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Recent advances in the theory and experimental realization of ferromagnetic semiconductors give
hope that a new generation of microelectronic devices based on the spin degree of freedom of the
electron can be developed. This review focuses primarily on promising candidate maseicalsis

GaN, GaP and Znn which there is already a technology base and a fairly good understanding of
the basic electrical and optical properties. The introduction of Mn into these and other materials
under the right conditions is found to produce ferromagnetism near or above room temperature.
There are a number of other potential dopant ions that could be emplsyell as Fe, Ni, Co, ¢r

as suggested by theofgee, for example, Sato and Katayama-Yoshida, Jpn. J. Appl. Phys., Part 2
39, L555 (2000]. Growth of these ferromagnetic materials by thin film techniques, such as
molecular beam epitaxy or pulsed laser deposition, provides excellent control of the dopant
concentration and the ability to grow single-phase layers. The mechanism for the observed magnetic
behavior is complex and appears to depend on a number of factors, including Mn—Mn spacing, and
carrier density and type. For example, in a simple Ruderman-—Kittel-Kasuya—Yosida
carrier-mediated exchange mechanism, the free-carrier/Mn ion interaction can be either
ferromagnetic or antiferromagnetic depending on the separation of the Mn ions. Potential
applications for ferromagnetic semiconductors and oxides include electrically controlled magnetic
sensors and actuators, high-density ultralow-power memory and logic, spin-polarized light emitters
for optical encoding, advanced optical switches and modulators and devices with integrated
magnetic, electronic and optical functionality. 003 American Institute of Physics.
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Most of the past attention on ferromagnetic semiconduc- —#a—GoplV GN
tors has focused on tH{&a,MnAs (Refs. 2 and 29-52and 4004 Tﬁf
(In,Mn)As (Refs. 53-6p systems. In samples carefully 1N /z:o
grown single phase by molecular beam epit@ddBE), the - - Igd'd: I’.N ’
highest Curie temperatures reported ar#£10 K for (Ga,M- <
n)As (Ref. 30 and ~35 K for (In,Mn)As.*® For ternary al- E AP
loys such as (I§sGa 5) g 9dMNg gAS, the Curie temperature 2200—
is also low~ 110 K.%* A tremendous amount of research on i]GaAs A‘;’S
these materials systems has led to some surprising results, gm_ ./C%./ 4@?
such as the very long spin lifetimes and coherence times in & InAs .
GaAs(Ref. 4 and the ability to achieve spin transfer through 8 as T

a heterointerfacE~"® of either a semiconductor/ U5 05 T0 15 20 25 %0 a5 40
semiconductor or metal semiconductor. One of the most ef-
fective methods for investigating spin-polarized transport is
by monitoring the polarized electroluminescence output fronFIG. 1. Predicted Curie temperatures as a function of the bandaftgy
a quantum-well light-emitting diode into which the spin cur- Ref. 84.

rent is injected. Quantum selection rules that relate the initial

carrier spin polarization and the subsequent polarized optical

output can provide a quantitative measure of the injectionyap nitrides and oxides. While the progress in synthesizing
efficiency®”%9~"* and controlling the magnetic properties of Ill-arsenide semi-
There are a number of essential requirements for achieveonductors has been astounding, the reported Curie tempera-
ing practical spintronic devices in addition to the efficienttyres are too low to have significant practical impact. A key
electrical injection of spin-polarized carriers. These includegevelopment that focused attention on wide band gap semi-
the capability to transport the carriers with hlgh transmiSSiOI'bonductorS as being the most promising for achieving h|gh
efficiency within the host semiconductor or conducting 0x-Curie temperatures was the work of Dietlal® They em-
ide, the capability to detect or collect the spin-polarized carployed the original Zener model of ferromagnetiSro pre-
riers and to be capable of controlling transport through exdict T values that exceeded room temperature for materials
ternal means such as biasing of a gate contact on a transist@lich as GaN and ZnO containing 5% of Mn and a high hole
structure. The observation of spin current-induced switchingoncentration (3.5 10°° cm™2). Figure 1 shows a compila-
in magnetic heterostructures is an important step in realizingion of the predictedl values, together with classification
practical device& Nitta et al®' demonstrated that spin— of the materialge.g., group IV semiconductors, etcSince
orbit interaction in a semiconductor quantum well could bethe appearance of the Dietttal®* paper, remarkable
controlled by applying a gate voltage. These key aspects gfrogress has been made on the realization of materials with
spin injection, spin-dependent transport, manipulation and - values at or above room temperature.
detection form the basis of current research and future tech-
nology. The use of read sensors based on metallic spin valves
in disk drives for magnetic recording is already a $US100;; cANDIDATE MATERIALS
billion per year industry. It should also be pointed out that
spintronic effects are inherently tied to nanotechnology, be
cause of the short~1 nm) characteristic length of some of
the magnetic interactions. Combined with the expected low The wide band gap group lll-nitride&GaN, InN, AIN
power capability of spintronic devices, this should lead toand their ternary and quaternary analobave been the fo-
extremely high packing densities for memory elements. Acus of much attention in the last decade because of their
recent review of electronic spin injection, spin transport andapplication to blue/green/UV light-emitting diod&s)aser
spin detection technologies has recently been given byiodes®’ solar-blind UV detectof§ and high-power, high
Buhrmari? as part of a very detailed and comprehensivetemperature electroni€$:° They can be grown in thin film
study of the status and trends of research into spin electroniderm on lattice-mismatched substrates such as sapphire, SiC,
in Japan, Europe and the U.S. The technical issues cover&l and various oxides. This has been necessitated by the
fabrication and characterization of magnetic nanostructuresbsence of commercially available large area bulk nitride
magnetism and spin control in these structures, magnetsubstrates. The resulting high dislocation density in the ni-
optical properties of semiconductors and magnetotride thin films (typically 10°-~10'°cm 2, measured by
electronics and devicés.The nontechnical issues covered transmission electron microscoplias some deleterious ef-
included industry and academic cooperation and long-ternfiects on the reliability and produces excess leakage current in
research challenges. The panel findings are posted on tlievices such as lasers. However, the commercial impact of
Web 8 nitride light emitters in allowing higher density data storage
The purpose of this review is to focus on a particularsystems, visible displayésuch as traffic signal lightsand
emerging aspect of spintronics, namely, recent developmentstential use in indoor lighting applications using either
in achieving practical magnetic ordering temperatures invhite-light-emitting diodegLEDs) (made by exciting appro-
technologically useful semiconductors, including wide bandpriate phosphors with blue GaN LEPsr color combining

Sermiconductor Band Gap (€V)

A. Semiconductors: Group Il nitrides and
phosphides
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TABLE I. Nitride parameters.

Unit GaN AIN InN
Crystal structure Waurtzite Waurtzite Wurtzite
Density g/lcm 6.15 3.23 6.81
Transverse constanc() dyn/cn? 4.42< 10" 4.42x 101 4.42x 101
Longitudinal constant,) dyn/cn? 2.65x 101 2.65x 10 2.65x 10"
Transverse sound velocity cm/s 2:630° 3.70x10° 2.55x10°
Longitudinal sound cm/s 6.56< 10° 9.06x 10° 6.24x 10°
velocity
Static dielectric constant 8.9 8.5 15.3
High frequency dielectric 5.35 4.77 8.4
constant
Energy gap G valley) eV 3.39 6.2 1.89
Electron effective mass me 0.20 0.48 0.11
(G valley)
Deformation potential eV 8.3 9.5 7.1
Polar optical phonon meV 91.2 99.2 89.0
energy
Piezoelectric constarg; , Cin? 0.375 0.92 0.375
Piezoelectric constarg; s Cin? L —0.58 e
Piezoelectric constargs; Cin? —0/48
Piezoelectric constargs, CIn? 1.55
Intervalley coupling eV 91.2 99.2 89.0
coefficient
Intervalley deformation eVicm 1x10° 1x10° 1x10°
potential
Lattice constanta A 3.189 3.11 3.54
Lattice constantg A 5.185 4.98 5.70
Electron mobility cm/V's 1000 bulk 135 3200 bulk

2000(2D gas

Hole mobility cnf/Vs 30 14
Hole lifetime ns ~7
Hole diffusion length m ~0.8x10°8
(300 K)
Nonparabolicity constant (eV} 0.189 0.419
Saturation velocity cm/s 2510 1.4x 10 2.5x 10
Peak velocity cm/s 3110 1.7x 10 4.3x 107
Peak velocity field kVicm 150455 450 67
Breakdown field Viem >5x10°
Light hole mass me 0.259(454) 0.471
Thermal conductivity W/cm K 15 2
Melting temperature °C >1700 3000 1100
Maximum electron concentration crh 10%° 2x10% 3x10%°
Maximum hole concentration cm ~10v Usually resistive N/A

the output of red, green and blue LEDs has been so great that m* (Al,Ga, _,N)=0.22+0.26x,

rapid progress is also occurring for growth of GaN substrates

and quasisubstrates that alleviate some of these prolfems.  m*(In,Ga,_,N)=0.22—0.11x.
Table | shows some selected properties of binary

nitrides®>%® For ternary compounds, ABa_,N and One of the key entries in Table | is that for the maximum
In,Ga,_«N, the band gap§Eg) can be expressed as a func- hole concentration reported jprtype material. In GaN, the
tion of compositionx, as follows* most common acceptor dopant is Mg, with an ionization en-
ergy of ~ 170 meV. At room temperature, therefore, only a
Eg(AlGa_N)=xEg(AIN)+(1—x)Eg(GaN) few percent of the acceptors are ionized to provide holes.
—bx(1—X), While the acceptor concentration can easily exceed
10" cm 3, the room temperature hole concentration is typi-
Eg(In,Ga, yN) =XEgInN]+(1—-x)Eg(GaN) cally only 1-3<10" cm™2 in GaN(Mg). There are some

—bx(1-x) indications that codoping both donors and acceptaith a

' slight excess of the latterinto GaN can reduce self-
whereb is the bowing parameter whose exact value is stillcompensation effects and produce higher hole
somewhat controversial, but ranges from 1 to 3.2 eV forconcentrations?~°’An alternative method for increasing the
InGaN and from—1 to +1 eV for AlGaN. Similarly, the hole concentration is the use of selectively Mg-doped
electron effective masses are givertby AlGaN/GaN superlattices, in which there is transfer of free
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TABLE IlI. Properties of phosphide and arsenide-based matdaétisr Ref. 103 The crystal structures are either sphalet8eh or chalcopyrite(Chal).

Maximum doping

Electron Hole
Crystal Constant Gap Effective  Effective  Dielectric  Refractive  mobility mobility n p
structure R) (eV) mass mass constant index (cm?IVs)  (cm?/Vs)  (em 3 (cm 3
AP Sph 5.4625 2.48 0.13 9.8 3.0 80 >10'® N/A
AlAs Sph 5.6605  2.16X 0.5 0.49 12.0 1,000 180 >10'8 >10'°
GaP Sph 5.4506 2.26 0.13 0.67 10 3.37 300 150 >10%° >10%°
ZnSik, Chal a5.400 2.94° 0.07 100 >10® N/A
c 10.441
ZnSiAs, Chal a 5.606 2.1xr 0.07 140
¢ 10.890
ZnGeR Chal a 5.465 2.340 0.5 20
c 10.771
ZnGeAs Chal a 5.670 1.19° 0.4 23
c 11.153
ZnSnB Chal a 5.651 1.64" 55
¢ 11.302
CdSiR Chal a 5.678 245" 0.09 150
c 10.431
CdSiAs Chal a 5.884 1.59° 500
¢ 10.882
CdGeR Chal a 5.740 7xr 100 25
¢ 10.775

holes from Mg acceptors in the AlGaN barriers to the GaNsystem, with its wide band gap binai@aP, AIB and ternary
quantum well$®~1%|n this case the effective hole density (InGaP, AIGaP, AllnlP components, is used for devices such
can be increased to 108 cm™ 2. as visible light-emitting diodes and laser diodgse band

In the case of AIN, the ionization level for Si donors is gap ranges from 1.9 eV for §ndGa 5P which is lattice
very deep,~320 meV1% so that doping concentrations matched to GaAs substrates, to 2.3 eV for
above 18° cm~2 produce only~10 cm™2 free electrons. (Al,Ga _,)osilNo4d With x=0.66), heterojunction bipolar
The situation is even worse f@-type doping, where the C transistors and high electron mobility transistors. Binary
acceptor has an ionization level of approximately 500 meVcompounds AIP and AlAs are unstable in air and oxidize
In this case only~10" 7 of the acceptors would be ionized at rapidly unless covered with a capping layer. GaP is closely
room temperature in C-doped AN.For this reason, there lattice matched to Si and introduces the possibility of inte-
have been few reliable reports pftype AIN. grating ferromagnetic semiconductors with existing Si mi-

INN is generallyn type due to the presence of native croelectronics. Chalcopyrite materials are much less devel-
defects or unintentional donor incorporation. Films grown byoped than the InGaAIP system and less is known about their
MBE and related methods generally have very high freedoping properties and control of defects during growth.
electron concentrations >(10°° cm™3), while material
grown by reactive sputtering may have electron densities i

192 No one has yet reported achieving . Semiconducting oxides

the 13° cm™2 range?
p-type doping of InN.

The ternary compounds /63 N and ALGa N can
be readily doped type, but only relatively low hole concen-
trations (<10 cm™3) can be achieved at low InN or AIN temperature ferromagnetism for Mn-dopedype ZnO. ZnO
mole fractions, respectively. is a direct band gap semiconductor wily=3.35eV. The

The relevance of these doping limitations comes fromroom temperature Hall mobility in ZnO single crystals is on
the fact that if the ferromagnetism in wide band semiconducthe order of 200 c&V ~'s 1.2 ZnO normally has a hex-
tors is carrier induced and its magnitude is proportional toagonal (wurtzite) crystal structure witha=3.25A andc
the hole concentratiofas in some modelsthen attention =5.12 A. Electron doping via defects originates from Zn
should be focused on these candidate materials which can limterstitials in the ZnO latticé?® The intrinsic defect levels
readily doped. that lead ton-type doping lie approximately 0.05 eV below

Table Il shows some related properties of wide band gaphe conduction band. High electron carrier density can also
phosphide and arsenide semiconduct8tsThe InGaAIP  be realized via group Ill substitutional doping. Whiietype

In addition to nitrides, one can also consider transition-
metal doped semiconducting oxides as potential spintronic
materials. In fact, the theory by Diegt al®* predicts room
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TABLE IIl. Material properties for various semiconducting oxides taken from Refs. 180—182.

Maximum Maximum carrier
Crystal Conductivity ~ Carrier mobility Band gap concentration

Compound  structure (semh type (cmPV~lst (eV) (cm™3)
CuAlO, Hexagonal 1 P 10 35 1.3 10"
CuGaQ Hexagonal 0.063 P 0.25 3.6 1.%10'
SrCuy,0, 0.05 P 0.5 33 6x 10"
Agln0O, Hexagonal 6 N 0.5 4.2 2.K 10
ZnO Hexagonal 20 N 200 3.2 x 107
In,04 Cubic 1d N 30 3.75 1x 108
Cd,SnQ, Orthogonal 16 N 40 2.7

Sno, Tetragonal 16 N 10 3.6 8x 10%°

TiO, Tetragonal N 20-100 3.0 K 10%
Cw,0 Cubic P 100 2.0 1< 10Y

ZnO is easily realized via excess Zn or with Al, Ga, or In In addition to ZnO, one can also consider other semicon-

doping, p-type doping has proven difficult to achieve. ducting oxides. Table Il shows the relevant properties for a
Minegishi et al. reported the growth op-type ZnO by si- number of oxide candidate materials. Both experimental and
multaneous addition of NHin hydrogen carrier gas with theoretical results suggest that carrier-mediated ferromag-
excess Zrt% However, the resistivity of these films was high netism in semiconductors is more favorable wititlype con-
with p~100€) cm, suggesting that the mobile hole concen-ductivity. This depends on the semiconductor and the mag-
tration was very low. Work by Rouleaet al1®” on N-doped  netic species. For example, in Eudhere X=S, Se, etg,
ZnO films shows that N incorporation does not necessaryhe exchange is principally through the conduction band
yield p-type behavior. In this case, nitrogen doping in epi-states even when they are not occugié@ince the forma-
taxial ZnO films was achieved using a rf nitrogen plasmation of p-type ZnO with high carrier density may prove chal-
source in conjunction with pulsed laser deposition. Howeverlenging, it may be advantageous to explore the possibility of
they showed ng-type behavior as determined by Hall mea- using oxide semiconductors that have been shown to exhibit
surements Ab initio electronic band structure calculations p-type conduction with high carrier densities. fQuis the
for ZnO based on the local density approximation show thabnly known binary p-type semiconducting oxide; it pos-
the Madelung energy decreases witllype doping, consis- sesses a direct band gap of 2.0 eV and reasonably high room
tent with experimental results for electron doping with Al, temperature hole mobility of-100 cnfV~'s 1. In Cy,0,
Ga, or In*®Wwith N doping for holes, the Madelung energy p-type conductivity is due to copper vacancies that introduce
increases, with significant localization of the N states. Thean acceptor leve~0.5 eV above the valence band. The
theory does predict that codoping N with Ga to form anstructure is cubic, witta=4.27 A.
N—-Ga—-N complex can decrease the Madelung energy and In addition to CyO, recent work in transparent conduct-
delocalize the N states, thus facilitating hole doping. Usingng oxides has produceg-type behavior in semiconducting
pulsed laser deposition, Josephal. have reportedp-type  delafossite oxide materiats® For example, CuAlQ pos-
behavior in ZnO thin films prepared by codoping Ga andsesses the delafossitbexagonal crystal structure witha
N.1% Electrically active N was achieved by passingdNgas =2.86 A andc=11.31 A, and a band gap 3.5 eV. Car-
through an electron cyclotron resonance plasma source. Thier densities on the order of 10cm™2 with Hall mobility of
authors reported low resistivityp& 2 Q) cm, carrier density 10 cn? V™~ 1s™! have been measureB:type conductivity is
~4x10"° cm 3) p-type ZnO codoped with Ga and N in achieved via defects that introduce shallow acceptor levels.
which the Ga concentration ranged from 0.1% to 5%. Unfor-The CuAIO, phase has the advantage ove,Gwf possess-
tunately, these results have proven highly sensitive to proing two cation sites for possible magnetic substitution, in-
cessing conditions, and have been difficult to reproduce. cluding the A2 site that could yield an acceptor level with
While there has been significant effort that has focusedubstitution of M 2. Interestingly, it has been shown that
on nitrogen doping, almost no reported work exists for eitheiCuCrO, forms in the delafossite structure and ispaype
As or P doping. Howevemp—n junction-like behavior was semiconductor when doped with &%.
reported forn-type ZnO in which the surface was heavily
doped with phosphorus? Laser annealing a zinc phosphide-
coated ZnO single crystal surface achieved the doping.
related result was reported for epitaxial ZnO films on GaAs  There are a number of existing models for the observed
subjected to annealing! In this case, gp-type layer was magnetism in semiconductors and conducting oxides. The
produced at the GaAs/ZnO interface. Both of these reportDietl et al®* near-field model considers the ferromagnetism
are promising, but present several unresolved issues relatéol be mediated by delocalized or weakly localized holes in
to the solid solubility of the doparttonic radii of As, P much  p-type material$X® The magnetic Mn ion provides localized
larger than that for @and possible secondary phase forma-spin and acts as an acceptor in most IlI-V semiconductors so
tion in the doped region. that it can also provide holes. This treatment assumes that the

AII. THEORY OF MAGNETIC SEMICONDUCTORS
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Mn-doped 111-V materials are charge transfer insulators andhave very low hole concentrations, in insulting material and
does not apply whed-shell electrons participate in charge more recently im-type material. Recent models have taken
transport. The spin—spin coupling is assumed to be a longnto account these observations of ferromagnetism in nonde-
range interaction, allowing use of a mean-field approximagenerate samples, and included consideration of indirect ex-
tion. The Curie temperature for a given material, Mn concenchange interactions caused by virtual electron excitations
tration and hole density is then determined by thefrom magnetic impurity acceptors to the valence B&hdr
competition between ferromagnetic and antiferromagnetithe effects of positional disord&f**?8which lead to unusual
interactions. The model takes into account the anisotropy o§pin and charge transport properties and the shape of the
the carrier-mediated exchange interaction related with thenagnetization curve. In some cases, positional disorder of
spin—orbit coupling in the host material. TAg is propor- the magnetic impurities is found to enhance the ferromag-

tional to the density of Mn ions and the hole density. netic transition temperaturé? Self-consistent mean-field ap-
In the absence of carriers, the magnetizatibg(H) is proaches have also been used to predict a Curie temperature
dependent on the Brillouin functioB, according t6*113 enhancement in GaAs/GaMnAs digital alloy superlattices

relative to the value in a bulk GaMnAs alloy with the same
average Mn fractioh?® and in &doped layers of Mn in a
quantum well, due to improved confinement of hdi&s.

An alternative approach that uses local density func-
tional calculations indicated that the magnetic impurities
may form small nanosize clustefgist a few atoms in di-
mension that produce the ferromagnetism obser¥&drhis
ould be difficult to detect by most characterization tech-
ques.

Additional studies have predicted which magnetic dop-
ants should be most effective in Gal.g., V, Cr, Mn, F¢
M= g upSNoXeiBd us(—AF[M]/AM +H)/kg without additional doping to produce carriéfs)’ %2 and
chemical trends were identifiéd.
X(T+Tap) ],

where Fc[M] is the hole contribution to the free-energy V. EXPERIMENTAL RESULTS
funct_ionaIF,_ which is d_epende_znt on the magnetizationgéthe Table IV gives a summary of the results showing ferro-
localized spin. From this relatioff,c can be expresséti~ magnetism at or abg‘;e room templeszatlgge' The mate{l,‘;"s in-
_ 2 _ clude CdMnGeP, (Ga,MnN,~*~ (ZnO):Co;
To=XeNoS(S+ 1) BAPS(Tc)/12Kg— Thg, (TiOz):C0,139’140 E(GaMn)P:C,l“l'”Z (zZn,_,Mn)GeR,
whereg is thep—d exchange integrah¢ is the Fermi liquid 14344 (Ga,C)N,**®> ZnSnAs,**® and ZnSiGeN.'*” Note
parameter andg is the total density of states. By substitut- that not all of the materials are degenerately dopégpe. In
ing the appropriate materials parameters into this relationmean-field theories it is difficult to achieve ferromagnetism
the predicted values foF shown in Fig. 1 are obtained.  in n-type semiconductors due to their generally smailed
Recent Monte Carlo simulations of carrier-mediated fer-interaction. In these types of theory, teg—d interactions
romagnetism in semiconductors have also appédrtfand  are regarded as the effective magnetic field acting on the
have led to some differences from the mean-field approacltarriers, so that when spontaneous magnetization and holes
The latter usually overestimate the stability of orderedare present, the resultant spin splitting in the valence band
phases, which may lead to overly optimistic predictions forlowers the system energy.
critical temperature$t® The kinetic-exchange model finds Let us now examine in more detail the experimental re-
that collective spin-wave excitations are important and al-sults for some of the key wide band gap materials.
lows self-consistent accounting of spatial inhomogeneitiesA (GaMn)P
free-carrier exchange and free-carrier spin” ™ '
polarization''®-?* Both the mean-field approach and Ferromagnetism above room temperature(@a,MnP
kinetic-exchange model have been applied to a number dfas been reported for two different methods of Mn incorpo-
different phenomena in magnetic semiconductor systems irration, namely, ion implantatidft and doping during MBE
cluding quantum well$?? interlayer coupling in growth!*'#2The implantation process is efficient for rap-
superlatticed?! temperature dependence of magnetizatioridly screening whether particular combinations of magnetic
and heat capacity° magnetic domain characteristitS, dopants and host semiconductors are promising in terms of
magnetic anisotropf* and long-wavelength magnetic ferromagnetic properties. We have used implantation to in-
properties:® troduce ions such as Mn, Fe and Ni into a variety of sub-
It is certainly fair to say that the origin of ferromag- strates, including Gaif>148-155 gjc1531%6-158 gng
netism in wide band gap semiconductors is still not totallyGapP*41%°
understood. Many aspects of the experimental data can be The temperature-dependent magnetization of a strongly
explained by the mean-field modéWwhich is based on p-type (p~10?%, carbon-doped GaP sample implanted with
Ruderman—Kittel-Kasuya—Yosida(RKKY) interactior]. ~6 at.% of Mn and then annealed at 700 °C, is shown in
However, ferromagnetism has been observed in samples theig. 214! The diamagnetic contribution was subtracted from

gusH
Mo(H)=gugS l\bxeﬁBs[m

whereg is the degeneracy factong is the Bohr magneton,
Sis the localized spin stat®lg is the concentration of cation
sites, NoX¢i is the effective spin concentratiokg is the

Boltzmann constant and the antiferromagnéiE) tempera-

ture T describes the sum of the exchange interactions t/
the Curie—Weiss temperature. In the presence of carriers, Y
magnetization is represented-ds
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TABLE IV. Compilation of semiconductors and oxides showing room temperature ferromagnetism.

Ordering
Band gap temperature

Material (eV) Comments (K) Reference

Cd;_,Mn,GeR, 1.72 Solid-phase reaction of >300 133
evaporated Mn

(Ga,MnN 3.4 Mn incorporated by diff 228-370 134, 135

(Ga,MnN 3.4 Mn incorporated during >300 136
MBE; n type

(Ga,MnN 3.4 Mn incorporated during 940 137
MBE

(Ga,C)N 3.4 Cr incorporated during >400 145
MBE

(ZnO):Co 3.1-3.6 Co incorporated during >300 138
PLD; ~15% Co

(TiO,):Co 3.1 Anatase;~7% Co; PLD or >380 139, 140
0O, MBE

(Ga, MnP:C 2.2 Mn incorporated by implant >330 141, 142
or MBE; p~10?° cm ™3

(Zny_,Mn,)GeR 1.83-2.8 Sealed ampule growth; 312 143
insulating; 5.6% Mn

(Zn, Mn)GeB <2.8 Mn incorporated by 350 144
diffusion

ZnSnAs 0.65 Bulk growth 329 146

ZnSiGeN 3.52 Mn-implanted epi ~300 147

aEextrapolated from measurements up~+@50 K.

the background. A Curie temperatur@d) of ~270K is by transmission electron microscopy, x-ray diffraction or

indicated by the dashed vertical line, while the inset shows &€lected-area diffraction pattern analysis.

ferromagnetic Curie temperature of 236 K. The Mn can also be incorporated during MBE growth of
Examples of hysteresis loops from the same samples afg€ (Ga,MnNP.**""The p-type doping level can be sepa-

shown in Fig. 3. The hysteresis could be detected to 330 K{ately controlled by incorporating carbon from a GBr

When Mn was implanted under the same conditions intgource’**while P is obtained from thermal cracking of PH

n-GaP, theT: was reduced to~50 K.1%! No secondary Overberget all*? have developed a phase diagram for epi

phasegsuch as MnGa or MnPor clusters were determined growth of this materials system, as shown in Fig. 4. This can
be used to tailor the magnetic properties of tk&a,MnP.

For samples grown at 600 °C with 9.4 at. % Mn, hysteresis is
still detectable at 300 K, with a coercive field 6f39 Oe

80 v I v I W 1) M ] M ] M ] Ll (Flg. 5).
H=500 Oe TC
i B. (Ga,Mn)N
~ 60} - - : o . .
c The initial work on this material involved either micro-
= crystals synthesized by nitridization of pure metallic Ga in
g’ = 80’\\ H=500 Oe supercritical ammonia or bulk crystals grown in reactions of
= 40 -E 601 ", .
L |Eaw i
BN E / - 100 300K =l
= 2017 : S of i
i | "!. @ ! T o _.‘FFE;;
0 e H 35 0 r/
0 50 100 150 200 250 300 350 f i € 5L F#;;:f:'
Temperature(K) | i %eeq - ~ ol = H,=50 Oe
0 L 1 N 1 N 1 N 1 N 1 5 ] N .I. = rr./‘.g" L L L L L L L i
0 50 100 150 200 250 300 350 £l 250 J—
Temperature(K) &é) o
FIG. 2. Field-cooled magnetization 66a,MnP as a function of the tem- 3’:?2 | .‘F;-:,.’fmr H,=100 Oe
perature. The solid line shows a Bloch law dependence, while the dashed =" — ] . . .
lines are 95% confidence bands. The vertical dashed liflg.at270 K is 800 400 0 400 800
the field-independent inflection point and the vertical arrows in the main H(Oe

panel and inset mark the ferromagnetic Curie temperature The inset
shows the temperature dependence of the difference in magnetization bE{G. 3. Magnetization loops fdiGa,Mn)P at 300(top) and 250 K(bottom)
tween field-cooled and zero field-cooled conditidgafer Ref. 141 (after Ref. 141
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FIG. 4. Phase diagram for MBE-growiGa,MnP:C (after Ref. 142

Ga/Mn alloys on GaN/Mn mixtures with ammonia at
~1200 °C1%1-184These samples exhibit ferromagnetic prop-
erties over a broad range of Mn concentrations, as did someg
of the other early MBE-grown film&®

More recent reports on epi growth ¢6a,MnN have
detailed a range of growth conditions producing single-phase
material and the resulting magnetic properti&s:4215¢|n
general, no second phases are found for Mn levels below
~10% for growth temperatures ef 750 °C. The(Ga,MnN
retainsn-type conductivity under these conditions. A powder
diffraction scan of a sample witk-9 at. % Mn is shown in

Coun
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Ll ] Ll ]
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20
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1
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Fig. 6 (top). Only peaks from GaN and sapphire are visible.Fic. 6. x-ray diffraction scans from MBE-growi@a,MnN with ~9 at. %
When the Mn concentration is increased significantly, peak#in (top) and~43 at. % Mn(bottom.

from tetragonal Mp¢Ga, » become visible, as seen in Fig. 6
(bottom).

Since the predominant secondary phase that forms igrowth temperature was MN. This phase has not been de-
tected in any of oufGa,MnN films.
In accordance with most of the theoretical predictions,
magnetotransport data showed the anomalous Hall effect,
negative magnetoresistance and magnetic resistance at tem-
peratures that were dependent on the Mn concentration. For

bulk (Ga,MnN was reported to be MiN,, we wanted to
ascertain the stable MN, phase most likely to form under
MBE growth conditions. By growing only with Mn and N
fluxes, it was determined from powder x-ray diffractigfig.
7) that the thermodynamically stable ¥, phase at this

example, in films with very low €1%) or very high

0.50 — —
H parallel to plane i_}/{’
Mn = 9.4% 588533 ‘
T=
025 - 300K B
=
> 0.00
Cd .
2 2
5 g
L
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025} /é 1
i ﬁ%
[§—+—¥ i
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FIG. 5. Magnetization vs field for MBE-grow(Ga,MnP:C with 9.4 at. %
Mn.
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FIG. 7. X-ray diffraction scan from MBE-grown M.

L] 1 )
[ / 85.89°, 86.15°
L MaN@222) -
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155 ::n \N@222)
MaN(11) "
L K J
T —— e e J’J u !
[ i 1 2 ]
20 40 60 80
20

Downloaded 24 Apr 2003 to 128.227.24.18. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp

100



J. Appl. Phys., Vol. 93, No. 1, 1 January 2003 Appl. Phys. Rev.: Pearton et al. 9

L L B A AL B AL pling, leading to a lower moment per Mn. Data from field-
0.000 1 1 cooled and zero field-cooled conditions were further
suggestive of room temperature magnetizaliriTthe sig-
-0.005 - 150 K+ nificance of these results is that there are many advantages
~ from a device viewpoint to using-type ferromagnetic semi-
& .o.010f 100 K 4 conductors.
g 75K ] The local structure and effective chemical valency of Mn
< 0.015F 50K - in MBE-grown (Ga,MnN samples were investigated by ex-
8 tended x-ray absorption fine structure(EXAFS)
“ o020k 25K 4 spectroscopy?’ It was concluded that most of the Mn was
] incorporated substitutionally on the Ga sublattice with an
0.025 - 10K | effective valence close ta-2 for samples with~2 at. %
L Mn.'%3 There was also evidence that a fractiérom 1% to

-100 -80 -60 -40 -20 0 20 40 60 80 100 36%, depending on the growth conditioref the total Mn
H (kOe) concentration could be present as small Mn clust¥rs.
(Ga,FeN films grown by MBE have also been
FI_G.8. Magnetotransport sheet r_esi'stance data fr(_)m MBE-g(QﬂﬂVIn)N reporte&GB EXAFS data showed that the Fe was substitu-
with ~7 at. % Mn. The magnetic field was applied perpendicular to the.. . . . . .
sample plane. tional in Ga sites, with ferromagnetic ordering present below
~100 K for samples grown at 380 °C 18 Direct evidence
of implanted Fe on substitutional Ga sites in GaN has come
(~9%) Mn concentrations, the Curie temperatures were befrom emission channeling measuremefitsit is possible
tween 10 and 25 K®® An example is shown in Fig. 8 for an that, with further optimization, GaN films doped with Fe, Ni
n-type (Ga,MnN sample with Mn of~7%. The sheet re- and other impurities might also show room temperature fer-
sistance shows negative magnetoresistance below 150 iKomagnetism.
with the anomalous Hall coefficient disappearing below 25
K. When the Mn concentration was decreased to 3 at. %, the
(Ga,MnN showed the highest degree of ordering per MnC. Transition metal doped oxides
atom*® Figure 9a) shows hysteresis present at 300 K, while
the magnetization as a function of temperature is shown i
Fig. 9b). Data from samples with different Mn concentra-
tions are shown in Fig.(®) that indicate ferromagnetic cou-

In addition to Dietlet al’s prediction, ferromagnetism in
rPnagnetically doped ZnO has been theoretically investigated
by ab initio calculations based on local density
approximation’® Again, the results suggest that ferromag-
netic ordering of Mn is favored when mediated by hole dop-
ing. However, for V, Cr, Fe, Co, and Ni dopants, ferromag-
] netic ordering in ZnO is predicted to occur without the need
H=1kOe 4 of additional charge carriers. Recently, the magnetic proper-
ties of Ni-doped ZnO thin films were reportéd. For films
doped with 3-25 at. % Ni, ferromagnetism was observed at 2
K. Above 30 K, superparamagnetic behavior was observed.
RN N TR In all of these studies, the ZnO material wag/pe. We want

20 0 20 40 0 100 200 300 to note that Fukumurat al. have shown that epitaxial thin
H (kOe) T(K) flms of Mn-doped ZnO can be obtained by pulsed laser
(6)) RSN SMSMN de_ppsition, with Mn substitution as high as 35% while mgin-
taining the wurtzite structurt’? This is well above the equi-
librium solubility limit of ~13%, and illustrates the utility
of low-temperature epitaxial growth in achieving metastable
solubility in thin films. Codoping with Al resulted in-type
material with carrier concentration in excess of1ém 3.
Large magnetoresistance was observed in the films, but no
evidence of ferromagnetism was reported.

The theory of Dietlet al. predicting high temperature
T=300K ferromagnetism for Mn-doped ZnO is specifically foitype
S T W BN ERWE N material. Experimental results reported in the literature for

20 10 0 10 20 30 Mn-doped ZnO that is type due to group Il donor impu-

H (kOe) rities are consistent with this prediction, and show no ferro-
magnetism. However, we recently obtained preliminary evi-
FIG. 9. (8 B—H loops at 300 K from MBE-grown(Ga,MnN with  dence of ferromagnetism mtype ZnO, in which Mn and Sn
~9at. % Mn(closed circle}_s The data from a_sapphire substrate are shownserve as the transition metal and donor impurities, respec-
by open circles(b) Magnetization as a function of the temperature for the " . . .
MBE-grown (Ga,MnN with ~9 at. % Mn.(c) B—H loops at 300 K from  tiVely. In these experiments, Mn ions were implanted at el-
MBE-grown (Ga,Mn)N with various Mn concentrations. evated temperature into Sn-doped ZnO single crystals. Mag-
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8x10° vices include nonvolatility, higher integration densities,
1 . lower power operation and higher switching speeds. The
6"10.5'. Zn0: Sn Mn 3at.% .---:alll. ability to control the ferromagnetism through manipulation
S 4x10° " of the carrier density in gated semiconductor structures has
0E> s b W great promise for integrated logic/memory/sensor chips.
= X107 S . Additional work is needed on the synthesis and control
._g 0 S of carrier density in wide band gap semiconductor and con-
gil ] S . ducing oxide thin films and on how the magnetic properties
T 2x10° - | - are related to the carrier type and density. Theoretical under-
CC» _4x10_5; ..' __' star_1d|ng of the origin of_ the ferromagnetism is progressing
1] ] T o rapidly, but much work is needed to characterize the local
= gx10°{ waia=et 10K environment around the Mn ions and the electrical properties
5] of the Mn'’® and to have models that reproduce features of
8x10 4000 500 0 500 1000 the experimental datd? This will require use of element-
H(Gauss) specific techniques such as transmission electron microscopy

with Z contrast, EXAFS and various tunneling microscopies
FIG. 10. B vs H curve for Mn-implanted ZnO:Sn single crystal, showing to correlate the lattice position and the presence of any nano-
ferromagnetic behavior. clusters with the resultant magnetic properties. Finally, it is
imperative to fabricate a wide variety of spin-related device
structures in order to identify the factors that limit their per-

H curves. Figure 10 shows the magnetization behavior at 1 prmance, which n wrn will inevitably lead t_o |mproved.
K for a S.n-doped ZnO sample implanted with 3 at. % Mn _qnta_cts, cleaner interfaces apd a clearer picture of spin-
that clearly indicates ferromagnetism. More work is. neede'dnjecnon’ control and transport issues.
to determine the origin of ferromagnetism in these materials.
If carrier-mediated mechanisms are responsible, one MURCKNOWLEDGMENTS
explain why the behavior depends on the specific cation dop-
ant specie chosefsn vs Al,Ga. Additional work is needed
to address these issues.

It has recently been reported that anatase §Jidped

netization measurements showed clear hysteresis iB trse

The authors are indebted to J. M. Poate and B. R. Apple-
ton for their encouragement in writing this article and to
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