Larfde- |zat|o_n of the hole spins is oriented in the opposite direction to the
. . S polarization of the Mn spins.
tor g, . The visible decrease of the spin contribution for large

p corresponds to a crossover to the free-electron vglue _
—2.0 occurring wherjeg| approaches\,. In Fig. 7, M, is of p andBg? FurthermoreP appears to control the magni-

plotted versus/ for variousp. It is seen that for the values of tude of thg anomalous_ Hall effect. It i; therefore interesting
the parameters employed. reaches only 5% ofuoM to determine the conditions under which the usual assump-
—65 mT. which correspon;:ics to the saturation value of Mmntion about the linear relation betweghand the magnetiza-
magnetization forx=0.05. The rather weak magnitude of 10N Of the Mn spinsM is fulfilled.

M. results from a partial compensation of the spin and or- The COI’!tI‘IbUt.IC?I’] Of. all four h.0|e. subbands to the Fermi
bital contributions toM; as well as from smaller concentra- cross section visible in Fig. 2 indicates that the exchange

tion and spin of the holes in comparison to those of Mn ion:;.Sp"tting is too small to lead to total spin polarization for
P P —3.5% 10° cm 3 andx = 0.05 (Bg|=30 meV). Further-

We conclude that delocalized or weakly localized holes give . > . .
a minor contribution to the total magnetization. Accordingly, MOre: & destructive effect of the spin-orbit interaction on the
M. is neglected when determining the direction of the eas;}nagthde ofP can be expectgd. In order to evalude
axes and the magnitude of the anisotropy fields. =2(sy)/p we note that, according to E{),

In view of the ongoing experimerfton electrical spin

injection from (Ga,MnAs, the important question arises: 2g9ug IF (M)
what is the degree of hole spin polarizatiBhas a function P= Bp oM (13)

0-0 - T T v T v T .

.*7?‘:3\.\‘3_ Figure 8 presents the dependencefofon Bg for the

E -0.5 Ty S~ T ~em . . experimentally relevant range pf We see thatP| tends to
s 1 . S~ T saturate with the increasin@Bg|, and thus withM. This
= -1.04 V. T ~oe 7 means that for large values of the splittiBg the magneti-
= 1 5' Tel T ] zationM evaluated from the anomalous Hall effect is under-
2 " 1| =12 B ] estimated. At the same time, the calculation demonstrates
N 2.0- BN, =-128V . ] that despite the spin-orbit interactid® becomes greater
& ] V. ] than 0.8 for 3Bg|>|eg|. This is due to the fact that the
& -2.5- o axio®em® | T 4 redistribution of the holes over the spin subbands occurs in
3 1 o 10 em® NN 1 the way that maximizes the gain of exchange energy, and
w -3.04 v 4x10® om® e . thus the magnitude ofP|. This is in contrast to the case
Q 1 1 |er|>|Bg|, for which the spin polarization is reduced by a

-3.5 0 j 2'0 j 4'0 ) 6'0 factor greater than 2 from the value corresponding to the

absence of spin-orbit coupling at low hole concentrations.
We also note that because of the antiferromagnetic character

FIG. 7. Computed hole magnetizatidt, as a function of Mn  Of the p-d coupling BN,<0) the polarization of the hole
spin magnetization M for various hole concentrations in Spins is oriented in the opposite direction to the polarization
Ga, _Mn,As. of the Mn spins.

Mn SPIN MAGNETIZATION, p M [mT]
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C. Easy axis and anisotropy field v v v T v T v Y
—0—18,| = 40 meV
=<= 1Bl =20 meV
= & -|B =10 meV

M. [SI]

cu s

Early studies of a ferromagnetic phase(@®a,MnAs ep-
ilayers already demonstrated the existence of substanti
magnetic anisotrop§? Magnetic anisotropy is usually asso-
ciated with the interaction between spin and orbital degree
of freedom of themagnetic electrons. According to the
model in question, these electrons are in thecdnfigura-
tion. For such a case the orbital momentum 0, so that no
effects stemming from the spin-orbit coupling are to be ex-g
pected. To reconcile the model and the experimental obserZ
vations, we note that the interaction between the Iocalizedij
spins is mediated by the holes, characterized by a nonzer&
orbital momentum. An important aspect of the present model
is that it does take into account the anisotropy of the carrier-
mediated exchange interaction associated with the spin-orbit FIG. 9. Computed minimum magnetic fiet,,, (divided byM)
coupling in the host material, an effect difficult to include necessary to align magnetizatidh along the hard axis for cubic
within the standard approach to the RKKY interaction. (unstrainedl Ga, _,Mn,As film. As a function of the hole concen-

We start by considering an unstrained thin film with thetration and the spin-splitting parametg , the easy and hard axes
[001] crystal direction perpendicular to its plane. The linearfluctuate alternately betwe¢#10] and[100] (or equivalent direc-
response is isotropic in cubic systems but magnetic anisotions in the plane of the film. The symbidl10] — [100] means that
ropy develops for nonzero magnetization: the hole energyhe easy axis is alonfl10], so thatH, is applied along/100]
depends on the orientation & with respect to the crystal (Be=—30 meV corresponds to the saturation value Noffor
axes and, because of stray field eneEgy on the angle®  Ga.eMnoosAs).
betweenM and the normal to the film surface. A computa- o ) i
tion of the hole energieE[M] for relevant parameters and As shown in Fig. 2, strain has a rather strong influence on
[100], [110], and [111] orientations ofM indicates that the_valence s_ubbands._ It can therefore be expected that mag-
EJM] can be described by the lowest-order cubic anisotnetic properties resulting from the hole-mediated exchange

ropy, so that, taking the stray field energy into accdfint, ~ €an be efficiently controlled by strain engineering. Indeed,
sizable lattice-mismatch-driven strain is known to exist in

semiconductor layers. In some cases, particularly if epitaxy

Q)

H_/

ELD,

SOTROPY FI

HOLE CONCENTRATION [10” em™]

Ec(M,0,¢)—Ec(M,7/2,0) occurs at appropriately low temperatures, such strain can
persist even beyond the critical thickness due to relatively

=K4(M)cog0 + K, (M)(sin*® sirfe cofe high barriers for the formation of misfit dislocations. We
evaluate the magnitude of the resulting effects by using the

+5sinfO cos0), (12 Bir-Pikus Hamiltoniar’® adapted for biaxial strain, as shown

in Appendix A. Three parameters control strain phenomena
whereK 4(M)=2m7M?2. For 4K 4< — K, the easy axis is ori- in the valence band: the deformation potentiataken ash
ented alond111] or equivalent directions. Otherwise, as is = —1.7 eV® the ratio of elastic modult,/c,;=0.453%
usually the case for parameters(@a,MnAs, M lies in the  and the difference between the lattice parameters of the sub-
(001) plane, and the easy axis is directed along[t@)] for ~ strate and the layefa. The last is related to relevant com-
K¢1>0 or along thg110] (or equivalent crystal axis in the ponents of the strain tensor according to
opposite case. It turns out that the sigrkqf depends on the

degree of occupation of the hole subbands as well as on their €xx= €yy=Aala, (13
mixing by the p-d and- p interactions. As a result, the easy

axis fluctuates betweed00] and[110] as a function ofp. €7~ —2€4,C12/Cq1. (14)

To quantify the strength of the cubic anisotropy(iBa,M-

n)As we computed.;(M), and then the minimum magni- We have found that biaxial strain has a rather small influ-

tude of an external magnetic fielti,,=2|K /M| (or  ence onTc. In the experimentally relevant range of hole
moHcu=2|K¢1 /M| in Sl unit, that aligns the spontaneous concentrations % 10°%>p>10*° cm 3, both tensile and
magnetizationM along the hard direction. Figure 9 shows compressive strain diminisii.. The relative effect attains
how H.,/M and the direction of the easy axis oscillate as aa maximum at p~2x107® cm 3, where [Tc(exy
function of p for variousBg=AgBM/6gug. As expected, —T(0)]/Tc(0)~—-2.4% and—4.9% for €,,=1% and

H., tends to zero wherB; decreases. Nevertheless, for —1%, respectively. However, such a strain leads to uniaxial
|Bg|=40 meV (uoM~85 mT), ugHc, Up to 0.2 T can be anisotropy, whose magnitude can be much greater than that
expected. Since, however, the orientation of the easy axigesulting from either cubic anisotropy or stray fields. The
changes rapidly withp and Bg, intrinsic and extrinsic corresponding anisotropy field,, assumes the form
disorder—which leads to broadening of hole subbands—will

presumably diminish the actual magnitude of the magnetic H,,=|2{E([001])— E¢([100))}/M +47M| (emu),
anisotropy. (15

195205-9



T. DIETL, H. OHNO, AND F. MATSUKURA

[si]
w
=1

COMPRESSIVE STRAIN ¢ = -1% I ]

H IM
un
N
(3]

20

15

10

=D=1B_| = 10 meV
=0=|B | = 20 meV
= A =B | =40 meV

REL. ANISOTROPY FIELD,

[si

| v v v ) v v
g TENSILE STRAIN ¢ = 1% I
I:
a
g [001] -> [100] I
i
3 <
o
&
-
o
@
Z
<
|
w
@

2 3
HOLE CONCENTRATION [10%° cm™]

FIG. 10. Computed minimum magnetic field,,, (divided by
M) necessary to align magnetizatidn along the hard axis for
compressivéa) and tensilgb) biaxial strain in a Ga_,Mn,As film
for various values of the spin-splitting parameBgy. The easy axis
is along the[001] direction and in th€001) plane at low and high
hole concentrations for compressive strain, respectivaly The
opposite behavior is observed for tensile strédi The symbol
[100]—[001] means that the easy axis is aldd@0], so thatH ,, is

applied alond001] (Bg=—30 meV corresponds to the saturation

value ofM for Gay ggVIng g5AS).

toHun=2{Ec([001]) — E¢([ 100D }/M + poM| (Sl),(16)
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FIG. 11. Computed minimum magnetic fiekdl,, necessary to
align the saturation value of magnetizatibh, along the hard axis
as a function of biaxial strain componesy, for two values of the
hole concentration in GagMnggsAs. The symbol[100]—[001]
means that the easy axis is aldd@0], so thatH,,, is applied along
[o01].

lar, for a Ga gogdVINg o3dAS film on GaAs, for whiche,,=
—0.2%, the anisotropy fieldugH, ,,=0.4£0.1 T is
observed? in quantitative agreement with the theoretical re-
sults of Fig. 11.

Finally, we mention that strong strain effects may suggest
the importance of magnetostriction in the studied com-
pounds. We have not explored this issue yet, and note that
prior to its examination the question concerning the collec-
tive Jahn-Teller effect in heavily dopguttype zinc-blende
semiconductors has to be addressed.

D. Optical absorption and magnetic circular dichroism

In the case of 1I-VI diluted magnetic semiconductors, de-
tailed information on the exchange-induced spin splitting
of the bands, and thus on the coupling between the
effective-mass electrons and the localized spins, has been
obtained from magneto-optical studf@€®  Similar
investigation®37:67.58f (Ga,MnAs led to a number of sur-
prises. The most striking was the opposite order of the ab-
sorption edges corresponding to the two circular photon po-

where the last term describes the stray-field effect. Accordharizations in(Ga,MnAs compared to 1I-VI materials. This
ing to the results of computations presented in Fig. 10, in dehavior of circular magnetic dichrois(iviCD) suggests the
region of such low hole concentrations that minority spinopposite order of the exchange-split spin subbands, and thus

subbands are depopulated, the easy axis takef0tHg di-
rection for compressive strain, while it is in tli@01) plane

a different origin of the sp-d interaction in these two families
of diluted magnetic semiconductof®MS). Light was shed

for the opposite strain. Such a behavior of the magnetic anen the issue by studies of photoluminescefiee) and its

isotropy was recently noted within 244 model of the va-

excitation spectra(PLE) in p-type (Cd,MnTe quantum

lence band! However, for the experimentally relevant hole wells3°*°It has been demonstrated that the reversal of the

concentrations and values Bf; (Figs. 10 and 1jlthe easy

axis is oriented along thE)01] direction for tensile strain,

order of PLE edges corresponding to the two circular polar-
izations results from the Moss-Burstein effect, that is, from

whereas it resides in th@01) plane for the case of un- the shifts of the absorption edges associated with the empty
strained or compressively strained films. This important reportion of the valence subbands in thdype material. This

sult, announced already in our previous wbakd recently
confirmed by other$ explains the experimental stutfyin

model was subsequently applied to interpret qualitatively the
magnetoabsorption data for metalli&a,MnAs3® Surpris-

which either aGa,InNAs or GaAs substrate was employed to ingly, however, the anomalous sign of the MCD was present
impose tensile or compressive strain, respectively. In particualso in nonmetallicGa,MnAs, in which an EPR signal from
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FIG. 12. Absorption edge ip-GaAs computed for two values FIG. 13. Absorption edge for two circular polarizations in
of the hole concentration. Inset shows three kinds of possiblé®-(Ga,MnAs computed for spin-splitting parametds=—10
photon-induced transition corresponding to particular valence submeV and hole concentration 3507 cm™2. Inset shows how the
bands. Absorption edges associated with electron transitions frorhermi sea of the holes reverses relative positions of the edges cor-
particular subbands are labeled. responding tar " ando~ polarizations. In general, electron transi-

. o tions from six valence subbands contribute to optical absorption.
occupied Mn acceptors was se@mnother striking property

of the .MCD is a different temperature dependenqe of th%hange energwNy=0.2 eV observed in 1I-VI semiconduc-
normalized MCD at low and high photon energies in ferro-tors. The theoretical results confirm that the Moss-Burstein
magnetic(Ga,MnAs.”" This observation was taken as evi- effect accounts for the sign reversal of the magnetic circular
dence for the presence of two spectrally distinct contribugichroism. The energy splitting of the absorption edge de-
tions to optical absorptioft. . . pends onw but its magnitude is similar to that observed
We be_gln by noting that according to our tWC_J-ﬂUId mode_l experimentally®® A detailed comparison requires, on the one
the coexistence of strongly and weakly localized holes i1and, experimental information about the absolute values of
actually expected on both sides of the MIT. Since the Moss-a(w) and, on the other, more careful consideration of band-
Burstein effect operates for interband optical transitions i”TaiIing effects. Furthermore, contributions from intra-
volving weakly localized states, it leads to a sign reversal of glence-band and intra-d-shell transitions are expected at the
the I\/IQD on the insulating S|_de of the MIT also. Conversely,|gw- and high-energy wings of the absorption edge, respec-
the existence of the MCD sign reversal can be taken as exyely. We predict that not only the former but also the latter
perimental evidence for the presence of Fermi-liquid-likey pe substantially enlarged in p-type materials. Indeed, the

states on the insulating side of the MIT. empty valence band states allow for admixtures of p-like
In order to shed some light on these issues we calculatgiates to the localized d orbitals.

absorption and MCD spectra in a model that takes the com- The magnetization-induced splitting of the bands is seen
plex str_ucture of the valence band into account. The bang, |ead to a large energy difference between the positions of
gapE, is expected to depend on both Mn and hole concentne ahsorption edges corresponding to the two opposite cir-
trations due to the alloy and band-narrowing effects. To tak@y|ar polarizations. This may cause an unusual dependence
Fhls dependence_ into account as well as to include d'ISOTdEBf the low-energy onset of MCD on magnetization, and thus
induced band—tall_effecfgwe assume, guided by experimen- o temperature. In particular, a standard assumption about
tal results to be discussed below, thgt=1.2 €V. Our com-  the proportionality of MCD and magnetization becomes in-
putation of the absorption coefficient(w) is performed yalid. To find out whether this large splitting is responsible
according to a scheme outlined in Appendix B, taking thefor the anomalous temperature dependence of MCD at low
electron effective maseg =0.07m,, the Kane momentum photon energie¥’, we compute the differential transmission
matrix elementP=9.9x 108 eV cm, and the refractive in- coefficient that was examined experimentalfly,
dexn,=3.5. As shown in Fig. 12, contributions t® origi-
nating from particular valence bands are clearly visible. Be- A=(TT=THIT +T7). (17
cause of the Moss-Burstein shift, the onset and the form of
a(w) for particular transitions depend on the hole concenHere T* and T~ are the transmission coefficients for right
tration. In particular,a(w) corresponding to the light-hole and left circularly polarized light. To take the effect of inter-
band exhibits a steplike behavior which, in the case of thderence into accouri, these coefficients are calculated for
heavy-hole band, is broadened by warping. While no quanthe actual layout of the samples, which consisted of a trans-
titative data onx(w) are available fo(Ga,MnAs, the com-  parent (Ga,A)As etching stop layer and the absorbing
puted magnitude and spectral dependence(af) correctly ~ (Ga,MnAs film, each 200 nm thick. The same value of the
reproduce experimental results forGaAs’? refractive indexn,=3.5 is adopted for both compounds.

The influence of the sp-d band splittings on the absorption Figure 14 shows the ratié(w)/A(1.78 e\j computed for
edge is shown in Fig. 13. The computation is carried out fop=3.5x 10°° cm™2 and variou8g~ M. In the range of high
the Faraday configuration and with the value of the s-d exphoton energiesp>1.6 eV, the results collapse onto one
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FIG. 14. Spectral dependence of magnetic circular dichroism in LATTICE PARAMETER, a_[10°cm]
p-(Ga,MnAs computed for hole concentration X40?° cm™3 and ¢
various spin-splitting parametel; . The magnitudes of MCD at a FIG. 15. Energy of p-d exchange interaction for various mate-
given Bg are normalized by its value at 1.78 eV. rials containing 5% of Mn in cation sites as a function of lattice

parameter. The values shown by solid squares were determined
curve for all values of Bg. This means thatA(w)  from excitonic splittings in the magnetic fie{®efs. 22, 42, 72, and
=M(T)f(w) in this range, wherd(w)~T *dT/dw. How-  79) while the empty symbols denote values evaluated from photo-
ever, in the region of the absorption edge, the dependence emission datgRefs. 24 and 78 Solid and dashed lines represent
A onBg is by no means linear, so that the normalized valuegormulas adopted for the determination of the exchange energy for
A(w)/A(1.78 eV} do not follow any single curve. As seen, other materials, as shown in Tables | and Il below.
A(w)/A(1.78 e\) peaks at a larger value for smallBg .
This is the behavior found experimentaffyWe conclude the case of II-VI semiconductors,;=0.0297 forx=0.05
that the two observed distinct spectroscopic regibnserre-  and Tar=1 K, except for (Zn,Mn)Te, where Tpe=2.9
spond to standard band-to-band transitions, for which thé&,*42and(Cd,Mn)Te, for whichT =15 K.”
proportionality of A to Bg holds, and to the onset of the  The values of the parameters that are used to determined
absorption edge, which is shifted and made steeper by thehemical trends are summarized in Appendix C, Tables | and
Moss-Burstein effect. Actually, the peak values ofll, for cubic and wurzite semiconductors, respectively. If no
A(w)/A(1.78 e\) determined numerically for the low- experimentally determined values are available, the
energy region are even greater than that observed isffective-mass parameters are determined by fitting the ap-
(Ga,MnAs" presumably because of scattering broadeningropriatek- p model to results of band structure computa-

of the absorption edge, neglected in our model. tions. No lattice polaron corrections are taken into consider-
ation. Since we are interested in a relatively small
V. CHEMICAL TRENDS concentration of magnetic ions= 0.05, the effect of the Mn

incorporation upon the lattice and band structure parameters
is disregarded.

The ability of the present model to describe successfully In the case of ZnSe, the recently determifi€dvalues of
various aspects of the ferromagnetism{@ga,MnAs, as well  the Luttinger parameterg; lead to a negative hole mass for
as in(zn,Mn)Te*®*3has encouraged us to extend the theorythe [110] crystallographic direction, an effect not supported
toward othemp-type diluted magnetic semiconductors. In this by the existing theoretical studies of the valence band struc-
section, we present material parameters that have beedure in this material>’®Accordingly, an older séf of y; had
adopted for the computations presented elsewhive.also  been taken for the previous calculatibithe present values
supplement the previous resflisy the data for(In,Mn)N, of y, are within experimental uncertainties of the current
(Zn,Mn)S, (Cd,Mn)S, and(Cd,Mn)Se. Along with Si and determination§ and, at the same time, lead to a good de-
Ge? we take into consideration here carbon in the diamondscription of the computed band structure of the valence band
structure. For concreteness, we will assume that 5% of thin ZnSe’®
cation sites(i.e., 2.5% of atom sitgsare occupied by Mn In addition to the spin density of states at the Fermi level,
ions in the d 2+ charge state, and that the correspondingthe Curie temperature is proportional to the square of the p-d
localized spinsS=3% are coupled by the indirect exchange exchange integraB. Figure 15 presents the magnitudes of
interaction mediated by 3:510?° holes per cri. The en- the exchange energgN, as determined by photoemission
hancement effect of the exchange interaction among thend magneto-optical studies for various DMS containing
holes is described by the Fermi-liquid parame§er=1.2. As  about 5% of Mn. The values df3N,| are seen to increase
explained in Sec. Il B, no influence of the antiferromagneticwhen the lattice parameter decreases. This trend &ems
superexchange is taken into account in the case of the groufi®m the corresponding changes in the charge-transfer and
[1I-V and IV semiconductors, in which the Mn supplies both correlation energies as well as from a dependence of the p-d
localized spins and holes. By contrast, it is assumed that ihybridization energy on the bond lendit{® It should, how-

A. Material parameters
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2 2.5% of Mn in the 2 charge state and occupying substitu-
AIP | tional sites are also included. The most remarkable result is a
A|A3| strong increase of ¢ for materials consisting of lighter ele-
GaN | ments. In fact,T; exceeding room temperature is expected
GaP| for C, GaN, InN, and ZnO for the assumed values of the Mn
GaAs| and hole concentrations. It has been checked for GaN that
GaSb | the value ofT for the zinc-blende modification of this ma-
InN terial is greater by 6% than that for the wurzite case.

By comparing results of numerical calculations with the
general Eq.(7) for T¢ three interrelated mechanisms ac-
counting for the chemical trends visible in Fig. 16 can be
identified. First, the reduction of the spin density of states
C‘ |' et and thusT¢ by the spin-orbit interaction ceases to operate in
Si | materials with light anions. Second, the effective mass and

Ge | thus the density of states tend to increase for materials with
ZnO || stronger bonds. Finally, a smaller lattice constant at given
ZnS | corresponds to the greater value Ng§x, the density of the
ZnSe | magnetic ions. It should be noted at this point tiat is
proportional tos?, assumed here to be material independent.
ZnTe|
CdsS | This assumption corresponds, however, to a strong increase
CdSe | of |BNy| with decreasing lattice constant, as shown in

T ' —r—rr It can be expected that the chemical trends established

10 100 1000 here will not be altered by the uncertainties in the values of
CURIE TEMPERATURE [K] the relevant parameters. Our evaluation of the strength of the
. . ferromagnetic interactions mediated by the holes is qualita-

FIG. 16. Curie temperatures evaluated for various IItgp tively valid for Mn, as well as for other magnetic ions, pro-
pane) as well group IV and II-VI semiconducting compounds yided that two conditions are met. First, the magnetic elec-
(lower panel containing 5% of Mn per catiofor 2.5% per atomin — rons stay localized and do not contribute directly to the
2+ charge state and 3:510°” holes per crf Material parameters  Fermj sphere. Secondly, the holes are delocalized and, in
adopted for the calculation are displayed in Appendix C, Tables lparticular, do not form small magnetic polarons, such as

and II. Zhang-Rice singlet$

InP |
InAs |

ever, be recalled thdt, in contrast to the average value of the

lattice constant, does not obey the Vegard law in alloys but VI. SUMMARY AND OUTLOOK
rather conserves the value corresponding to the end , o ,
compoundg? In this paper, a theory of ferromagnetismprype zinc-

Thus, in order to obtain the values BN, for materials blende and wurzite semiconductors containing a sizable con-

for which no direct determination is available, guided by thecentra(;lorr]] of mag?]etlc I|ons has beenf ;f)]rolp%sed._ It haﬁ bfeen
results presented in Fig. 15, we assupié,—a,°, e, g argued that over the relevant range of hole densities the fer-

=const. More explicitly, for groups IlI-V and IV semicon- romggnetlc coupling 'between the Iocallzgd SpINns 1S prlmarlly
mediated by delocalized or weakly localized holes residing
ductors we take . . ; : :
in a p-like valence band. Accordingly, particular attention

Buy = B(GaMnAS. (18  has been paid to incorporating into the Zener model the ef-
fects ofk-p and spin-orbit interactions as well as of biaxial
Similarly, for the II-VI materials, strain. It has been assumed that, like other thermodynamic
properties of doped semiconductors, the Curie temperature is
Bivi =B(ZNMnSe, (19 not affected by disorder, despite the proximity to the metal-
where the p-d energyBNo(GaMnAs)= — 1.2 eV and insulator transition. The_ effects of the carrier-qarr_ier interac-
BNo(ZNMnSe)= —1.3 eV’ tions have been taken into account by a density-independent

Landau renormalization of the carrier spin susceptibility. It
has been demonstrated that the theory describes qualita-
tively, and often quantitatively, a body of experimental re-
Figure 16 presents the calculated values of the Curie temsults accumulated over recent years (Ga,MnAs. In par-

peratureT¢ for 1lI-V and [I-VI semiconductors containing ticular, the Curie temperature, the saturation value of the
5% of Mn in the cation sublattice and %8.0?° holes per magnetization, the hole spin magnetization and polarization,
cn. It has been assumed that the Mn remains in tAe d magnetic anisotropies and magnetoelastic effects, optical
configuration in all compounds, although it seems that otheabsorption, and magnetic circular dichroism have been
situations are possible, such as tHecdnfiguration of Mn in  interpreted.

GaP® The data for diamond structure C, Si, and Ge with Giant negative magnetoresistance, a sharp field-induced

B. Curie temperatures
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insulator-to-metal transitiof, and a sizable increase of high- witness many unforeseen developments in the field of
frequency conductivity with increasing magnetic fféldiere  carrier-mediated ferromagnetism in semiconductors.
observed imp-(Hg,Mn)Te. Those findings were attributed to

the growing participation of the light holes in transport when

the p-d exchange splitting increasé§? This implies a shift ACKNOWLEDGMENTS

of the Drude weight from high to low frequencies as a func-

Th k at Tohoku Uni it ted by the Ja-
tion of the valence band splitting. Such effects in both dc S work aL JDNOKU LIVEISity as SUPportec by The Ja

s pan Society for the Promotion of Science and by the Minis-
(Refs. 14 and 8Band ac(Refs. 84 and 8bconductivity have . of Equcation, Japan; the work in Poland by the State

more recently been detected (Ba,MnAs, and can qualita- committee for Scientific Research, Grant No. 2-PO3B-

tively be interpreted in the same way. This provides addi55417 and by the Foundation for Polish Science
tional support for our conclusion about the similarity of the ’ '

mechanisms accounting for the hole-mediated exchange in-
teraction in 11-VI and 1ll-V magnetic semiconductors. How-
ever, our work identifies also an aspect of ferromagnetism,
that points to a difference between these two families of The purpose of this Appendix is to provide the explicit
magnetic semiconductors. In the case of II-VI compounds, &orm of the effective-mass Hamiltonian that, in addition to
short-range antiferromagnetic superexchange lowers thghe standard-p and strain terms® contains a contribution
magnitude ofT. This lowering appears to be much less of the p-d exchange interaction in the molecular-field ap-
efficient in Ill-V semiconductors, where the Mn ions act asproximation. This is a generalization of previous
acceptors, compensated partly by donor defects. Thus, trepproache$® by allowing for arbitrary orientation of the
localized holes reside preferentially on the Mn pairs, so thatmagnetizatiorM with respect to the crystal axes.

the hole-mediated ferromagnetic coupligvariant of Zen- Zinc-blende semiconductors are considered first. We take
er's double exchangean overcompensate the antiferromag-into account explicitly foul"s and twol ', valence subbands,
netic superexchange. Accordingly, the calculations for th&or which we choose the basis functions in the form

[1I-V compounds have been carried out assumigg=0 and

APPENDIX A: EFFECTIVE-MASS HAMILTONIANS

TAF: 0 .
The model put forward here has also been used to explore 1 _
the expected chemical trends. It was found that particularly UFE(X'HY)Ty (A1)

large values of the Curie temperature are expected for mate-

rials built up from light elements. However, important issues

of solubility limits and self-compensation need to be ad-

dressed experimentally. In particular, the pinning of the 1 .

Fermi energy byAX-type centers or other defects can pre- UZZ'%[(X’L'Y”_ZZT]’ (A2)

clude an increase of hole concentration in many systems.

High-pressure research can shed some light on this issue.

Since, in general, 1lI-V compounds can be more easily be

doped by impurities ti_igt are electrically a_ctive, Wherea_s a u3=i[(X—iY)T+22i], (A3)

large quantity of transition metals can be incorporated into \/6

[I-VI materials, the suggestion has been put forward to grow

magnetic 111-V/1I-VI short-period superlatticéS.Further nu-

merical and experimental studies of magnetic semiconduc- 1

tors as well as of heavilp-doped nonmagnetic systems are Us=i—=(X—-1iY)], (A4)

expected to improve our understanding of the hole-mediated V2

ferromagnetism in zinc-blende and wurzite compounds.

This, together with exploration of quantum structures as well

as of codoping and coalloying, may lead to fabrication of 1 )

functional systems. Uszﬁ[(xJr i)l +Z1], (AS5)
On the theoretical side, further work is necessary to evalu-

ate quantitative corrections to the mean-field theory brought

about by thermodynamic fluctuations of magnetization. Ef- L

fects of disorder associated with both random distribution of . .

magnetic ions and fluctuations of carrier density near the uﬁ_'ﬁ[_(x_'Y)TJFZU’ (AB)

metal-insulator transition are other open issues. In particular,

the nature of the evolution of static and dynamic magnetic

phenomena on approaching the strongly localized regime iwhereX, Y, andZ denote Kohn-Luttinger amplitudes, which

unknown. In this range, description of the effect of thefor the symmetry operations of the crystal point group trans-

carrier-carrier interaction in terms of the Landau theory ofform as g,p,, and g wave functions of the hydrogen atom.

Fermi liquids may break down. The above list of interesting In the above basis the corresponding Luttinger-Kohn ma-

problems is by no means exhaustive. No doubt we will soortrices assume the following forms.
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Here,

de: B

Here,

3b,w,
—i\3bw,
0
0
\/gbxW+

0

where in cubic materialb,=b,=1.

HBS:b
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1. k-p matrix
P+Q L M 0 iL/N2  —iy2M ]
L* P-Q 0 M —-i\2Q i\/3/2L
72 M* 0 P-Q —-L —iy32L* —i\20
2mq 0 M* —-L*  P+Q —i2M* —iL*/\2]|’
—iL*/\2  iy2Q  iV32L iV2M  P+A 0
CiVaMr o -Vl iV2Q L2 0 P+A |
P:71k2-
Q= ya(Ki+kj—2Kk3),
L=—i2V3y3(ke—ikyks,
M =3[ y2(k;—kZ) —i2y3kek,],
A=2myAy/h2.
2. p-d exchange matrix
iV3bw_ 0 0 J6b,w_ 0
(2b,—b,)w, 2ib,w_ 0 iv2(b,+b,)w, —2bw_
—2ib,w, —(2b,~bw, i\3bw_ V2bw,  —i\2(betbyw,
0 —i\3bw, —3b,w, 0 —J/6b,w.,
—iv2(by+b,)w, V2bw_ 0 —(2by—b,)w, ib,w_
—2bw,  i\2(btbyw, —Bbw_  —ibw, (2b,—b,)w,
Be=BM/6gup,
w,=M,/M,
W =(M,=iM)/M,
b,=B,/8,
b= Bx!B,
3. Biaxial strain matrix
[ -Q. 0 R, 0 0 —iV2R,]
0 Q. 0 Re  i\2Q. 0
R, 0 Q. 0 0 iV2Q,
0 R, 0 -Q. —iV2R, 0
0 —iy20. 0 iV2R, 0 0
LiV2R, 0 —-iv2Q, 0 0 0

(A7)

(A8)
(A9)
(A10)
(A11)

(A12)

(A13)

(A14)
(A15)
(A16)
(A17)

(A18)

(A19)
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Here,b is the deformation potential and
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Q= €2 (Exxt Eyy)/2,

Re= \/§( Exx— ny)/z.

(A20)

(A21)

Since we are interested in the effect of the biaxial strain in (0@l plane, only the terms involving the diagonal
components; of the deformation tensor are included. For the same reason, we allow for the corresponding anisotropy of the
exchange integralg,= B, # 8, although we expect that to a good accurgigy- 3, in real systems. The latter is assumed in

the main body of the paper.

In the presence of the magnetic fiedthe Luttinger-Kohnk-p matrix is a sum of the Zeeman and Landau pag,,

=H,+H,, whereH, is written below forB| [001] and neglecting some terms proportionahtp— 3.8’

Hz;=—gousB

0
0
i3kw_/2
—3KkW,/2
0
V6(k+1)w_/4

3KkwW,/2
—i\3kw, /2

0 — iKW,

0

iV3rkw_/2 0

KW,/2 i KW

— KW,/2
—i\3kw, /2

—B(k+D)W, /4 iV2(k+ D)W, /2 —\2(k+1)w_/4

0 V2(k+D)Wo /s —iN2(k+1)w,/2

—J6(k+1)w_/4
—iV2(k+1)w,/2
—2(k+1)w, /4
0
(k+1/2)w,
i(k+ 12w,

0
V2(k+1)w_14
iV2(k+1)w,/2
V6(k+1)w, /4|’
—i(k+1/2)w_
—(k+1/2)w, |

whereg, is the Landefactor of the free electron, and
w,=B,/B,
w.=B,*iB,.
For the Landau quantum number-0,

hy+S(y1+ y2)(2n—1) byn
—bynhi+s(y;—y,)(2n+1) 0
h2 cyn(n+1) 0
2Mo 0 cV(n+1)(n+2)
ibn/2 iq+iy2y,s(2n+1)
ic\2(n+1)n ib\3(n+1)/2
0 ib\n/2
—ig—iv2sy,(2n+1) ib\V3(n+1)/2
—by(n+2) iby3(n+1)/2
“hot (714 128(2n+5)  —ic\2(+1)(n+2)
icy2(n+2)(n+1) he+ y15(2n+1) 0
ib\(n+2)/2 0

195205-16

—icy2n(n+1)

—ig—iv2y,s(2n+3)

ib\(n+2)/2

hs+ vy4s(2n+3)

cyn(n+1)
cv(n+1)(n+2)

h+s(y1—v2)(2n+3)

byn+2
iby3(n+1)/2

iq+i\/§yzs(2n+3)

(A22)

(A23)

(A24)

(A25)
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Here,

s=eB/#, (A26)

hh=(y1-272)K:, (A27)

hi=(y1+2y2)KZ, (A28)

he=y:KZ, (A29)

q=—22y.kZ, (A30)

b=—i26sy3K,, (A31)

c=1/3s(72+ 73). (A32)

If n=0, the wave-function basis does not contain theerm, so that
- hi+s(y1—vy2)(2n+1) 0 V(n+2)(n+1)
0 hi+s(y1—¥2)(2n+3) —byn+2
= 1| T2+ D) byn+2 o+ (72+ 2)S(2n+5)

2Mo iq+iy2y,s(2n+1) ib\3(n+1)/2 ic\2(n+2)(n+1)
ib\3(n+1)/2 iq+iv2y,s(2n+3) ib\(n+2)/2

—ig—iy2sy,(2n+1) iby3(n+1)/2
ib\3(n+1)/2 —ig—iy2y,s(2n+3)

X —icy2(n+2)(n+1) iby(n+2)/2 . (A33)
hs+ vy4s(2n+1) 0
0 hs+ v48(2n+3)

If n=—1, the wave-function basis does not contain the u,, andus terms, so that

. hy+S(y1— v2)(2n+3) —byn+2 —ig—i\2y,8(2n+3)
0
iq+iv2y,s(2n+3) ib\(n+2)/2 he+ y;(2n+3)
|
If n=-2, the wave-function basis contains only theg 1
term, so that U,=—=(X—=iY)T, (A37)
H =—=—[hny+(y1+ y2)s]. A35
L 2m0[ ht(y1t y2)s] ( ) us=21, (A389)
The solution of the eigenvalue and eigenfunction problem 1
for the HamiltonianH=H,.,+Hyq+Hgg or, in the mag- Uy=—=(X—-iY)|, (A39)
netic field, H=H_ +H;+H 4+ Hgs gives the hole energies V2
g; and eigenvectorai(” for the six relevant hole subbands. L
=— —(X+iY A4
4. Wurzite compounds Us \/E( 1Y)l (A40)
For wurzite compounds, we chose the basis in the form Us=2Z1. (A41)
1
up=——=(X+iY)T, A36 ) )
! NA ( N (A36) In the above basis, thle- p matrix reads
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[ F  —K* —H* 0 0 0
—K F-2A, H 0 0 V24,
52| -H H*  L-A;—A, O V274 0
2my| 0 0 0 F —K H ' (A42)
0 0 V2A;  —K* F-2A,  —H*
0 24, 0 H* ~H L-A;—A,
|
Here, values of g, polar angled, and azimuth anglep in the
5 5 o k-vector space. Then the hole concentration is obtained by
L=Ak;+Ax(Ki+ky), (A43) integration ofS;k3(0,¢)/24m3 over cosd and ¢.
T=A3k§+A4(k)2(+ ks), (A44) In order to calculate the contributidvi; of the hole mag-
F—L+T A4S netic moments to the total magnetization, the eigenvalue
- ' (A45) problem is solved directly, making it possible to determine
Ky =kytiky, (A46)  the Gibbs thermodynamic potenti@l, ,
— 2
K=Ask’ . (A47) Ge=— S keT(eB2ah)In(L+exp(—[&:(n.k, . M)
H=Ack Ky, (A48) kg
where A; and A; are the valence band splittings akdp —eg]/kgT}). (B3)

parameters, respectively.

The p-d exchange matrix is given by We calculate the absorption coefficientfor the two cir-

cular polarizationse™, taking into accountk-conserving

Hpd electron transitions from the six valence subbands, ingiex
[bw, O 0 0 bWy, 0 ] the two spin branches of the conduction band, inflexs-
suming that the hole liquid is strongly degenerate. In such a
0 bw, 0 bw, 0 0 gl q 9
_3B, 0 0 byw, 0 0 b,w, .  4n2e?p? L
0O bw, 0 -bw, 0 0 at=——— 2 f d cosé
Accnw T J-1
bw, 0 0 0 —b,w, 0 )
_ 27 kijf(o)miD(w)
. 0 0 bw, 0 0 bW, Xf dp 20 2 2, (B4)
(A49) 0 8mh?
APPENDIX B: NUMERICAL PROCEDURE The wave vectork;(w, 6,¢) corresponding to 12 possible

transitions are determined by energy conservation and the
We aim at evaluating the Helmholtz free energy at  position of the Fermi level. The joint density of states effec-
given hole concentratiop as a function of the Mn magneti- tive mass corresponding to thelsg is given by
zationM,

Fo(p,M)= —kBTJ de N(g)In(1+exp{—[e(M)

1 (98i ) -t
(B5)

mi={ 1/m,——— —
r e ﬁzkij ﬁkij
—ep(p,M)1/kgT})+ peg(p,M), (B1)

where the thermodynamic density of stalé(e) = dp/de. If
T<200 K then in the cases studied the hole liquid is degen
erate, so thaF; assumes the simple form

The matrix eIementMif(a,cp) for the two light polariza-
tions and involving electron transitions to the spin-down and
Spin-up conduction subbands are given by

Fe(p,M) fpd "&(M,p’) (B2) Min=a®, (59

p.M)= p e(M,p).

‘ 0 M, =a®)\3+ia®273, (87)
Thus, in order to obtaiff .(p,M) we have to integrate the M =a?/\3-ial®2/3, (B8)

dependence of the partition function or of the Fermi energy Mo =a® (B9)

on the hole concentration for variob. The actual calcula- 27 S

tion proceeds in a standard way. First, the length of the wave
vectorsk;(6,¢) for each of the six hole subbands is deter-where ai' is the nth component of the eigenvector corre-
mined by solving the inverse eigenvalue problem for givensponding to theth valence subband &f;(6,¢).
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APPENDIX C: MATERIAL PARAMETERS

In Tables | and Il we summarize band structure parameters of parent compounds employed for the evaluation of chemical
trends in cubic and wurzite magnetic semiconductors.

TABLE |. Material parameters of selected cubic semiconductors TABLE Il. Material parameters of selected wurzite semiconduc-
and the values of the-d exchange energyN,. Except for the tors. The values of the lattice parametgy=(/3a%c)*® and the
parameters for which references are provided, the values of theplittingsA; of the valence band at tHe point in 1I-VI compounds
lattice constanty, spin-orbit splittingAy, and Luttinger param- are taken from Refs.76 and 90. Theoretical studies provide the pa-
etersy; are taken from Refs. 65, 76, 90, and 91. rametersA; and A; for GaN (Ref. 92 InN (Ref. 93, and A; for
Zn0O, CdS, and CdS&Rref. 75.

ag (A) Ag (eV) Y1 V2 V3 BNg (eV)

Material GaN InN Zn0O Cds CdSe
C 356 0.018 2548 -010 063 4.8
Si 5.43 0.044 4285 0.339 1.446 —1.35 ap (A) 4.503 4.974 4.567 5.845 6.078
Ge 5.66 029 1338 424 569 —1.20 Aq (V) 0.0036  0.017 0.04 0.030 0.039

AP 5.47 0.1 3.47 0.06 115 -1.32 A, (eV) 0.005 0.001 0.0 0.022 0.139
AlAs 5.66 0.275 3.25 0.64 121 -119 Az (eV) 0.0059 0.001 0.0 0.022 0.139

GaN 456 0.018 2463 0.647 0978 237 A, -64 —928 —241 -592 —10.2
GaP 545 0080 405 049 125 —1.34 A, -05 -06 —044 —0.70 -0.76
GaAs 5.65 0.34 6.85 2.1 29 -1 A; 5.9 8.68 2.11 5.37 9.53
GasSb  6.09 0.76 13.3 4.4 57 —0.9¢ A, -255 —434 —-106 —1.82 —32
InP 587 0.108 515 094 162 —1.07 As -256 —-432 -106 —1.82 —32
INAs  6.06 0.38 20.4 8.3 91 -0.99 As -306 -608 —-151 —136 —231
ZnS 5401 0.070 177 030 0.67 —1.5 BNo(eV) —237 —-178 —-248 -155 —127
ZnSe  5.67 043 295 06 111" -13

&Calculated from Eq(18).
bCalculated from Eq(19).
“Interpretation of magneto-optical da@ef. 22.
3. Willazen, M. Cardona, and N. E. Christensen, Phys. ReS0B %From magnetoabsorptidiRef. 94.
18 054(19949.

®Determined from Eq(18).

‘Determined from the data for the wurzite struct(f@ble 1I).

dReference 9@); in this paper the Dresselhaus parametend,N
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fErom theoretical studie@ef. 75.
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RDeterminations of these values is discussed in the main body of the

text.

'From magnetoreflectivityRef. 79.
IFrom magnetoreflectivityRef. 42.

kFrom magnetoreflectivityRef. 72.

ZnTe  6.10 0.91 3.8 0.72 13 -—11
CdTe 6.48 0.95 4.14 1.09 1.62 —0.8&
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