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Ferromagnetism in the metallic phase of  (Ga,Mn)N nanostructures
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The occurrence of ferromagnetism in the metallic phaséGaf,Mn)N thin layers is studied by

Monte Carlo simulation assuming an indirect exchange of the Ruderman—Kittel-Kasuya—Yosida
type, via the spin-polarized hole system. We take into account a possible polarization of the hole gas
due to the existence of an average magnetization in the magnetic layer. Transition temperatures one
order of magnitude higher than in simil@®a,MnAs nanostructures are obtained. Two regimes are
observed for the dependence of the magnetization on temperatug®0® American Institute of
Physics. [DOI: 10.1063/1.1646759

GaN is a wide-gap material ideal for optical devicescubic phases, the hole binding energy for the Mn impurity is
(light-emitting diodes detectors, and lageeperating in the high, and the free gas is probably provided by other dopants.
blue to the near-ultraviolet region. It is also important for In this work, we assume that the mechanism leading to the
electronic devices, especially in high-frequency, high-ferromagnetic order in(Ga,MnNN is the same as in
temperature and high-power transistors. GaN is usuallyGa,MnAs, once in the metallic phase, but the sources of the
grown in the wurtzite structuréGaN-h, although a meta- free carrier gas may be different. Thus, the carrier concen-
stable cubic phase can also be grown by molecular-beamation and the Mn concentration are treated as independent
epitaxy techniquéGaN-0.! The recent observation of high parameters. We obtain interesting information, however, as is
transition temperatures i(Ga,MnN ferromagnetic phasés shown subsequently, by studying a model structure com-
points to prospective applications in spintronics and photonposed by twgGa,MnN layers embedded in a GaN host. We
ics by the association of its optical, transport, and magnetiexplore the interplay of the intra- and interlayer magnetic
properties. interactions as we change the separation between them, the

At present, a vast literature exists about the magnetigayers thickness, and the carrier concentration. We show that,
properties observed in the metallic phase of the Mn-dope@inder certain circumstances, two distinct temperature ranges
I1I-V semiconductor(Ga,MnAs. The ferromagnetic order in  appear in the magnetization. We obtained transition tempera-
this system is understood as reSUlting from the indirect €Xtures in (Ga,Mn)N nanostructures one order of magnitude
change between the Mn ions due to the local spin polarizahigher than in thei{Ga,MnAs analogs.
tion in the hole gas.The free hole concentration is a fraction We use a Monte CarldMC) simulation based on an
(10%—-20% of the total concentration of Mn, and is pro- jndirect exchange mechanism provided by the local interac-
vided by the Mn ions themselves, which are shallow acception of the localized magnetic moments with the itinerant
tors. The magnetic order resulting from indirect exchange viapin-polarized hole system. A self-consistent electronic struc-
spin-polarized free carriers implies a spin coherence lengthre calculation, which takes into account the existence of an
larger than the average distance between localized magnetéq,erage magnetization of the Mn ions, is used to obtain the
moments. exchange term that enters the simulation. Therefore, elec-

In the case ofGa,Mn)N, there is a large discrepancy on yonic and magnetic properties are entangled.
the reported measurements concerning the transition tem- The interaction potential between the Fermi gas and the
perature and carrier concentration. In both hexagonal ang.sjized magnetic moments is well described by the Kondo-
like exchangeHs, 4= —1%;S-(r) 6(r —R;), where the lo-
3Electronic mail: ivancl@uol.com.br calized spin of the Mn iors at positionR; will be treated as
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a classical variable, argfr) is the spin operator of the carrier Classical spinsS, representing the localized magnetic
at positionr; | is thesp—d interaction. To the second-order moments of the Mn ions, are randomly distributed on the
perturbation, the correction to the energy, which is bilinear incation sites with concentration Randomness refers to both

the magnetic ion dipole moment, is the site position and the spin orientation. They are assumed

to interact through the exchange Hamiltonian defined by Eq.

Hep= z (CTT+CH 3232 (1). Our calculation is self-consistent in the sense that the
magnetic ion subsystem and the carfieole) subsystem are

+(C“+C”)(SiXS}<+SyS}’), 1) treated on equal footing. Concerning the electronic structure,

however, we assume a homogeneous magnetizakibnat
which includes explicitly the spin-flip terms. The arrows re-the DMS layers, which is identified with the thermal average
fer to spins parallel or antiparallel to the average Mn mag-magnetization. Disorder effects, either structural or thermal,

netization. The exchange terms are are, in fact, included in our calculations, since the Mn ions

are located randomly on cation sites in the MC simulations,

cl'= 2 2 ¢, (2) n(2) 5 (Z) bni(Z)) and the thermal average magnetization is included through

Neun' ey the Metropolis algorithm, which rules our MC computations.

1\2 The average magnetization obtained in this way is certainly

X ﬂ) X" (Ryj), (2 different from that one would expect from a homogeneous
continuum model for spins.

whereA is the normalization ared; is a wave vector in the A stepwise slow cooling process is accomplished, start-

(x,y) plane, which is parallel to the interfacesjs the sub- ing from a temperature larger than the transition temperature
band index; andp, ,(z) is the envelope function that de- T, and making sure that the thermal equilibrium is reached
scribes the motion of the fermion in thedirection. Notice  at every temperature. Every time the net magnetization in-
that the summations om andn’ are restricted to those sub- creases to reach a valuek 0.1 (n being an integer vary-
bands with the proper spin polarization. Use has been madag from 0 to 10 of the saturation, the tabulated values of the
of the Lindhard functiony™" (q) and X“'”'(Rij)zzqexp exchange interaction terms are substituted by those corre-

[—iqg- Rij]X"'n’(Q), its real-space Fourier transforiThe ~ Sponding to the new refer_en«éd&/l). These ones are calcu-
eigenfunctionsg,(z;) to be used in Eq(2) are obtained by lated from the hole state®igenfunctions, eigenvalues, and
assuming the hole system to be homogeneous inxthe Fermi wave numbejsesulting from the self-consistent cal-
plane, so the Hartree term depends only on the coordinate culations for this specific thermal average magnetization
Uy(r)=Uy(2). A uniform magnetization is also assumed in {M). The resulting spin configuration for the Mn ions is
the dilute magnetic semiconduct¢ébMS) layers. This is taken as the starting configuration for the next step at a lower

made clear by Eq3). With the homogeneous concentration temperature. The Monte Carlo procedure adopted in this way
p of N; magnetic impurities in the DMS layer, thep—d takes account of the changes in the hole gas polarization due

single-particle potential becomes to the presence of the established order among the localized
magnetic moments in the Mn ions. The self-consistent elec-
_|f d®R;p(R)S(F).S(R)S(r—R,) tromc structure of the hole s_ystem and the thermal equilib-
rium state of the Mn magnetic moments are now coupled.

o The present work is focused on the dependence of the
= —N0ﬁ§x<M>g(z)Eanfgg(z), (3)  magnetic properties of th&a,MnN on the samplg param-
eters(e.g., sample structure geometry and carrier density
where o=+ 1 for spin parallel(upper sigh or antiparallel within our model of indirect magnetic interaction mediated
(lower sign to the magnetizationl); /V=xN, is the impu- by spin-polarized carriers. In order to compare with similar
rity density in terms of the Mn composition (assumed as results obtained fo(Ga,MnAs, we concentrate on cubic
5%), and N, is the density of the cation iong(z)=1 if z phase samples, to avoid different behaviors coming out of
lies inside the DMS layer, ang(z) =0 otherwise. Theo—d  differences on the host symmetry. First, a simulation is per-
exchange constant for holgsis given byN,8=—2.3 ev*  formed using two different values of the carrier density:
Examining Eqs(3), we see that a “magnetic barriéwell)”  =1x10?° and 2<10?° cm™3. For each one of these values,
is introduced at the DMS layer for spins parallahtiparal- a sequence of samples is chosen, consisting of two 20 A
lel) to the magnetization. In other words, the existence of anagnetic layers separated by a GaN spacer, whose thickness
net magnetizatiogM) polarizes the hole gas by introducing changes froma=0 toa=80 A. The structures are supposed
an effective confining potential in our model. The eigenstateso lie at the center of an infinite 200 A GaN quantum well.
are obtained by solving the secular equation with this effecAll samples present a paramagnetic-to-ferromagnetic transi-
tive magnetic interaction, the kinetic term, and the Hartredion, with transition temperatures that are almost one order of
term (due to the free carrier gas and ionized impurjties magnitude higher than those obtained by using the same
They determine the spin-polarized density of charge, thenodel in similar(Ga,MnAs samples. Figure 1 shows the
number of occupied subbands, the Fermi level, and the Ferndiependence of . on the spacer width. This behavior Bf is
wave number for each occupied subband. The Hartree potemell fitted by an exponential decaying functioy=y,
tial is obtained by solving the Poisson equation in the recip-+y; exp(—x/\), with A=11 to 12 A, very close to the value
rocal space. After iterating up to convergence, we obtain thebtained forfGa,MnAs: 10 A, approximately.Compared to

exchange constants in E). (Ga,MnAs, however, we observed that the peaks on the sus-
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FIG. 1. Dependence of . on the spacer width for carrier densitips- 1
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FIG. 3. Magnetizatiorversustemperature; carrier concentrations in units of
10%cm™3. Inset: this calculation(solid) for a concentration of 1
X10P%cm 2 and 5 A GaN spacer, and experimental res(dists from

parameteh = 11.4 and 12.4 A, respectively. In the inset, the susceptibility Ref. 5.
for the low carrier density sample with a 10 A spacer.

ceptibility (which identify T.) are much more pronounced
as shown in the inset fa=10 A.
A precise determination of the carrier density

lines are plotted as guides to eyes representing the two tem-
perature regimes. This behavior has already been observed

' experimentally by Mathieet al®in (Ga,MnAs short-period

superlattices. The inset shows, in normalized scales, a quali-

N tative comparison between their measuremedtsts and

(Ga,MnN samples has not yet been established, as comy,,- \ic results(solid line) for (Ga,MnN bilayers. We be-
mented in the beginning of this letter. However, it is Worth'Iieve this behavior is a manifestation of the interplay be-

while to calculate howf . changes with the free carrier con- ;.\ aan inter-
centration in a reasonable range. This is shown in Fig. 2 fo
a 5 A GaN spacer. We observe thHBt increases with the
carrier concentration in this range, in agreement with calcu
lations previously reported by Die#t al? for (Ga,MnAs,
using a mean-field approximation. The most striking qualita
tive influence of the carrier concentration on the magnetiza

and intralayer interaction between the magnetic
homents at the Mn sites. Acting alone, each one of these
mechanisms establishes a different temperature scale. For in-
stance, neglecting the intralayer interaction in our simulation,
we obtain transition temperatures much lower than those
with the two mechanisms acting together. When we take into
account the real interaction, above this temperature scale, the

tion curve appears in Fig. 3, for the same samples disCusSgerjayer mechanism contributing to provide a ferromag-

earlier. The tail we see nedr, is just a consequence of the

finite sized sample in our model.

netic alignment among the Mn spins becomes very weak. So,

However, at low carriery,q magnetization in that range decreases faster with the in-

concentrations, we notice the appearance of wo different e aqe of temperature. This sudden change on the magneti-
regimes in the dependence of the magnetization on tempergxion siope is better observable at low carrier concentration,
ture. Above a certain temperature, there is a pronouncegy,q for smalibut finite) spacer thickness. On the other hand,

change in the slope of the magnetization curve, which re
mains almost constant until very close Tg. Two straight
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FIG. 2. Dependence df; on the carrier concentrationrfa 5 A spacer.
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in a structure consisting of a single thick layer, considered as

a sequence of DMS layers with zero-width spacers, this ef-

fect on the magnetization cannot be observed, in agreement
with our argument, and a smooth magnetization curve repre-
sents the magnetic order in the system.
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