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Dc-transport properties of ferromagnetic (Ga,Mn)As semiconductors
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We study the dc transport properties @a,MnAs diluted magnetic semiconductors with Mn
concentration varying from 1.5% to 8%. Both diagonal and Hall components of the conductivity
tensor are strongly sensitive to the magnetic state of these semiconductors. Transport data obtained
at low temperatures are discussed theoretically within a model of band-hole quasiparticles with a
finite spectral width due to elastic scattering from Mn and compensating defects. The theoretical
results are in good agreement with measured anomalous Hall effect and anisotropic longitudinal
magnetoresistance data. )03 American Institute of Physic§DOI: 10.1063/1.1590433

Progress toward the realization of room-temperature ferabout 10% from the normal Hall coefficient, assuming that
romagnetism in semiconductors has motivated intensive re¢he magnetization is saturated in the range of fields from 10
search or{Ga,MnAs and other transition-metal-doped IlI-V to 16 T. The greatest uncertainty in the analysis of the data
semiconductors. Improvements in growth techniques fostems from the unknown density of defects and their distri-
(Ga,MnAs diluted magnetic semiconductof®MSs) con-  bution in the lattice. In our theoretical model, we neglect any
tinue to yield ever higher conductiviies and transitioninhomogeneity that may have resulted, for example, along
temperature$? The magnetic properties of these ferromag-the growth direction, from the nonequilibrium, low-
nets have been successfully modeled using an effectiviemperature molecular-beam epitaxy growth. The only ac-
Hamiltonian description of the exchange coupling betweerf€ptors assumed in the calculations are substitutional Mn
valence band hole spins and Mn local moménEor ex- ions that provide one hole per impurity, which is exchange-
ample, nontrivial magnetocrystalline anisotropy effects have&oupled to the Mn local momer8=5/2. We report on cal-
been explainetf using the simplest mean-field version of culations based on two extreme scenarios that are consistent
this model® together with the dependence on doping andWith the Mn acceptor compensation we observe, and hope-
carrier concentration of the ferromagnetic transitionfully bracket the situations achievable in experimental
temperaturé, domain structur, and magneto-optical samples. T_he first scenario assumes compensation only by
properties® Mn-interstitial defects that act as double donors whose local

In this letter, we establish that the mean-field theory,mome”ts are magneti(_:ally decoupled from the itinerant ho!e
combined with a Born approximation description of impurity @1d Mn moments, while the second assumes compensation

scattering, can describe the low-temperature dc magnéy DY nonn;lagnetic As-antisite defects that also act as
totransport properties on a quantitative level. In the first parpoybleldor:jor - In Fhel former case,(;[he c:]ensmleslof_ substi-
of the letter, we discuss the anomalous Hall conductivity of é[u;'o_na da? mtehrstltla M'n 1ons Iuse In t € cl?/lcudatlor)s are
series of(Ga,MnAs samples with varying Mn and hole den- 0 aaI:;]e rom t ede.ifperlmfzr;]ten t%tédor.?lnabh'l n. etr;]sml/ it
sities and different lattice-matching strains. In the secon(fnn d Iethmegsﬁrﬁ |]|cnterzlran boti? tieQSIIBII\,/IxVi Ir? Iin € alter
part, we compare the measured and calculated anisotrop%ﬁ0 €, the density of the substitutiona ons 1s equat fo
. e nominal Mn density.

magnetoresistanddMR) data. . .

. . One of the key tools used to characterize and study itin-

Details of the sample preparation and measurement pro-

cedures are given elsewher® Al the experimental results erant ferromagnetic metals is the anomalous Hall effect
9 \ P (AHE),*?>~1* a contribution to the Hall coefficient due to

presented are for a temperature of 4.2 K. The samples arsepontaneous magnetization. The AHE occurs because of

metal_lic, prepare_d with the_ z_anrgealing procedure that_yieldsspin—orbit interactions. In metaté the standard assumption
the highest possible metallicity,” and show very weak iso- has been that the AHE occurs because of a spin—orbit cou-

tropic magnetoresistance at this temperature. This enables ﬁng component in the interaction between band quasiparti-
to obtain values for the hole densities with an accuracy ofjoq ang crystal defects, which can lead to skew scatfring
and side jump scatterifgthat give Hallresistivity contribu-
dElectronic mail: sinova@physics.utexas.edu tions proportional tgp andp?, respectively. Our AHE theory
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FIG. 1. Theoretical AHC of MgGa, _,As DMS calculated in the clean limit  FIG. 2. Comparison between experimental and theoretical AHCs. The strain
(open symbolsand accounting for the random distribution of Mn and As- e, and hole carrier density for each sample is given in the vertical letter-
antisite impuritieg(filled symbols. ing. p is in units of nn 3,

differs fundamentally from this standard picture because thgvhich accounts for the finite lifetime broadening of the qua-
effect arises from spin—orbit coupling in the Hamiltonian of siparticle states. The effective lifetime for transitions be-
the perfect crystal, which implies a finite Halbnductivity  tween bands andn’, Tan =hIT, v, is calculated by av-
even without disorder. eraging quasiparticle scattering rates calculated from Fermi's
The approach we use has its roots in the first theoreticajolden rule, including both screened Coulomb and exchange
study of the AHE by Karplus and Luttingéf,who consid-  potentials of randomly distributed substitutional Mn and
ered a band Hamiltonian with Spin—orbit Coupling, Whosecompensating defec?slllm F|g 1, we assume that compen-
eigenstates are translationally invariant Bloch waves of nonsation is due entirely to As-antisite defects. The valence band
interacting electrons. A-space Berry’s phase interpretation hole eigenenergies,, and eigenvectork) in Egs.(1)—(3)
of this intrinsic contribution to the anomalous wave-pocket were obtained by solving the six-band Kohn—Luttinger
V6|0City term is given in our previous semiclassical Sﬁ?dy Hamiltonian in the presence of the exchange field,
of the AHE in ferromagnetic semiconductors. For clean sys— NMnSde?-S HererNMn:4X/a%MS is the Mn density in the
tems, the same anomalous Hall conductiViyHC) expres-  Mmn,Ga,_,As epilayer with a lattice constaagys, the local
sion can be obtained Starting from the Kubo formUIQ'.he Mn Spin S= 5/2, and the exchange Coup”ng ConstdB&
Kubo formula has been used, for example, to analyze the-55 MeV nni 3,19
AHE in layered two-dimensional ferromagnets such as  Figure 1 demonstrates that whether or not disorder is
SrRuQ; or_in pyrochlore ferromagnefs and has been included, the theoretical anomalous Hall conductivities are
recognized’ as a natural starting point to address infraredof order 100~ cm~? in the (Ga,MnAs DMSs with typical
magneto-optic effects such as the Kerr and Faraday effectfole densitiesp~0.5 nmi 3, and Mn concentrations of sev-
The quantum-mechanical approach provides a conveniegfal percent. On a quantitative level, disorder tends to en-
way to approximately include band-dependent quasiparticlances,,, at low Mn doping and suppresses AHE at high

broadening in the theory expressions. Mn concentrations, where the quasiparticle broadening due
In Fig. 1, we plot theoretical AHCs calculated using theto disorder becomes comparable to the strength of the ex-
disorder-free, semiclassical Berry's phase forrifula change field. The inset in Fig. 1 also indicates that the mag-
22 dk nitude of the AHE in both models is sensitive not only to
OAH= — TE f an/,k hole and Mn densities, but also to the lattice-matching strains
n’ between substrate and the magnetic lay®ys= (asupstrate
X Im[{du, /dky|dun/ k)] (1)  —apwms)/apws-

A systematic comparison between theoretical and experi-

or the equivalertf Kubo formula mental AHE data is presented in Fig. 2. The results are plot-

2% dk ted versus nominal Mn concentratian while other param-
TAH™ 2 23 2 (Fark=fnk) eters of the seven samples studied are listed in the figure
n#n legend. The measured,, values are indicated by filled
Im[(n"k|pynk)(nk|py|n"k)] squares; triangles are theoretical results obtained in the clean
(B Enre)? : (2) limit or for a disordered system assuming either the As-

_ _antisite or Mn-interstitial compensation scenario, described
The clean-system data are compared with results obtaineshrlier. In general, when disorder is accounted for, the theory

from the modified Kubo formula is in a good agreement with experimental data over the full

e2h range of studied Mn densities frox+0.015 tox=0.08. The
TAH= T 2y > (forx— o) X Im(n"Kk| pyInk) effect of disorder, especially when assuming Mn-interstitial
kin#n' compensation, is particularly strong in tlxe=0.08 sample
ﬁ = (Epk—Ep )2 shifting the theoreticatr,y much closer to experiment com-

X(nk[py[n"k)]

(3) pared to the clean-limit theory. The remaining quantitative

_ 2 2 q20 . . . .
[(Enk—Enri)“+ 177 ] discrepancies between theory and experiment can be attrib-
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5 — , . , T demonstrates that our simple treatment of disorder effects
A theory (As-antisites) . . .
o does not produce accurate values for quasiparticle scattering
w7 theory (Mn-interstitials) A . .
OF | - experiment . amplitudes off particular defects. However, the magne-
totransport effects discussed above are relatively insensitive
& sh - to scattering strength, reflecting, instead, mainly the strong
o ] spin—orbit coupling in the valence band of the host semicon-
Z .10F - ductor.
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