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Abstract

Existing semiconductor electronic and photonic devices utilize the charge on electrons and holes in order to
perform their specific functionality such as signal processing or light emission. The relatively new field of
semiconductor spintronics seeks, in addition, to exploit the spin of charge carriers in new generations of transistors,
lasers and integrated magnetic sensors. The ability to control of spin injection, transport and detection leads to the
potential for new classes of ultra-low power, high speed memory, logic and photonic devices. The utility of such
devices depends on the availability of materials with practical (>300 K) magnetic ordering temperatures. In this
paper, we summarize recent progress in dilute magnetic semiconductors (DMS) such as (Ga, Mn)N, (Ga, Mn)P, (Zn,
Mn)O and (Zn, Mn)SiGeN2 exhibiting room temperature ferromagnetism, the origins of the magnetism and its
potential applications in novel devices such as spin-polarized light emitters and spin field effect transistors.
# 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction—what is spintronics?

Two of the most successful technologies in existence today have created the Si integrated circuit

(ICs) industry and the data storage industry. Both continue to advance at a rapid pace. In the case of

ICs, the number of transistors on a chip doubles about every 18 months according to Moore’s law.

For magnetic hard disk drive technology, a typical desk-top computer drive today has a 40GB per

disk capacity, whereas in 1995 this capacity was �1GB per disk. Since 1991, the overall bit density

on a magnetic head has increased at an annual rate of 60–100% and is currently �10.7 Gbits/in.2

(see, for example [1]). The integrated circuits operate by controlling the flow of carriers through the

semiconductor by applied electric fields. The key parameter therefore is the charge on the electrons

or holes. For the case of magnetic data storage, the key parameter is the spin of the electron, as spin

can be thought of as the fundamental origin of magnetic moment. The characteristics of ICs include

high speed signal processing and excellent reliability, but the memory elements are volatile (the

stored information is lost when the power is switched-off, as data is stored as charge in capacitors,

i.e. DRAMs). A key advantage of magnetic memory technologies is that they are non-volatile since

they employ ferromagnetic materials which by nature have remanence.
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The emerging field of semiconductor spin transfer electronics (spintronics) seeks to exploit the

spin of charge carriers in semiconductors. It is widely expected that new functionalities for

electronics and photonics can be derived if the injection, transfer and detection of carrier spin can be

controlled above room temperature. Among this new class of devices are spin transistors operating

at very low powers for mobile applications that rely on batteries, optical emitters with encoded

information through their polarized light output, fast non-volatile semiconductor memory and

integrated magnetic/electronic/photonic devices (‘‘electromagnetism-on-a-chip’’). A proposed

technology tree for spin-based devices is shown in Fig. 1. Since the magnetic properties of

ferromagnetic semiconductors are a function of carrier concentration in the material in many cases,

then it will be possible to have electrically or optically-controlled magnetism through field-gating of

transistor structures or optical excitation to alter the carrier density. This novel control of magnetism

has already been achieved electronically and optically in an InMnAs metal–insulator semiconductor

structure at low temperatures [2,3] and electronically in Mn:Ge [4]. A number of recent reviews have

covered the topics of spin injection, coherence length and magnetic properties of materials systems

such as (Ga, Mn)As [5–7], (In, Mn)As [5–7] and (Co, Ti)O2 [8] and the general areas of spin

injection from metals into semiconductors and applications of the spintronic phenomena [9–12]. The

current interest in magnetic semiconductors can be traced to difficulties in injecting spins from a

ferromagnetic metal into a semiconductor [13,14], which idea can be traced to fruitful research in

Fig. 1. Technology tree for spin-based devices and their potential applications (after http://spintronics.korea.ac.kr/
research_map1.htm).
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epitaxial preparation of ferromagnetic transitional metals on semiconductor substrates [15]. A theory

first proposed by Schmidt et al. [16] points out that due to the dissimilar materials properties of a

metal and semiconductor, an efficient spin injection in the diffusive transport regime is difficult

unless the magnetic material is nearly 100% spin-polarized, i.e. half-metallic [17]. Although there

have been recent reports of successful and efficient spin injection from a metal to a semiconductor

even at room temperature by ballistic transport (i.e. Schottky barriers and tunneling) [18], the

realization of functional spintronic devices requires materials with ferromagnetic ordering at

operational temperatures compatible with existing semiconductor materials.

2. Materials selection

There are two major criteria for selecting the most promising materials for semiconductor

spintronics. First, the ferromagnetism should be retained to practical temperatures (i.e. >300 K).

Second, it would be a major advantage if there were already an existing technology base for the

material in other applications. Most of the work in the past has focused on (Ga, Mn)As and (In,

Mn)As. There are indeed major markets for their host materials in infra-red light-emitting diodes and

lasers and high speed digital electronics (GaAs) and magnetic sensors (InAs). Most of the past

attention on ferromagnetic semiconductors focussed on the (Ga, Mn)As [19–42] and (In, Mn)As

[43–50] systems. In samples carefully grown single-phase by molecular beam epitaxy (MBE), the

highest Curie temperatures reported are �110 K for (Ga, Mn)As and �35 K for (In, Mn)As. For

ternary alloys such as (In0.5Ga0.5)0.93Mn0.07As, the Curie temperature is also low �110 K [51]. A

tremendous amount of research on these materials systems has led to some surprising results, such as

the very long spin lifetimes and coherence times in GaAs [4] and the ability to achieve spin transfer

through a heterointerface [52–69], either of semiconductor–semiconductor or metal–semiconductor.

One of the most effective methods for investigating spin-polarized transport is by monitoring the

polarized electroluminescence output from a quantum well light-emitting diode into which the spin

current is injected. Quantum selection rules relating the initial carrier spin polarization and the

subsequent polarized optical output can provide a quantitative measure of the injection efficiency

[67,69,70].

There are a number of essential requirements for achieving practical spintronic devices in

addition to the efficient electrical injection of spin-polarized carriers. These include the ability to

transport the carriers with high transmission efficiency within the host semiconductor or conducting

oxide, the ability to detect or collect the spin-polarized carriers and to be able to control the transport

through external means such as biasing of a gate contact on a transistor structure. The observation of

spin current-induced switching in magnetic heterostructures is an important step in realizing

practical devices [71]. Similarly, Nitta et al. [72] demonstrated that a spin–orbit interaction in a

semiconductor quantum well could be controlled by applying a gate voltage. These key aspects of

spin injection, spin-dependent transport, manipulation and detection form the basis of current

research and future technology. The use of read sensors based on metallic spin valves in disk drives

for magnetic recording is already a US$ 100 billion per year industry. It should also be pointed out

that spintronic effects are inherently tied to nanotechnology, because of the short (�1 nm)

characteristic length of some of the magnetic interactions. Combined with the expected low power

capability of spintronic devices, this should lead to extremely high packing densities for memory

elements. A recent review of electronic spin injection, spin transport and spin detection technologies

has recently been given by Buhrman and co-workers [6], as part of a very detailed and

comprehensive study of the status and trends of research into spin electronics in Japan, Europe and
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the US. The technical issues covered fabrication and characterization of magnetic nanostructures,

magnetism and spin control in these structures, magneto-optical properties of semiconductors and

magneto-electronics and devices. The non-technical issues covered included industry and academic

cooperation and long-term research challenges. The panel findings are posted on the web site [7].

In this review, we focus on a particular and emerging aspect of spintronics, namely recent

developments in achieving practical magnetic ordering temperatures in technologically useful

semiconductors [73–79]. While the progress in synthesizing and controlling the magnetic properties

of III-arsenide semiconductors has been astounding, the reported Curie temperatures are too low to

have significant practical impact. A key development that focused attention on wide bandgap

semiconductors as being the most promising for achieving high Curie temperatures was the work of

Dietl et al. [80]. They employed the original Zener model of ferromagnetism [81] to predict TC

values exceeding room temperature for materials such as GaN and ZnO containing 5% of Mn and a

high hole concentration (3:5 � 1020 cm�3).

Other materials for which room temperature ferromagnetism has been reported include (Cd,

Mn)GeP2 [74], (Zn, Mn)GeP2 [75], ZnSnAs2 [76], (Zn, Co)O [77] and (Co, Ti)O2 [8,78] as well as

Eu chalcogenides and others that have been studied in the past [79]. Some of these chalcopyrites and

wide bandgap oxides have interesting optical properties, but they lack a technology and experience

base as large as that of most semiconductors.

The key breakthrough that focused attention on wide bandgap semiconductors as being the most

promising for achieving practical ordering temperatures was the theoretical work of Dietl et al. [80].

They predicted that cubic GaN doped with �5 at.% of Mn and containing a high concentration of

holes (3:5 � 1020 cm�3) should exhibit a Curie temperature exceeding room temperature. In the

period following the appearance of this work, there has been tremendous progress on both the

realization of high-quality (Ga, Mn)N epitaxial layers and on the theory of ferromagnetism in these

so-called dilute magnetic semiconductors (DMS). The term DMS refers to the fact that some fraction

of the atoms in a non-magnetic semiconductor like GaN are replaced by magnetic ions. A key,

unanswered question is whether the resulting material is indeed an alloy of (Ga, Mn)N or whether it

remains as GaN with clusters, precipitates or second phases that are responsible for the observed

magnetic properties [82].

3. Mechanisms of ferromagnetism

Fig. 2 shows some of the operative mechanisms for magnetic ordering in DMS materials. Two

basic approaches to understanding the magnetic properties of dilute magnetic semiconductors have

emerged. The first class of approaches is based on mean-field theory which originates in the original

model of Zener [81]. The theories that fall into this general model implicitly assume that the dilute

magnetic semiconductor is a more-or-less random alloy, e.g. (Ga, Mn)N, in which Mn substitutes for

one of the lattice constituents. Within these theories, there are differences in how the free carriers are

assumed to interact, as shown in Fig. 3. The second class of approaches suggests that the magnetic

atoms form small (a few atoms) clusters that produce the observed ferromagnetism [82]. A difficulty

in experimentally verifying the mechanism responsible for the observed magnetic properties is that

depending on the growth conditions employed for growing the DMS material, it is likely that one

could readily produce samples that span the entire spectrum of possibilities from single-phase

random alloys to nanoclusters of the magnetic atoms to precipitates and second phase formation.

Therefore, it is necessary to decide on a case-by-case basis which mechanism is applicable. This can

only be achieved by a careful correlation of the measured magnetic properties with materials
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Fig. 2. Semiconductor matrix with high concentrations of magnetic impurities (i.e. Mn), randomly distributed (defects),
can be insulators (A) for group II–VI materials where divalent Mn ions occupy group II sites. At high concentrations, Mn
ions are antiferromagnetically coupled, but at dilute limits, atomic distances between magnetic ions are large, and
antiferromagnetic coupling is weak. For the cases where there is high concentrations of carriers (B) (i.e. (Ga, Mn)As where
Mn ions behave as acceptors and provide magnetic moment as they occupy trivalent Ga sites), the carriers are thought to
mediate ferromagnetic coupling between magnetic ions. Between near insulating and metallic cases, at low carrier regimes,
hole carrier concentrations are localized near the magnetic impurity. Below certain temperatures, a percolation network (C)
is formed in which clusters the holes are delocalized and hop from site to site, which energetically favors maintaining the
carriers’ spin orientation during the process, an effective mechanism for aligning Mn moments within the cluster network.
Alternatively, at percolation limits, localized hole near the magnetic impurity is polarized, and the energy of the system is
lowered when the polarization of the localized holes are parallel (D).
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analysis methods that are capable of detecting other phases or precipitates. If, for example, the

magnetic behavior of the DMS is characteristic of that of a known ferromagnetic second phase (such

as MnGa or Mn4N in (Ga, Mn)N), then clearly the mean-field models are not applicable. To date,

most experimental reports concerning room temperature ferromagnetism in DMS employ X-ray

diffraction, selected-area diffraction patterns (SADP), transmission electron microscopy (TEM),

photoemission or X-ray absorption (including extended X-ray absorption fine structure (EXAFS) as

discussed later) to determine whether the magnetic atoms are substituting for one of the lattice

constituents to form an alloy. Given the level of dilution of the magnetic atoms, it is often very

Fig. 2. (Continued ).

142 S.J. Pearton et al. / Materials Science and Engineering R 40 (2003) 137–168



difficult to categorically determine the origin of the ferromagnetism. Indirect means such as

superconducting quantum interference device (SQUID) magnetometer measurements to exclude any

ferromagnetic intermetallic compounds as the source of magnetic signals and even the presence of

what is called the anomalous or extraordinary Hall effect, that have been widely used to verify a

single-phase system, may be by itself insufficient to characterize a DMS material. It could also

certainly be the case that magnetically-active clusters or second phases could be present in a pseudo-

random alloy and therefore that several different mechanisms could contribute to the observed

magnetic behavior. There is a major opportunity for the application of new, element- and lattice

position-specific analysis techniques, such as the various scanning tunneling microscopies and Z-

contrast scanning transmission electron microscopy (Z-contrast STEM) amongst others for revealing

a deeper microscopic understanding of this origin of ferromagnetism in the new DMS materials.

The mean-field approach basically assumes that the ferromagnetism occurs through interactions

between the local moments of the Mn atoms, which are mediated by free holes in the material. The

spin–spin coupling is also assumed to be a long-range interaction, allowing use of a mean-field

approximation [80,83,84]. In its basic form, this model employs a virtual-crystal approximation to

calculate the effective spin-density due to the Mn ion distribution. The direct Mn–Mn interactions

are antiferromagnetic so that the Curie temperature, TC, for a given material with a specific Mn

concentration and hole density (derived from Mn acceptors and/or intentional shallow level acceptor

doping), is determined by a competition between the ferromagnetic and antiferromagnetic

interactions. In the presence of carriers, TC is given by the expression [80,85]

TC ¼ NOXeff SðS þ 1Þb2AFPSðTCÞ
12kB

� �
� TAF

where NOXeff is the effective spin concentration, S the localized spin state, b the p–d exchange

integral, AF the Fermi liquid parameter, PS the total density of states, kB is Boltzmann’s constant and

TAF describes the contribution of antiferromagnetic interactions. Numerous refinements of this

approach have appeared recently, taking into account the effects of positional disorder [86,87],

indirect exchange interactions [88], spatial inhomogeneities and free-carrier spin polarization

[89,90]. Fig. 4 shows a compilation of the predicted TC values, together with some reported

experimental values. In the subsequent period after appearance of the Dietl et al. [80] paper,

remarkable progress has been made on the realization of materials with TC values at or above room

temperature.

The mean-field model and its variants produces reliable estimates of TC for materials such as

(Ga, Mn)As and (In, Mn)As and predicts that (Ga, Mn)N will have a value above room temperature

Fig. 3. Schematic of role of carriers (holes) in the various theories for carrier-induced ferromagnetism in dilute magnetic
III–V semiconductors.
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[80]. Examples of the predicted ferromagnetic transition temperatures for both (Ga, Mn)As and (Ga,

Mn)N are shown in Fig. 5 for four different variants of the mean-field approach [91]. These are the

standard mean-field theory (TMF
C ), a version that accounts for the role of Coulomb interactions with

holes in the valence band (exchange-enhanced, TX
C ), another version that accounts for correlations in

Mn ion orientations (collective, Tcoll
C ) or an estimate based on where excited spin waves cancel out

the total spin of the ground state (Test
C ) [91]. Note that the dependence of any of the calculated TC

values on hole density in the material is much steeper for (Ga, Mn)As than for (Ga, Mn)N. The range

of predicted values for GaAs has a much higher distribution than for GaN. This data emphasizes the

point that the mean-field theories produce fairly reliable predictions for (Ga, Mn)As, but at this stage

are not very accurate for (Ga, Mn)N.

A second point largely overlooked in the theoretical work to date is that fact that the assumed

hole densities may not be realistic. While GaAs can be readily doped with shallow acceptors such as

C to produce hole densities of around 1021 cm�3 [92] and the Mn acceptors also contribute holes, the

p-doping levels in GaN are limited to much lower values under normal conditions. For example, the

ionization level (Ea) of the most common acceptor dopant in GaN, namely Mg, is relatively deep in

the gap (Ev þ 0:17 eV). Since the number of holes (P) is determined by the fraction of acceptors that

are actually ionized at a given temperature T through a Boltzmann factor

P / exp � Ea

kT

� �

then for Mg at room temperature only a few percent of acceptors are ionized. While the Mg acceptor

concentration in GaN can exceed 1019 cm�3, a typical hole concentration at 25 8C is P � 3�
1017 cm�3. Initial reports of the energy level of Mn in GaN show it is very deep in the gap,

Ev þ 1:4 eV [93], and thus would be an ineffective dopant under most conditions. Some strategies

for enhancing the hole concentration do exist, such as co-doping both acceptors and donors to reduce

self-compensation effects [94] or the use of selectively-doped AlGaN/GaN superlattices in which

there is transfer of free holes from Mg acceptors in the AlGaN barriers to the GaN quantum wells

[95]. These methods appear capable under optimum conditions of increasing the hole density in GaN

to >1018 cm�3 at 25 8C.

Fig. 4. Predicted Curie temperatures as a function of bandgap (after [80]), along with some experimentally reported values
in the literature.

144 S.J. Pearton et al. / Materials Science and Engineering R 40 (2003) 137–168



A further issue that needs additional exploration in the theories is the role of electrons, rather

than holes, in stabilizing the ferromagnetism in DMS materials. All of the reports of

ferromagnetism in (Ga, Mn)N, for example, occur for material that is actually n-type. Since the

material has to be grown at relatively low temperatures to avoid Mn precipitation and therefore only

molecular beam epitaxy (MBE) can be used, there is always the possibility of unintentional n-type

doping from nitrogen vacancies, residual lattice defects or impurities such as oxygen. Therefore,

stoichiometry effects, crystal defects or unintentional impurities may control the final conductivity,

rather than Mn or the intentionally-introduced acceptor dopants. Once again, this is much less of an

issue in materials such as GaAs, whose low temperature growth is relatively well understood and

controlled.

While most of the theoretical work for DMS materials has focused on the use of Mn as the

magnetic dopant, there has been some progress on identifying other transition metal (TM) atoms that

Fig. 5. Predicted ferromagnetic transition temperatures in (Ga, Mn)As (top) or (Ga, Mn)N (bottom) containing 5 at.% Mn,
as a function of hole density. The four different curves in each graph represent results obtained from different variants of
mean-field theory (after [91]).

S.J. Pearton et al. / Materials Science and Engineering R 40 (2003) 137–168 145



may be effective. Fig. 6 shows the predicted stability of ferromagnetic states in GaN doped with

different 3d transition metal atoms [96]. The results are based on a local spin-density approximation

which assumed that Ga atoms were randomly substituted with the magnetic atoms and did not take

into account any additional carrier doping effects. In this study it was found that (Ga, V)N and (Ga,

Cr)N showed stable ferromagnetism for all transition metal concentrations whereas Fe, Co or Ni

doping produced spin-glass ground states [96]. For the case of Mn, the ferromagnetic state was the

lowest energy state for concentrations up to �20%, whereas the spin-glass state became the most

stable at higher Mn concentrations.

3.1. (Ga, Mn)P

Ferromagnetism above room temperature in (Ga, Mn)P has been reported for two different

methods of Mn incorporation, namely ion implantation [97] and doping during MBE growth [97,98]

The implantation process is an efficient one for rapidly screening whether particular combinations of

magnetic dopants and host semiconductors are promising in terms of ferromagnetic properties. We

have used implantation to introduce ions such as Mn, Fe and Ni into a variety of substrates, including

GaN, SiC and GaP.

The temperature-dependent magnetization of a strongly p-type (p � 1020), carbon-doped GaP

sample implanted with �6 at.% of Mn and then annealed at 700 8C, is shown in Fig. 7. The

diamagnetic contribution was subtracted from the background. A Curie temperature (TC) of �270 K

is indicated by the dashed vertical line, while the inset shows a ferromagnetic Curie temperature of

236 K.

Examples of hysteresis loops from MBE-grown samples doped during growth are shown in

Fig. 8. The hysteresis could be detected to 330 K. No secondary phases (such as MnGa or MnP) or

clusters were determined by transmission electron microscopy, X-ray diffraction or selected-area

diffraction pattern analysis.

The magnetism is suppressed in GaP when the implanted Mn concentration is increased or

decreased away from the optimum value (as is also seen in material doped during epitaxial growth)

or when n-type GaP substrates are used, as shown in Fig. 9.

Fig. 6. Predicted stability of the ferromagnetic states of different transition metal (TM) atoms in GaN as a function of
transition metal concentration. The vertical axis represents the energy difference between the ferromagnetic and spin-glass
states for each metal atom (after [96]).
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Fig. 7. Field-cooled magnetization of (Ga, Mn)P as a function of temperature. The solid line shows a Bloch law
dependence, while the dashed lines are 95% confidence bands. The vertical dashed line at TC ¼ 270 K is the field-
independent inflection point and the vertical arrows in the main panel and inset mask to ferromagnetic Curie temperature
Yf. The inset shows the temperature dependence of difference in magnetization between field-cooled and zero-field-cooled
conditions.

Fig. 8. Room temperature hysteresis loops for epitaxially-grown GaP doped with 9.4% Mn during growth.
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While mean-field theories predict relatively low Curie temperatures (<110 K) for (Ga, Mn)P

[97,98], recent experiments show ferromagnetism above 300 K [97,98]. In other respects, the

magnetic behavior of the (Ga, Mn)P was consistent with mean-field predictions. For example, the

magnetization versus temperature plots showed a more classical concave shape than observed with

many DMS materials. In addition, the Curie temperature was strongly influenced by the carrier

density and type in the material, with highly p-type samples showing much higher values than n-type

or undoped samples. Finally, the Curie temperature increased with Mn concentration up to �6 at.%

and decreased at higher concentrations [98]. No secondary phases or clusters could be detected by

transmission electron microscopy, X-ray diffraction or selected-area diffraction patterns. Similar

results were achieved in samples in which the Mn was incorporated during MBE growth or directly

implanted with Mn.

GaP is a particularly attractive host material for spintronic applications because it is almost

lattice-matched to Si. One can therefore envision integration of (Ga, Mn)P spintronic magnetic

sensors or data storage elements to form fast non-volatile magnetic random access memories

(MRAM). Although it has an indirect bandgap, it can be made to luminescence through addition of

isoelectric dopants such as nitrogen or else one could employ the direct bandgap ternary InGaP,

which is lattice matched to GaAs. The quaternary InGaAlP materials system is used for visible light-

emitting diodes, laser diodes, heterojunction bipolar transistors and high electron mobility

transistors. An immediate application of the DMS counterparts to the component binary and

ternary materials in this system would be to add spin functionality to all of these devices. A further

advantage to the wide bandgap phosphides is that they exhibit room temperature ferromagnetism

even for relatively high growth temperatures during MBE.

Obviously, the Mn can also be incorporated during MBE growth of the (Ga, Mn)P. The p-type

doping level can be separately controlled by incorporating carbon from a CBr4 source while P is

obtained from thermal cracking of PH3. A phase diagram for the epi growth of this materials system

has been developed and this can be used to tailor the magnetic properties of the (Ga, Mn)P. For

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

of �39 Oe.

Fig. 9. Temperature dependence of the difference between field-cooled and zero-field-cooled magnetization(per gram
Mn)for n-type GaP implanted with 3 at.% Mn (top) or p-type GaP implanted with 5 at.% Mn (bottom).
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3.2. (Ga, Mn)N

The initial work on this material involved either microcrystals synthesized by nitridization of

pure metallic Ga in supercritical ammonia or bulk crystals grown in reactions of Ga/Mn alloys on

GaN/Mn mixtures with ammonia at �1200 8C [99]. These samples exhibit paramagnetic properties

over a broad range of Mn concentrations, as did some of its early MBE-grown films.

The first reports of the magnetic properties of (Ga, Mn)N involved bulk microcrystallites grown

at high temperatures (�1200 8C), but while percent levels of Mn were incorporated, the samples

exhibited paramagnetic behavior [99]. By sharp contrast, in epitaxial GaN layers grown on sapphire

substrates and then subjected to solid state diffusion of Mn at temperatures from 250 to 800 8C for

various periods, clear signatures of room temperature ferromagnetism were observed [100,101].

Fig. 10 shows anomalous Hall effect data (top) at 323 K and the temperature dependence of sheet

resistance at zero applied field for two different Mn-diffused samples and an undoped GaN control

sample (bottom) [101]. The Curie temperature was found to be in the range 220–370 K, depending

on the diffusion conditions. The use of ion implantation to introduce the Mn produced lower

magnetic ordering temperatures [102].

In (Ga, Mn)N films grown by MBE at temperatures between 580–720 8C with Mn contents of

6–9 at.%, magnetization (M) versus magnetic field (H) curves showed clear hysteresis at 300 K, with

coercivities of 52–85 Oe and residual magnetizations of 0.08–0.77 emu/g at this temperature

[103,104]. Fig. 11 shows the temperature dependence of the magnetization for a sample with 9 at.%

Mn, yielding an estimated TC of 940 K using a mean-field approximation. Note that while the

electrical properties of the samples were not measured, they were almost certainly n-type. As we

discussed above, it is difficult to obtain high Curie temperatures in n-type DMS materials according

to the mean-field theories and this is something that needs to be addressed in future refinements of

these theories. Room temperature ferromagnetism in n-type (Ga, Mn)N grown by MBE has also

been reported by Thaler et al. [105]. In that case, strenuous efforts were made to exclude any

possible contribution from the sample holder in the superconducting quantum interference device

(SQUID) magnetometer or other spurious effects.

Using the optimum growth conditions of TG ¼ 700 8C and Mn cell temperature of �3 at.%, no

second phases were observed in either high resolution transmission electron microscopy (TEM) or

selected-area diffraction patterns (SADP), as shown in Fig. 12.

Fig. 13 shows the result of single axis o–2y rocking curve analysis on films grown on both

sapphire substrates and MOCVD GaN buffer layers. As with the y–2y X-ray diffraction and the

results from TEM, the o–2y scans do not indicate the presence of second phases within either of the

two films. In Fig. 13a, the peak at approximately 34.558 corresponds to the (0 0 2) reflections from

the GaN and GaMnN layers, while the peak at 41.678 corresponds to the (0 0 6) reflection of

sapphire. The small peak at 35.898 is due to the (0 0 2) reflection of the AlN buffer layer. Fig. 13b

again confirms the y–2y result for the MOCVD sample, prominently showing only the (0 0 2) peak

from the GaN and GaMnN layers, as well as the (0 0 6) peak from the substrate. Due to the large

FWHM of the underlying thick (3 mm) MOCVD GaN layer (also seen in as-received GaN), features

in 2y due to the GaMnN (0 0 2) peak are obscured. The placement of an analyzer crystal in the

reflected beam would be required to possibly deconvolute the GaN peak from the GaMnN peak. The

absence of an easily discernible knee on either side of the (0 0 2) GaN peak in Fig. 13a as well

indicates a low degree of Mn substitution into the Ga sublattice for this film, despite its observed

magnetic properties at low temperatures (see Section 4). This is confirmed by the calculated moment

per Mn ion, which is found to be approximately 0.3 mB per Mn, far less than the 5 mB per Mn one

would expect for 100% Mn substitution.
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Magnetotransport properties of the GaMnN material were investigated in the temperature range

between 10 and 300 K for magnetic field sweeps between �7 and þ7 T. The Hall (transverse) and

sheet (longitudinal) resistances were measured after applying In Ohmic contacts to the GaMnN. An

ac impedence bridge was used in these measurements to maximize the signal to background noise

ratio. The electron carrier density at 300 K was found to be 2:4 � 1019 cm�3, while the carrier

density at 10 K was found to decrease slightly to 1:3 � 1019 cm�3. The high carrier density at 300 K

indicates that the high growth temperature was effective in increasing the number of free electrons

via an excess in nitrogen vacancies, despite the presence of the high concentration of Mn. The sheet

resistance showed clear negative magnetoresistance (11% at 10 K) as shown in Fig. 14. The

anomalous Hall effect was observed up to �20 K, which was limited by instrumental resolution. The

Fig. 10. Temperature dependence of sheet resistance at zero magnetic field for Mn-diffused GaN and as-grown GaN (top)
and room temperature anomalous Hall effect hysteresis curves for Mn-diffused GaN (bottom) (after [101]).
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Hall resistance data was found to be linear from 25 to 300 K, and is consistent with the absence of

magnetic moments due to the thermodynamically stable ferrimagnetic Mn4N phase, which is

reported to have a TC as high as 745 K. In accordance with most of the theoretical predictions,

magnetotransport data showed the anomalous Hall effect, negative magnetoresistance and magnetic

resistance at temperatures that were dependent on the Mn concentration. For example, in films with

very low (<1%) or very high (�9%) Mn concentrations, the Curie temperatures were between 10 and

25 K. An example is shown in Fig. 15 for an n-type (Ga, Mn)N sample with Mn �7%. The sheet

resistance shows negative magnetoresistance below 150 K, with the anomalous Hall coefficient

disappearing below 25 K. When the Mn concentration was decreased to 3 at.%, the (Ga, Mn)N

showed the highest degree of ordering per Mn atom [105] Fig. 15 shows hysteresis present at 300 K,

while the magnetization as a function of temperature is also shown data from samples with different

Mn concentrations is shown in Fig. 15 (bottom) and indicates ferromagnetic coupling, leading to a

lower moment per Mn. Data from field-cooled and zero-field-cooled conditions was further

suggestive of room temperature magnetization [105]. The significance of these results is that there

are many advantages from a device viewpoint to having n-type ferromagnetic semiconductors.

It is also worthwhile to point out that for the studies of (Ga, Mn)N showing ferromagnetic

ordering by magnetization measurements, a number of materials characterization techniques did not

show the presence of any second ferromagnetic phases within detectable limits. In addition, the

values of the measured coercivities are relatively small. If indeed there were undetectable amounts of

nano-sized clusters, due to geometrical effects, the expected fields at which these clusters would

switch magnetically would be expected to be much larger than what has been observed.

Other transition metals dopants have also shown promising behavior in GaN. Recently, several

groups have reported above room temperature TC for (Ga, Cr)N. Park et al. reported room

temperature ferromagnetism (TC ¼ 280 K) for bulk single crystal Cr-doped GaN prepared by

sodium flux growth method [106]. Epitaxial (Ga, Cr)N prepared by ECR molecular beam epitaxy

with TC > 400 K was reported by Hashimoto et al. [107]. Ferromagnetic ordering in low

temperature-molecular beam epitaxy (LT-MBE) Cr-doped GaAs DMS has also been reported [108].

Although Co-doped TiO2 and ZnO have reported TC above 300 K, we are unaware of reports of Co

Fig. 11. Magnetization vs. temperature for (Ga, Mn)N sample grown by MBE with �9 at.% Mn. The extrapolation of the
curve is based on a mean-field approximation (after [103,104]).
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incorporated GaN DMS thus far. For V-doped, we are not aware of any reports of DMS material

systems. As in case of all DMS preparation, possible contributions from magnetic second phases are

of concern. For example, in the well-studied (Ga, Mn)As DMS system, for high substrate growth

conditions, ferromagnetic intermetallic (TC � 300 K) MnAs clusters form. Binary intermetallic

phases for the transition metals Cr, Co, and V in GaN DMS preparation ranges from superconducting

to antiferromagnetic in magnetic behavior. Of note, are CrN [109] antiferromagnetic which Neél

temperature of 273 K (prepared by MBE and annealing at 800 8C)—which is similar to magnetic

transition reported by Park et al. (prepared by sodium flux method at 750 8C); CoN [110] Pauli

paramagnetic for all phases (CoN, d-Co2N, and g-Co3N prepared by annealing reactive ion

sputtering); and ferromagnetic phase Cr2N.

Fig. 16 shows the zero-field-cooled and field-cooled magnetization from a Cr-implanted p-GaN

sample, showing magnetization still present at 350 K. Magnetization as function of applied field at

5 K is plotted in Fig. 17 (diamagnetic contributions from the sapphire substrate has been carefully

subtracted in all magnetic data) for Co, Cr or V-implanted GaN. For Co and Cr ion-implanted

Fig. 12. High resolution TEM (top) and SADP (bottom) of 3 at.% Mn GaMnN grown at 700 8C.
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samples, ferromagnetic-like loops were observed. For two dosages, magnetic saturation was not

observed for applied fields up to 5 T for both Co and Cr-implanted samples. In other DMS systems

with ferromagnetic ordering, for samples which are on the insulating side of the metal–insulator

transition, technical saturation of magnetization was found to be difficult. The larger paramagnetic

background for higher dose samples is consistent with a carrier mediated model of ferromagnetism

in DMS systems at low carrier regimes. Such a material system as wide band gap GaN DMS, at low

temperatures, carriers will be localized to the magnetic impurities. If these bound carriers do not

overlap with other polarized bound carriers to form a percolation network, ferromagnetic ordering is

not maintained. Thus, samples with higher impurity concentrations show greater paramagnetic

background as there are more bound carriers to magnetic impurities. If the magnetic properties

originate from an undetected ferromagnetic, ferromagnetic, or antiferromagnetic phase, we would

expect the higher dose samples to show magnetization approach saturation faster than lower dose

Fig. 13. Single axis o–2y rocking curves for GaMnN grown at elevated temperatures on sapphire (a) and MOCVD GaN
buffers (b).
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samples. For all V-implanted samples, magnetization as a function of applied field measurements

indicate the resulting samples to be paramagnetic as magnetic susceptibility was found to be constant.

Extended X-ray absorption fine structure (EXAFS) measurements performed on (Ga, Mn)N

samples grown by MBE on sapphire at temperatures of 400–650 8C with Mn concentrations of

�7 � 1020 cm�3 (i.e. slightly over 2 at.%) are shown in Fig. 18 [111,112]. The similarity of the

experimental data with simulated curves for a sample containing this concentration of Mn substituted

for Ga on substitutional lattice positions indicates that Mn is in fact soluble at these densities. In the

samples grown at 650 8C, 	1 at.% of the total amount of Mn was found to be present as Mn clusters.

However, at lower growth temperatures (400 8C), the amount of Mn that could be present as clusters

increased up to �36 at.% of the total Mn incorporated. The ionic state of the substitutional Mn was

found to be primarily Mn(II), so that these impurities act as acceptors when substituting for the Ga

with valence three. However, when the electrical properties of these samples were measured, they

were found to be resistive [111,112]. This result emphasizes how much more needs to be understood

concerning the effects of compensation and unintentional doping of (Ga, Mn)N, since the EXAFS

Fig. 14. Magnetotransport data from GaMnN grown at TG ¼ 925 8C on an MOCVD GaN buffer.
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data indicated the samples should have shown very high p-type conductivity due to incorporation of

Mn acceptors. The local structure and effective chemical valency of Mn in MBE-grown (Ga, Mn)N

samples has been investigated by extended X-ray absorption fine structure [111,112]. It was

concluded that most of the Mn was incorporated substitutionally on the Ga sublattice with effective

valency close to þ2 for samples with �2 at.% Mn [111,112]. There was also evidence that a fraction

(from 1 to 36%, depending on growth condition) of the total Mn concentration could be present as

small Mn clusters [111,112].

Other reports have also recently appeared on the magnetic properties of GaN doped with other

transition metal impurities. For initially p-type samples directly implanted with either Fe or Ni,

ferromagnetism was observed at temperatures of �200 [113] and 50 K [114], respectively. (Ga, Fe)N

films grown by MBE showed Curie temperatures of 	100 K, with EXAFS data showing that the

majority of the Fe was substitutional on Ga sites [115]. (Ga, Cr)N layers grown in a similar fashion at

700 8C on sapphire substrates showed single-phase behavior, clear hysteresis and saturation of

magnetization at 300 K and a Curie temperature exceeding 400 K [116].

Fig. 15. M–T (top) and M–H (bottom) from GaMnN films grown at 700 8C. The M–T plot is from a sample with �3 at.%
Mn.
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In summary, epi growth of (Ga, Mn)N has produced a range of growth conditions producing

single-phase material and the resulting magnetic properties showing ferromagnetism above room

temperature [103–105]. In general, no second phases are found for Mn levels below �10% for

growth temperatures of �750 8C. The (Ga, Mn)N retains n-type conductivity under these conditions.

3.3. ZnO

In addition to Dietl’s theory on projected TC of Mn-doped ZnO, ferromagnetism in magnetically

doped ZnO has been theoretically investigated by ab initio calculations based on local density

approximation. Again, the results suggest that ferromagnetic ordering of Mn is favored when

mediated by hole doping. However, for V, Cr, Fe, Co, and Ni dopants, ferromagnetic ordering in ZnO

is predicted to occur without the need of additional charge carriers [117–121]. Recently, the

magnetic properties of Ni-doped ZnO thin-films were reported [122]. For films doped with 3–

25 at.% Ni, ferromagnetism was observed at 2 K. Above 30 K, superparamagnetic behavior was

observed. In all of these studies, the ZnO material was n-type. Note that Fukumura et al. have shown

that epitaxial thin-films of Mn-doped ZnO can be obtained by pulsed-laser deposition, with Mn

substitution as high as 35% while maintaining the wurtzite structure [122]. This is well above the

equilibrium solubility limit of �13%, and illustrates the utility of low-temperature epitaxial growth

in achieving metastable solubility in thin-films. Co-doping with Al resulted in n-type material with

carrier concentration in excess of 1019 cm�3. Large magnetoresistance was observed in the films, but

no evidence for ferromagnetism was reported. Dietl et al. [80] predicted a Curie temperature of

Fig. 16. Field-cooled and zero-field-cooled magnetization for p-GaN implanted with 3 at.% Cr (top) and hysteresis loop at
350 K (bottom).
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300 K for Mn-doped ZnO, while electron-doping of Fe, Co or Ni-doped ZnO was predicted to

stabilize high Curie temperature ferromagnetism [117–121]. Carrier-induced ferromagnetism was

predicted for the case of hole doping of ZnO(Mn) [117–121], while methods for improving p-type

doping have also been suggested [120]. Numerous reports of the magnetic properties of transition

metal-doped ZnO have appeared recently [122–126]. Ueda et al. [126] reported Curie temperatures

above 300 K for Co-doped ZnO, Jung et al. [125] a TC of 45 K for Mn-doped ZnO and Wakano et al.

[123] a TC of �2 K for Ni-doped ZnO.

Fig. 17. SQUID magnetometer measurements of magnetization (emu/cc) as a function of applied field (kOe) at T ¼ 5 K
for (a) Co ion-implanted p-GaN/sapphire (0 0 0 1) with 3 � 1015 cm�2 (�3%) and 5 � 1015 cm�2 (�5%) (inset: �10 kOe
for 3%); (b) Cr ion-implanted; (c) V ion-implanted. Only V ion-implanted samples show a linear relationship between
magnetization and applied field.

S.J. Pearton et al. / Materials Science and Engineering R 40 (2003) 137–168 157



The theory by Dietl et al. predicting high temperature ferromagnetism for Mn-doped ZnO is

specifically for p-type material. Experimental results reported in the literature on Mn-doped ZnO

that is n-type due to group III donor impurities are consistent with this prediction, showing no

ferromagnetism. However, we recently obtained preliminary evidence for ferromagnetism in n-type

ZnO, in which Mn and Sn serve as the transition metal and donor impurities, respectively. In these

experiments, Mn ions were implanted at elevated temperature into Sn-doped ZnO single crystals.

Magnetization measurements show clear hysteresis in the B versus H curves. Fig. 19 shows the

magnetization behavior at 10 K for a Sn-doped ZnO sample implanted with 3 at.% Mn, clearly

indicating ferromagnetism. More effort is needed to determine the origin of ferromagnetism in these

materials. If carrier-mediated mechanisms are responsible, one must explain why the behavior

depends on the specific cation dopant specie chosen (Sn versus Al, Ga). Additional work is needed in

order to address these issues.

Co-implanted ZnO has also shown room temperature ferromagnetism, but in this case, the origin

of the magnetism is in the presence of oriented nano-crsytals of Co, as seen in the XRD scan in Fig. 20.

It has recently been reported that anatase (TiO2) doped with Co is a ferromagnetic

semiconductor [127,128]. TiO2 occurs in three distinct polymorphs, namely rutile, anatase, and

brookite. Rutile is the thermodynamically stable phase at high temperature, and is the most widely

studied. Anatase is metastable, but can be stabilized in thin-film form. Undoped rutile is an

anisotropic, tetragonal insulator (a ¼ 4:59 Å, c ¼ 2:96 Å) possessing a bandgap of �3 eV. Anatase

is also tetragonal (a ¼ 3:78 Å, c ¼ 9:52 Å) with a bandgap of 3.2 eV [129] At low temperatures, the

permittivity of rutile is �110 along the a–b-direction and �240 along the c-axis [130] The static

dielectric constant of anatase is 31 [131]. TiO2 can be made an n-type semiconductor with

n � 1019 cm�3 via cation substitution or by Ti interstitials Low temperature electron Hall mobility

on the order of 30–100 cm2/(V s) has been reported for rutile. Hall mobility of electron-doped

anatase has been measured as high as 20 cm2/(V s).

Other reports have shown clear evidence for Co nanoclusters as the cause of room temperature

ferromagnetism in anatase Ti0.96Co0.04O thin-films grown on SrTiO2 substrates by pulsed-laser

deposition [132]. At this stage, it is unclear whether this is a general result.

Fig. 18. Fourier transforms of the Mn K-edge EXAFS data from Mn-doped (GaMn)N. The fine lines are the experimental
data in these curves, while the course lines are the calculated curves assuming 2 at.% of Mn in the GaN (after [111,112]).
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Fig. 19. Temperature dependence of difference in field-cooled and zero-field-cooled magnetization for bulk ZnO(Sn)
implanted with 3 at.% Mn (top) and room temperature hysteresis from same sample (bottom).

Fig. 20. XRD scans of Co-implanted (3 at.%) bulk ZnO after annealing at 700 8C. Peaks due to Co clusters are present.
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3.4. Chalcopyrite materials

The chalcopyrite semiconductors are of interest for a number of applications. For example,

ZnGeP2 exhibits unusual non-linear optical properties and can be used in optical oscillators and

frequency converters. ZnSnAs2 shows promise for far-IR generation and frequency converters. The

wide bandgap chalcopyrites ZnGeN2 and ZnSiN2 have lattice parameters close to GaN and SiC,

respectively, and the achievement of ferromagnetism in these materials would make it possible for

direct integration of magnetic sensors and switches with blue/green/UV lasers and light-emitting

diodes, UV solar-blind detectors and microwave power electronic devices fabricated in the GaN and

SiC. The bandgap of ZnGexSi1�xN2 varies linearly with composition from 3.2 (x ¼ 1) to 4.46 eV

(x ¼ 0).

Numerous reports of room temperature ferromagnetism in Mn-doped chalcopyrites have

appeared. A compilation of these results and those from transition metal-doped GaN and GaP are

shown in Tables 1 and 2. The ZnSnAs2 is somewhat of an anomaly due to its small bandgap, but little

theory is available at this point on the chalcopyrites and their expected magnetic properties as a

function of bandgap, doping or Mn concentration. In the only case in which electrical properties

were reported, the ZnGeSiN2:Mn was n-type [133]. Fig. 21 shows M–T and M–H data from an epi

ZnSiGeN2 sample grown on a sapphire substrate and implanted with 5 at.% of Mn. The

magnetization persists to 300 K, according to the M–T plot and no second phases were detected by

TEM or XRD [133]. The state of development of the chalcopyrite materials is still at a very early

stage and basic information is still not available on parameters such as the energy level of Mn in the

bandgap.

4. Potential device applications

Previous articles have discussed some spintronic device concepts such as spin junction diodes

and solar cells [9], optical isolators and electrically-controlled ferromagnets [10]. The realization of

light-emitting diodes with a degree of polarized output has been used to measure spin injection

Table 1

Compilation of semiconductors and oxides showing room temperature ferromagnetism

Material Bandgap
(eV)

Comments Ordering
temperature (K)

Reference

Cd1�xMnxGeP2 1.72 Solid-phase reaction of evaporated Mn >300 [74]
(Ga, Mn)N 3.4 Mn incorporated by diffraction 228–370 [100,101]
(Ga, Mn)N 3.4 Mn incorporated during MBE; n-type >300 [105]
(Ga, Mn)N 3.4 Mn incorporated during MBE 940a [103,104]
(Ga, Cr)N 3.4 Cr incorporated during MBE >400 [107]
(Ga, Cr)N 3.4 Bulk growth �280 [106]
(Ga, Gd)N 3.4 Gd incorporated during MBE >400 [153]
(Al, Cr)N 6.2 Reactive co-sputtering >340 [155]
(ZnO):Co 3.1–3.6 Co incorporated during PLD; �15% Co >300 [122]
(TiO2):Co 3.1 Anatase; �7% Co; PLD or O2 MBE >380 [127,128]
(Ga, Mn)P:C 2.2 Mn incorporated by implant or MBE; p � 1020 cm�3 >330 [97,98]
(Zn1�xMnx)GeP2 1.83–2.8 Sealed ampule growth; insulating; 5.6% Mn 312 [73]
(Zn, Mn)GeP2 <2.8 Mn incorporated by diffusion 350 [74]
ZnSnAs2 0.65 bulk growth 329 [76]
ZnSiGeN2 3.52 Mn-implanted epi �300 [133]

a Extrapolated from measurements up to �750 K.
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efficiency in heterostructures [134–142]. Such structures can reveal much about spin transport

through heterointerfaces after realistic device processing schemes involving etching, annealing and

metallization. The spin transfer in such situations has proven surprisingly robust [143]. It is

obviously desirable that spintronic devices are operable at or above room temperature. As an initial

demonstration that (Ga, Mn)N layers can be used as the n-type injection layer in GaN/InGaN blue

light-emitting diodes, Fig. 22 shows the LED structure and the spectral output. It is necessary to next

establish the extent of any degree of polarization of the light emission, which might be difficult to

observe in GaN/InGaN LEDs, since it has been shown that the free exciton components in the EL

spectrum contribute mostly to the observed circular polarization of the emitted light [144]. While the

expected advantages of spin-based devices include non-volatility, higher integration densities, lower

power operation and higher switching speeds, there are many factors still to consider in whether any

of these can be realized. These factors include whether the signal sizes due to spin effects are large

enough at room temperature to justify the extra development work needed to make spintronic

devices and whether the expected added functionality possible will materialize. Another example of

a potential device application is shown in Fig. 23, which shows a schematic of a ZnO-based, photo-

induced ferromagnet grown on a GaAs substrate.

Table 2

Compilation of potential second phases in transition metal-doped wide bandgap semiconductors with known magnetic

properties

Phase Nature of magnetism Applicable magnetic temperature (K)

Co Ferromagnetic 1382
Cr Antiferromagnetic 311
Fe Ferromagnetic 1040
Ni Ferromagnetic 627
Mn Antiferromagnetic 100
Fe3Ga4 Ferromagnetic 483 or 697
Fe2Ga Ferromagnetic 620
Fe3Ga Ferromagnetic 760
Fe/Ga alloys Ferromagnetic
Fe4N Ferromagnetic 760
FeP Ferromagnetic 215
Fe2P Ferromagnetic 278
Fe3P Ferromagnetic 716
FeP2 Antiferromagnetic 250
Mn2Ga Ferromagnetic 690
e-Mn3Ga Ferromagnetic 743
B-Mn5Ga8 (Mn0.6Ga0.4) Ferromagnetic 210
MnGa Ferromagnetic >300
Mn4N Ferromagnetic 745
MnP Ferromagnetic 291
MnP Antiferromagnetic 50
Mn3P Antiferromagnetic 115
Mn2P Antiferromagnetic 103
CrN Antiferromagnetic 273
Cr2N Ferromagnetic (?) Not ferromagnetic between

85 and 500 KNi3P Pauli paramagnetic
Ni2P Pauli paramagnetic
NiP2 Exhibits magnetism
Amorphous Ni/P alloys Weak homogenous ferromagnetism
CoP2 Diamagnetic semiconductor
CoP Weak ferromagnetic !1382
V3Ga Superconductor Tcritical ¼ 16.8 K
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The most commonly pursued device has been the Dutta–Das spinfet, in which gate bias applied

to the channel of a field effect transistor would cause precession of spin-polarized current moving

from the source to drain. The spin injection could come from polarized metal Ohmic contacts or

from DMS injection regions. Fig. 24 shows a potential embodiment of a Si-based spinfet, in which

lattice-matched, regrown p-GaMnP source and drain regions would be employed for spin injection.

This device would be attractive from the viewpoint of integration with existing Si technology.

Other examples of GaMnN-based DMS devices are shown in Fig. 25. The top of the figure

shows a spinfet, operating on the same principle as that in Fig. 24, while the bottom of the figure

shows an optical rotator. In this device, bias applied to the contacts would deplete the carriers and

remove the spin polarization. Polarized incident light would be reflected at a different angle in the

two cases.

In addition to active and/or optical devices, wide bandgap DMS materials may also be used as

passive devices. LeClair et al. [145] have recently shown an artificial half-metallic structure by using

a polycrystalline sputtered ferromagnetic semiconductor (EuS) as a tunneling barrier. This barrier

can function as an effective spin filter, since a tunneling electron encounters a differing barrier height

Fig. 21. M–H (top) and M–T (bottom) from ZnSiGeN2 implanted with 5 at.% Mn and annealed at 700 8C (after [133]).
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Fig. 22. Schematic (top) and spectral (bottom) output from GaMnN/InGaN light-emitting diode.

Fig. 23. Schematic of photo-induced, ZnO-based DMS ferromagnet.
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depending on its spin below TC of the barrier material (for EuS, TC � 16.8 K). At low temperatures,

the spin-filtering efficiencies were found to be �90%. Room temperature DMS materials for these

spin-filtering effects could be used to increase magnetoresistance changes in current magnetic tunnel

junctions and metallic spin-valve structures.

Fig. 24. Proposed Si-based spinfet grown on a Si substrate and employing regrown p-GaMnP Ohmic contact regions as
spin injectors.

Fig. 25. Schematic of some GaN-based spin devices. At top is a Dutta–Das configuration spinfet and at bottom is an
optical rotator.
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5. Future research

As described earlier, there are a number of existing models for the observed ferromagnetism in

semiconductors. The near-field models consider the ferromagnetism to be mediated by delocalized

or weakly localized holes in the p-type materials. The magnetic Mn ion provides a localized spin and

acts as an acceptor in most III–V semiconductors so that it can also provide holes. In these models,

the TC is proportional to the density of Mn ions and the hole density. Many aspects of the

experimental data can be explained by the basic mean-field model. However, ferromagnetism has

been observed in samples that have very low hole concentrations, in insulating material and more

recently in n-type material. Models in these regimes are starting to appear [146–154].

An alternative approach using local density functional calculations suggests that the magnetic

impurities may form small nano-size clusters that produce the observed ferromagnetism [82]. These

clusters would be difficult to detect by most characterization techniques. Clearly there is a need to more

fully characterize the materials showing room temperature ferromagnetism and correlate these results to

establish on a case-by-case basis which is the operative mechanism and also to refine the theories based

on experimental input. More work is also needed to establish the energy levels of the Mn, whether there

are more effective magnetic dopant atoms and how the magnetic properties are influenced by carrier

density and type. Even basic measurements such as how the bandgap changes with Mn concentration in

GaN and GaP have not been performed. The control of spin injection and manipulation of spin transport

by external means such as voltage from a gate contact or magnetic fields from adjacent current lines or

ferromagnetic contacts is at the heart of whether spintronics can be exploited in device structures and

these areas are still in their infancy. A concerted effort on the physics and materials science of the new

dilute magnetic semiconductors is underway in many groups around the world, but fresh insights,

theories and characterization methods would greatly accelerate the process.
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