
Abstract. The review concerns the results of studies reportedThe review concerns the results of studies reported

in the last decade and concerning oxide ferromagneticin the last decade and concerning oxide ferromagnetic

semiconductors which retain the spin orientation of chargesemiconductors which retain the spin orientation of charge

carriers above room temperature. Particular attention iscarriers above room temperature. Particular attention is

paid to methods of preparation of diluted magnetic semi-paid to methods of preparation of diluted magnetic semi-

conductors. Methods of synthesis and peculiarities of theconductors. Methods of synthesis and peculiarities of the

physicochemical properties of films and coatings based onphysicochemical properties of films and coatings based on

ferromagnetic semiconductors are described and prospectsferromagnetic semiconductors are described and prospects

for application of these compounds as materials for spin-for application of these compounds as materials for spin-

tronics are discussed. The bibliography includes 160 refer-tronics are discussed. The bibliography includes 160 refer-

encesences..

I. Introduction

The first ferromagnetic semiconductor (FS), europium

monoxide, whose structure becomes magnetically ordered

at T<77 K, was discovered in 1961.1 This discovery con-

firmed the feasibility of quantum magnetic recording where

information is encoded through fixation of the spin orien-

tation of charge carriers relative to the direction of external

magnetic field.2 However, the paramagnetic (YC=77 K)

(Ref. 1) and ferromagnetic [TC=69.4,2 66.8,3, 4 69.15 K

(Ref. 5)] Curie temperatures of EuO are low. This, as well

as chemical degradation in air,2 hampers technological

applications of EuO single crystals or films.

Researchers working in the field of FS materials science

pinned their hopes on the limited solid solutions of EuO

with the samarium and ytterbium monoxides characterized

by higher TC: e.g., TC (SmO)=130 K. However, further

increase in the Curie temperature of solid solutions is

limited by the limiting solubility of SmO in EuO

(14 mol.%).6 In addition, solid solutions Eu17xSmxO or

Eu17xYbxO are chemically unstable similarly to EuO which

exists only at low partial pressures of oxygen. A particular

complicated problem consists in the nonstoichiometry of

europium oxide with respect to oxygen, which significantly

affects the properties of ferromagnetic semiconductors.

The discovery 6 in the mid-1960s of ferromagnetism in

chalcogenide spinels of the general formula A1� xB2C4� y

(A=Cd, Hg, Zn, Cu; B=Cr, Fe; C=S, Se, Te) and high

TC values (to 430 K) did not help to solve problems in FS

materials science, namely, the compositions of nonstoichio-

metric phases A1� xB2C4� y including two volatile compo-

nents are difficult to control during the growth of single

crystals and films; similarly to the case of EuO, chemical

degradation in air still remains of importance.

In 1996, a new type of `hybrid' ferromagnetic semi-

conductors, Ga17xMnxAs (x<5%) with TC=170 K,

were prepared.7 A characteristic feature of such phases is

disordered distribution of magnetic impurity ions in the

nonmagnetic crystal structure; therefore, they were called

diluted magnetic semiconductors (DMS).

Progress in the field of DMS materials science led to

theoretical studies 8, 9 whose authors predicted that the

orientation of the magnetic moments of ions, which is

retained up to room temperature, can be obtained in

wurtzite-type GaN and ZnO polymorphs doped with tran-

sition metal ions.

The idea to use an oxide semiconductor (or insulator) as

matrix to dissolve the ferromagnetic oxide was checked

experimentally. The results of studies carried out from

2000 to 2005 were generalized in reviews.10 ± 13 More

recently, the search was focused on the preparation of

DMS materials based on Co/ZnO and Co/TiO2 nanostruc-

tures. The existence of ferromagnetism in homogeneous

phases Zn17xCoxO (x4 0.25) is still a moot question.14, 15

Some authors reported the possibility of ferromagnetism in

films,16 ± 25 nanowires 26 ± 31 and Zn17xCoxO crystallites 32 to

be observed up to room temperature (and above), whereas

other authors report that the onset of ferromagnetism is

observed upon annealing of samples in vacuo 33 or at low
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partial pressures of oxygen,34 ± 36 in zinc vapours 33, 37, 38 or

in inert atmosphere 39 ± 41 and is associated with the forma-

tion of clusters of impurity phases,37, 38, 42 ± 44 the

Zn17xCoxO solid solutions always being paramag-

netic.45 ± 53 In the case of Co/TiO2 , one deals with dop-

ing 54 ± 60 because the solubility of cobalt oxides in rutile or

anatase is low and the onset of ferromagnetism cannot but

associate with the formation of impurity phases. Moreover,

the appearance of the magnetic response observed in studies

of various materials can be due to the sensitivity of measur-

ing devices, because `instrumental illusion' of ferrimagnetic

ordering in the structure of the semiconductor matrix may

emerge even at a concentration ratio of the magnetic

particles of the impurity phase to the nonmagnetic semi-

conductor (or insulator) of 1 : 2000.61

Two key research avenues in semiconductor materials

science include:62

Ð studies on the composite structures comprising ferro-

magnetic materials and nonmagnetic semiconductors and

Ð investigations on homogeneous ferromagnetic semi-

conductors with TC>300 K.

Progress in both of them requires materials with repro-

ducible properties. Uncontrolled distribution of impurities

in the crystallites or clusters in thin films precludes the

attainment of reproducibility. Meanwhile, most studies in

the field of DMS materials science were carried out based

on the potential of instrumental methods and without

preliminary physicochemical analysis of the oxide systems,

which assesses the thermodynamic compatibility of the

semiconductor matrix and the ferromagnetic oxide. For

instance, the complexity of preparation of a homogeneous

DMS material based on TiO2 in the system Co7Ti7O can

be assessed by simply reading reference data on the Ti7O

system.63

Titania has three polymorphs, namely, rutile, anatase

and brookite. Rutile is stable, whereas the other two

polymorphs are metastable; they are formed in the presence

of impurities.63 In addition, in the composition range

TiO1.77TiO1.9 there exists a homologous series of structur-

ally similar phases of the general formula TinO2n71

(n=4± 10). The formation of a particular TiOx phase is

determined by the temperature and partial pressure of

oxygen;64 for instance, dissolution of CoO or Co3O4 in

TiO2 in the ternary system Co7Ti7O may lead to the

formation of, e.g., CoTiO3 .

Above 300 K, ferromagnetic ordering was observed in

the anatase- or rutile-type Ti17xCoxO2 thin films (x<0.1)

prepared by different methods including pulsed laser depo-

sition (PLD),65 ± 68 laser molecular beam epitaxy,69, 70 sput-

tering,71 ion implantation 72 and decomposition of

organometallic precursors.73 In all cases, ferromagnetism

can be explained by the presence of cobalt clusters. At the

same time, if homogeneous Ti17xCoxO2 exhibits no proper-

ties of a ferromagnetic semiconductor, one can prepare a

ferromagnetic semiconductor composite from thermody-

namically compatible phases in the system Co7Ti7O.

This problem was solved by fabricating a multilayer film.74

The authors of this review attempted to systematize the

results of studies on oxide ferromagnetic semiconductors.

The emphasis is placed on physicochemical analysis of

DMS phases in the oxide systems, which allows one to

predict the properties of films and coatings. Examples of

DMS systems considered in the review were taken from the

literature reported in the last decade and from the studies

carried out by the authors of this review.

II. Ion beam engineering of Co/TiO2 multilayer
nanostructure

A specific feature of the spectroscopic dependences of the

Faraday effect in the multilayer nanoscale Co/TiO2 struc-

ture consists in the appearance of a resonance maximum,

which depends on the number of pairs of layers.75 A

Co/TiO2 structure formed on a GaAs substrate exhibited a

giant injection magnetoresistance at room temperature.76

The layer thicknesses at which the properties of these

structures match those of bulk analogues were not opti-

mized; however, the conditions for nucleation of cobalt

films upon ion beam sputtering were established and the

properties of such films that became increasingly thicker

were compared with the properties of a bulk material. It was

shown that (i) cobalt films thicker than 1.2 nm are contin-

uous and their saturation magnetization is higher than that

of bulk cobalt and (ii) the structural, electrical and non-

magnetic properties of the films thicker than 2 nm are

similar to those of bulk specimens.77, 78 To create TiO2

layers to 10 nm thick and multilayer Co/TiO2 film nano-

structures with a total thickness to 100 nm by ion beam

sputtering deposition, a beam of 1.5-kEv argon ions with a

current density of 0.25 mA cm72 was used. Co/TiO2 struc-

tures were formed by alternatively sputtering cobalt and

titania. Films were deposited on silicon, gallium arsenide or

quartz substrates, which were preliminarily exposed to ion

beam finishing planarization of the surface to a root-mean-

square roughness of less than 0.15 nm over a surface area to

666 mm2 (Refs 79and 80). The electrical properties were

analyzed using conventional two- and four-probe techni-

ques.

It was found that TiO2 films significantly change their

optical properties in the thickness range from 2 to 10 nm.

Figure 1 a presents the transmission spectra of layers of

different thickness deposited on quartz substrates. As can

be seen, no characteristic maxima in the region 380 nm are

observed for the layers thicker than 6 nm and the net optical

transparency of the layers is at most 80%. The transparency

of the layers 2, 4, and 6 nm thick is higher than 90%; the

transmission spectra of these layers exhibit local maxima in

the short-wavelength spectral region, which can be com-

pared with the transmission spectrum of anatase

(curve 5).81 Taking into account these data, one can take it

that under the chosen sputtering conditions, the TiO2

films less than 6 nm thick have the anatase structure.

The integrated transmission spectra of [Co(2 nm)/

TiO2(4 nm)]15 , [Co(2 nm)/TiO2(2 nm)]15 and [Co(4 nm)/

TiO2(4 nm)]12 multilayer films are shown in Fig. 1 b.

A comparison of the spectra presented in Fig. 1 a,b showed

that at almost equal transparency of the TiO2 layers 2 and

4 nm thick, the [Co(2 nm)/TiO2(2 nm)]15 structure is less

transparent than [Co(2 nm)/TiO2(4 nm)]15, although they

differ only in the total thickness of the TiO2 layers.

Studies of the cross-sections of films revealed that if the

cobalt and TiO2 layers are less than 2 nm thick, they

become indistinguishable as well as the interlayer bounda-

ries.

This is probably due to mixing during the deposition of

sputtered atoms with rather high energies. Under the

experimental conditions in question, the path length of

cobalt atoms (up to 1 nm) is comparable with the layer

thickness (42 nm).78 The mean free paths of titanium and

oxygen atoms in the cobalt layer during the deposition

estimated using the SRIM-2008 programme
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(http://www.srim.org/) also suggest the possibility of mixing

of atoms in the course of retardation. Individual layers 2 to

4 nm thick become continuous and the interlayer bounda-

ries become well-defined and plane-parallel, as can be seen

in the cross-section of the structure formed by Co and TiO2

layers (Fig. 2 a).

Well-defined boundaries of layers 2 nm (and more) thick

are confirmed by Auger spectroscopy data, but the escape

depth of Auger electrons may reach a value of 2 nm,82

which significantly reduces the possibility of layer separa-

tion. Taking into account this fact, a layer-by-layer analysis

was performed by scanning with a 3-kEv argon ion beam.

As a result, profiles of film structures with periodic coinci-

dence of cobalt signal maxima with the titanium and oxygen

signal minima for the number of pairs of layers of410 were

obtained with good depth resolution. The characteristic

depth profiles of the elements for the [Co(6 nm)/

TiO2(2 nm)]12 film obtained for the first three pairs of

layers is shown in Fig. 2 b. As can be seen, a typical layered

structure with clearly defined interfaces is formed in these

cases even without correcting the experimental profiles in

order to include the dynamic mixing effects in the layer-by-

layer analysis and the finite escape depth of Auger electrons.

Oxygen and titanium atoms are concentrated within the

same regions. This to a first approximation allows one to

exclude chemical interaction and the formation of Co7O

and Co7Ti7O bonds near the boundaries. This conclusion

is consistent with the known property of gettering of oxygen

atoms by free titanium atoms.83

According to X-ray diffraction data, reflections from

cobalt layers less than 4 nm thick are indiscernible against

the noise level,78 but the Co(100) and Co(002) reflections

(hexagonal structure, space group P63/mmc) were observed

for the Co/TiO2 structures.

An analysis of the surface with an atomic force micro-

scope (AFM) showed that, among all structures analyzed,

only [Co(2 nm)/TiO2(2 nm)]15 , [Co(2 nm)/TiO2(4 nm)]15
and [Co(4 nm)/TiO2(4 nm)]12 films were characterized by

the root-mean-square roughness values smaller than 0.9 nm

and had continuous surfaces (Fig. 3 a). The surfaces of the

[Co(4 nm)/TiO2(2 nm)]15 and [Co(6 nm)/TiO2(2 nm)]12
films were characterized by the root-mean-square roughness

values from 1 to 2 nm and contained finite numbers of

defects (surface pits). An AFM image of the surface of the

[Co(4 nm)/TiO2(2 nm)]15 film with a surface pit density of

*56107 cm72 is shown in Fig. 3 b.

Measurements of electrical properties showed that the

most transparent structure [Co(2 nm)/TiO2(4 nm)]15 was

characterized by the highest surface resistance

rs& 40 O (square)71 and the multilayer structures

[Co(2 nm)/TiO2(2 nm)]15 and [Co(4 nm)/TiO2(2 nm)]15
were characterized by rs& 12 and 5 O (square)71, respec-

tively.

The I ±V curves obtained using the conventional two-

probe technique show a potential barrier of *0.4 eV only

for the best multilayer structure [Co(2 nm)/TiO2(4 nm)]15
formed on the Si(100) substrate and characterized by n-type

conductivity and a specific resistance of 4.5 O cm. The

potential barrier of 0.4 eV is comparable with the barrier

determined for the structure Co/GaAs characterized by
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efficient room-temperature spin injection in the nonmag-

netic semiconductor.84

The peculiarities of the engineering of continuous multi-

layer Co/TiO2 nanostructures with clearly defined plane-

parallel boundaries are due to both specific features of the

ion beam sputtering deposition and the ability of non-

stoichiometric titania in the nanostructured state to accu-

mulate oxygen. The multilayer structures [Co(2 nm)/

TiO2(2 nm)]15, [Co(2 nm)/TiO2(4 nm)]15 and [Co(4 nm)/

TiO2(4 nm)]12 represent model systems for studies in mag-

netooptics and spintronics.

III. Solid solutions in the system Zn7Co7O

Zinc oxide films doped with transition metals from Cr to Cu

using molecular beam epitaxy exhibit no ferromagnetic

properties,85 but some Zn17xCoxO films (x=0.05 ± 0.25)

deposited on sapphire substrates by the PLD method

appeared to be ferromagnetic and their Curie temperatures

were higher than room temperature.86

Most transition metal oxides are poorly soluble in zinc

oxide and replace at most 5% of the Zn2+ sites in the

structure.87 Therefore, considerable research efforts con-

cerning Zn17xCoxO have been made and the results

obtained appeared to be encouraging but ambiguous.

Some authors reported the preparation of ferromagnetic

(TC>350 K) homogeneous Zn17xCoxO films

[0< x<0.25,88 x=0.035 ± 0.115,89 <0.4,90 0.1 (Ref. 91)]

containing no cobalt clusters by the sol ± gel,88 reactive

sputtering 89, 90 and PLD methods.91 According to other

authors,92 ± 94 wurtzite-type solid solutions Zn17xCoxO

mainly show the properties of paramagnets, namely, ferro-

magnetic properties of the films (x=0.25) obtained by the

PLD method 92 appear only in the presence of cobalt

clusters, whereas ferromagnetism in the polycrystals

(x=0.05, 0.1 and 0.15) synthesized by the solid-phase

method 93 and in the melt-grown single crystals 94 is due to

the presence of impurities. In some cases, information on

the preparation of homogeneous ferromagnetic Zn17xCoxO

films contradicts experimental data on the existence of

`alien' phases in these films.95

The `alien' ZnyCo17yO (y4 0.2) and ZnzCo17zCo2O4

(z4 0.4) phases, which are formed along with Zn17xCoxO

in the system Zn ±Co ±O, represent solid solutions of ZnO

in CoO 96, 97 and Co3O4 .63 Crystalline oxides CoO (NaCl

structural type) and Co3O4 (spinel structural type) undergo

polymorphous transformations accompanied by antiferro-

magnetic ordering at 290 and 40 K, respectively.63 Prob-

ably, these interrelated phenomena also occur in the solid

solutions ZnyCo17yO and ZnzCo17zCo2O4 .

The phase states of the solid solutions Zn17xCoxO and

ZnyCo17yO were studied more than four decades ago by

Navrotsky and Muan 96, 97 within the framework of inves-

tigations of the quasi-binary system ZnO ±CoO. However,

the quasi-binary approximation is not correct because the

solid solutions Zn17xCoxO1+d, ZnyCo17yO1+g and

ZnzCo17zCo2O4+e (d, g and e are the deviations from

stoichiometry with respect to oxygen) in the ternary system

Zn7Co7O were actually considered.

The content of oxygen in the crystalline phases based on

CoO and Co3O4 is specified by the partial pressure of

oxygen and varies within a few atomic per cent 98 and to a

great extent determines the electrophysical properties of

these oxides.99 Even if we ignore the possibility of mutual

clustering of solid solutions in the system Zn7Co7O and

consider only homogeneous materials, the nonstoichiome-

try with respect to oxygen will strongly affect the semi-

conductor and magnetic properties of ternary crystals.

When comparing the magneto-electrical properties of

Zn17xCoxO1+d films 92 and polycrystals 93 formed under

different conditions (873 K, 1.3361073 Pa and 1373 K,

20 kPa, respectively), one should keep in mind different

relative content of oxygen (1+d) in these systems.

To prepare crystalline phases with specified nonstoichi-

ometry with respect to oxygen, one should preliminarily

study the homogeneity regions of ternary solid solutions

and to determine the temperature dependences of the partial

pressure of oxygen for the d-, g- and e-isoconcentrates in the

quasi-binary approximation (at fixed zinc/cobalt content

ratios). Having known these dependences, one can control

the excess oxygen content in the solid solutions

Zn17xCoxO1+d , ZnyCo17yO1+g and ZnzCo17zCo2O4+e .

Taking into account the fact that crystals based on ZnO

and CoO can undergo congruent sublimation,64 oxygen

deficiency in Zn17xCoxO1+d and ZnyCo17yO1+g is very

difficult to obtain. Vapours over oxygen-deficient ternary

solid solutions mainly contain metals; the partial pressures

of zinc, cobalt and cobalt oxide differ by a few orders of

magnitude and are characterized by different temperature

dependences.

In accordance with the function P(T ) for a monovariant

equilibrium CoO7Co3O47O2 the temperature of mutual

0

0

3

6

8

16

nm

nm

800 1600 2400 3200 4000

b

a

0

800

1600

2400

3200

0

800

1600

2400

3200

Distance /nm

D
is
ta
n
ce

/n
m

D
is
ta
n
ce

/n
m

Figure 3. AFM images of the surface of multilayer film
nanostructures [Co(2 nm)/TiO2(2 nm)]15 (a) and [Co(4 nm)/
TiO2(2 nm)]15 (b).78

Oxide ferromagnetic semiconductors: coatings and films 461



transformation of the oxides CoO and Co3O4 under isobaric

condtions is determined by the external pressure. Initial

data for studying the system Zn7Co7O can be obtained

from the P7T7x phase diagram of the system Co7O.100

At an oxygen pressure of 100 kPa, the Co3O4-based crys-

talline phase exists to 1240 K; at pO2
& 21 kPa, this temper-

ature decreases to *1220 K.

Although ZnO crystallites have no effect on the activity

of oxygen in the system Zn7Co7O, the vapour pressure

over them can be rather high. Considering Zn ±Co inter-

metallic compounds 101 at T>1240 K in the absence of

oxygen, there exist only a Co-based limited solid solution

and a Zn-based melt. It should be noted that the solubility

of zinc in crystalline cobalt at 1220 K can be as high as

30 at.%

To prepare homogeneous wurtzite-type Zn17xCoxO

crystallites, phase equilibria involving solid solutions in the

system Zn7Co7O were studied.102 The character of mag-

netic ordering and the possibility of its variation upon

Table 1. Nominal and phase compositions of samples in the system Zn7Co7O.

Nominal composition Phase composition T /K a /�A c /�A

Zn0.97Co0.03O ZnO+Co3O4 1073 7 7
ssZnO 1173 3.238 5.183

Zn0.95Co0.05O ZnO+Co3O4 1073 7 7
ssZnO 1173 3.250 5.197

Zn0.925Co0.075O ZnO+Co3O4 1073 7 7
ssZnO+ssZnO (see a) 1273 3.243 5.178

3.252 5.197

ssZnO 1373 3.247 5.192

Zn0.9Co0.1O ZnO+Co3O4 1073 7 7
ssZnO+ssCo3O4 1173 7 7
ssZnO 1273 3.248 5.192

Zn0.8Co0.2O ssZnO+ssCo3O4 1173 7 7
ssZnO+ssCo3O4 1273 7 7
ssZnO 1373 3.242 5.174

Zn0.7Co0.3O ssZnO+ssCo3O4 1273 7 7
ssZnO+ssCo3O4 1373 7 7
ssZnO+ssCo3O4+CoO 1423 7 7

Zn0.6Co0.4O ssZnO+ssCo3O4 1423 7 7
Zn0.2Co0.8O ssCoO 1423 4.237 7
ZnCo2O4 ZnO+ssCo3O4 1073 7 7

ZnO+ssCo3O4 1173 7 7
ssZnO+ssCo3O4 1273 7 7
ssZnO+ssCo3O4 1373 7 7
ssZnO+ssCo3O4+CoO 1473 7 7

(Zn0.9Co0.1)Co2O4 ZnO+ ssCo3O4+ CoO 7 7 7
(Zn0.6Co0.4)Co2O4 ZnO+Co3O4 1073 7 7
Zn0.6Co2.4O4+d ssCo3O4 1173 8.098

ssCo3O4+CoO 1273 7 7
(Zn0.3Co0.7)Co2O4 ZnO+Co3O4 1073 7 7

ssCo3O4+ traces CoO 1173 8.085 7
(Zn0.15Co0.85)Co2O4 ZnO+Co3O4 1073 7 7

ssCo3O4+ traces CoO 1173 8.093 7
Zn0.89Co0.1Eu0.01O ssZnO+Eu2O3 (cubic) 1273 3.231 5.172

ssZnO+Eu2O3 (cubic) 1373 3.244 5.180

ssZnO+Eu2O3 (cubic) 1423 3.244 5.182

ssZnO 1473 3.248 5.199

Zn0.88Co0.1Eu0.02O ssZnO+Eu2O3 (cubic) 1473 7 7
ssZnO 1523 3.249 5.196

Zn0.87Co0.1Eu0.03O ssZnO 1523 7 7
Zn0.85Co0.1Eu0.05O ssZnO+Eu2O3 (monoclinic)+ 1523 7 7

Eu2O3 (cubic)

Zn0.9Co0.05Eu0.05O ssZnO+Eu2O3 (cubic) 1473

Zn0.89Co0.1Pr0.01O ssZnO 1473 3.238 5.181

Zn0.88Co0.1Sm0.02O ssZnO+Sm2O3 1423 3.239 5.17

ssZnO+ssZnO (see a) 1473 3.232 5.16

3.257 5.188

Zn0.89Co0.1Nd0.01O ssZnO+NdCoO3 1473 7 7
ssZnO 1523 3.252 5.184

a Two isostructural solid solutions were detected.
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replacement of zinc ions by some other magnetic cations

were established.

Polycrystalline samples were prepared by solid-phase

synthesis from ZnO, Co3O4 and rare-earth element oxides

or carbonates.

The chemical compositions (ignoring nonstoichiometry

with respect to oxygen) and the phase compositions of

polycrystals at different synthesis temperatures, as well as

the lattice constants of homogeneous solid solutions

Zn17xCoxO1� d are listed in Table 1.

According to X-ray powder diffraction data, the solu-

bility of CoO in the wurtzite-type ZnO matrix can be as high

as 20 mol.% and the boundary compositions of the solid

solutions vary with temperature. From the data of Table 1

it follows that all samples prepared at 1073 K (10 h anneal-

ing) contained two phases, viz., ZnO and Co3O4. Noticeable

solubility of cobalt oxides in ZnO is observed at

T>1173 K. At 1173 K, homogeneous samples of nominal

chemical composition Zn0.95Co0.05O can be prepared; at

1273 K, one gets Zn0.9Co0.1O and at 1373 K, one deals with

Zn0.8Co0.2O. Further heating causes decomposition of the

solid solution and the appearance of the third phase based

on CoO rather than an increase in the solubility of cobalt

oxide.

Metastable clustering in wurtzite-type solid solutions

Zn17xCoxO1+d , which are stable in the concentration

range 04 x4 0.2 (see Table 1), was observed for the first

time.

The temperature dependences of the heat capacity of the

samples with the composition Zn0.98Co0,02O (Ref. 103) and

a mechanical mixture 0.98 ZnO+0.02CoO were studied in

the range 5 ± 350 K. A comparison showed no maximum at

288 K characteristic of CoO in the plot for Zn0.98Co0.02O. It

was also shown that the heat capacity of Zn0.98Co0.02O at

T>80 K is lower than that of the mechanical mixture

0.98 ZnO+0.02CoO, thus confirming the formation of the

solid solution.

Based on the heat capacity data obtained at 290 K,103

one can suggest that the CoO content in the solid solution

sample studied was at most 0.3 mass%; this is consistent

with the X-ray powder diffraction data.102

The temperature dependences of the magnetic suscepti-

bility (Fig. 4) and specific magnetization (Fig. 5) of all solid

solutions Zn17xCoxO were studied 102 by measuring the

ponderomotive force in a magnetic field of 0.86 T in the

range 77 ± 700 K. The specific magnetization and magnetic

susceptibility curves suggest the existence of two critical

temperatures, T1& 125 K and T2& 650 K. One can assume

that a magnetic order I ±magnetic order II phase transition

is observed at the temperature T1 and a magnetic order II ±

magnetic disorder phase transition occurs at the tem-

perature T2. An analysis of the temperature dependences

of s and 1/w revealed a transition to the paramagnetic state

at the temperature T2.

In the temperature ranges 150 ± 500 and 650 ± 725 K, the

magnetic susceptibility obeys the Curie ±Weiss law. The

Weiss temperatures are negative; this unambiguously gives

the minus sign of the exchange coupling integral and

suggests antiferromagnetic ordering of the solid solutions

Zn17xCoxO1+d, which occurs until the NeÂ el temperature

(625� 25 K).

The observed anomalies in the temperature dependences

of 1/w and s in the temperature range studied may indicate

changes not only in the magnetic ordering, but also in the

crystal structure, viz., probably, ZnO forms metastable

polymorphs with the NaCl and sphalerite (zinc blend)

structural types.11 In some cases, polymorphism of ZnO is

due to the cubic structure of substrates or under the action

of excess pressure;11 it cannot be ruled out that the cobalt

cations forming the cubic oxides CoO and Co3O4 can

stabilize the systems.

Zinc oxide per se can stabilize the structures of cobalt

oxides. At most 20% of cobalt cations can be replaced by

zinc cations in the solid solutions ZnyCo17yO1� g and

ZnyCo37yO4� e (see Table 1). Solid-phase synthesis is inap-

propriate for replacing cobalt atoms in the spinel structure

of Co3O4 to obtain ZnCo2O4 .104

Trace amounts of CoO observed in the (Zn0.15Co0.85).

.Co2O4 and (Zn0.30Co0.70)Co2O4 samples prepared at

1173 K at low zinc oxide concentrations disappear as the

zinc oxide concentration increases. This unusual phenom-

enon can be explained using the phase diagram. Figure 6

presents the concentration diagram of the system
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Figure 4. Temperature dependence of the inverse magnetic
susceptibility (1/w) of the sample of nominal composition
Zn0.95Co0.05O.102

y1 and y2 are the Weiss temperatures.
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Figure 5. Temperature dependence of the specific magnetization
(s) of the sample of nominal composition Zn0.95Co0.05O.102
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Zn7Co7O.105 The projection of the liquidus surface on

the composition triangle is bounded by the dashed lines; the

projection of the vapour surface is omitted for simplicity.

The regions of solid solutions Zn17xCoxO1+d,

ZnyCo17yO1+g and ZnzCo17zCo2O4+e (given in grey) are

interconnected by nodes, being also connected to the

regions of crystalline cobalt (given in black), zinc vapours

and oxygen.

Zigzag lines bound the projection of the crystallization

surface: 1 ± 3 ± 4 ± 7 ± 8 for Zn17xCoxO1� d; 5 ± 4 ± 7 ± 6 for

ZnyCo17yO1� g; 6 ± 7 ± 8 for ZnzCo37zO4� e; 2 ± 3 ± 4 ± 5 for

the solid solution based on Co and 1 ± 3 ± 2 for the solid

solution based on zinc. However, actual picture of phase

equilibria involving solid solutions when using projections

is more complicated.

Owing to the peritectic equilibrium Zn17xCoxO1� d ±

ZnyCo17yO1� g7ZnzCo37zO4� e ±melt (point 7 in Fig. 6)

the solid solution based on Co3O4 in the ternary system can

exist at higher temperatures than pure Co3O4.

Four univariant four-phase equilibria involving

Zn17xCoxO1+d and vapour (see Fig. 6) occur in the system:

Zn17xCoxO1+d7Co7Zn-based melt7Zn vapour;

Zn17xCoxO1+d7Co7ZnyCo17yO1+g7O2;

Zn17xCoxO1+d7ZnyCo17yO1+g7ZnzCo17zCo2O4+e7O2;

Zn17xCoxO1+d7ZnzCo17zCo2O4+e7oxygen satu-

rated melt7O2.

The last-mentioned equilibrium is hypothetical because

above 1243 K Co3O4 completely dissociates at atmospheric

pressure of oxygen 64 without reaching incongruent melting.

Therefore, an univariant equilibrium

Zn17xCoxO1+d7ZnyCo17yO1+g7melt7O2

is more probable.

The compositions of crystalline solid solutions

Zn17xCoxO1+d, ZnyCo17yO1+g and ZnzCo17zCo2O4+e

vary with temperature and pressure.

Control of the properties of solid solutions

Zn17xCoxO1+d by varying the d value is almost unsolvable

task. Yet another method is to introduce one more magnetic

ion into wurtzite structure of Zn17xCoxO1+d. Since iron

and nickel occupy less than 1% of Zn2+ sites in such a

solid-phase solution and homogeneous polycrystals of nom-

inal composition Zn0.89Co0.10Fe(Ni)0.01O are not formed,

lanthanide oxides were chosen for systematic studies.102

Quaternary ceramics were prepared by solid-phase syn-

thesis. It was found that oxides of four lanthanides (Pr, Nd,

Sm and Eu) can form limited solid solutions with

Zn0.9Co0.1O1+d (see Table 1).

Studies of the magnetic properties showed that the

introduction of the third cation did not lead to violation

of antiferromagnetic ordering in the wurtzite structure of

the ZnO matrix, but investigation of the lanthanide-doped

samples confirmed the possibility of structural disordering

in solid solutions Zn17xCoxO1+d , viz., splitting of reflec-

tions in the X-ray diffraction patterns found for

Zn0.925Co0.075O1+d was also observed in the X-ray diffrac-

tion patterns of the solid solution Zn0.88Co0.10Sm0.02O1+d .

Stratification which is observed sometimes for continuous

series of solid solutions AIIBVI (sphalerite structural type),

was for the first time reported 102 for the wurtzite-type

limited solid solutions Zn17xCoxO1+d.

Only antiferromagnetic ordering occurs in the solid

solutions Zn17xCoxO1+d (x4 0.2); it retains even upon

introducing ferromagnetic oxides; stratification disappears

on long-term annealing; manifestation of ferromagnetism in

the polycrystals and ceramics based on Zn17xCoxO1+d is

most probably due to violation of homogeneity or to the

presence of impurities.106 However, these conclusions con-

cern only large Zn17xCoxO1+d crystallites. In the metasta-

ble state, the homogeneity region of the wurtzite-type solid

solution can extend considerably,107 whereas in the case of

films, taking into account random population of crystallo-

graphic positions, the notion `single-phase system' becomes

senseless as the film thickness decreases.

Thus, the preparation of a homogeneous `hybrid' FS

retaining ferromagnetic ordering at 400 ± 450 K and a

partial pressure of oxygen of 20 kPa is still a topical

task.108 Studies in this field are of particular interest because

the size of electronic devices should reduce considerably

when using FS nanofilms as working units of nanocircuits.

IV. Search for DMS phases in the systems
Mg7Ga(Al)7Fe7O

Studies of the Zn7Co7O system revealed that an atypical

property, viz., ferromagnetic ordering, cannot be imparted

to the structure. Not rejecting the DMS approach, we tried

to search for continuous solid solutions using the concept of

isostructural unit cells of the semiconductor oxide matrix

and the ferromagnetic oxide being dissolved in the matrix.

The spinel MgAl2O4 was chosen to be a basic structure

typical of not only semiconductors and dielectrics, but also

ferrites.109

A binary ferrite Fe3O4 (magnetite) retains ferromagnetic

ordering up to 850 K. It has a high conductivity

(>104 S m71) which is due to electron exchange between

Fe2+ and Fe3+ (see Ref. 110) and varies insignificantly in

the temperature range 150 ± 1700 K.111 However, the use of

Fe3O4 for the preparation of homogeneous DMS materials

faces some problems, which concern first of all control of

the partial pressure of oxygen during the synthesis and

cooling to keep the Fe2+/Fe3+ ion ratio in magnetite

constant. The isoconcentrates pO2
= f(T )x=const of the

DMS materials based on Fe3O4+d are unknown and more-

over, cooling of such solid solutions following the isocon-

centrates is difficult, taking into account the

nonstoichiometry with respect to oxygen (4+d). An attempt
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Figure 6. Concentration diagram of the system Zn7Co7O.105

464 G D Nipan, A I Stognij, V A Ketsko



to obtain ZnxFe37xO4 films (04 x4 0.9) on MgO(001)

substrates by molecular beam epitaxy in argon atmosphere

or in Ar+O2 mixture was reported.112 It is noteworthy that

the initial ceramics ZnxFe37xO4 was not analyzed and

possible interaction of zinc spinel with MgO was not

considered.

Experiments on the preparation of DMS phases in the

system ZnGa2O47Fe3O4 gave a (ZnGa2O4)0.85(Fe3O4)0.15
solid solution with TC& 200 K and a bandgap of 4.1 eV.113

The cation distribution in solid solutions (Fe3O4)x.

.(MgAl2O4)17x was studied 114 ± 119 using quenching of sam-

ples annealed at T=1573 ± 1673 K and pO2
=2 ± 10 Pa.

These parameters in the P7T diagram of the system

Fe7O 64 correspond to the existence region of magnetite;

a decrease in temperature and an increase in pressure lead to

the oxidation Fe3O4 to Fe2O3 and to formation of a solid

solution of (g-Fe8/3O4)x(MgAl2O4)17x with the defect

g-Fe2O3 (maghemite) having the spinel structure.114 The

conductivities of (Fe3O4)x(MgAl2O4)17x on heating and on

cooling measured in the temperature range 873 ± 1673 K

(pO2
=2 Pa) coincide within experimental error,115 but the

temperature dependences of the magnetic susceptibility

w(T ) measured in air (pO2
& 26104 Pa) in the temperature

range 673 ± 923 K appeared to be irreversible because of

cation ordering and stratification.118 The TC values deter-

mined from the w(T) dependences for the samples annealed

at temperatures below 923 K were more than 70 K higher

than the TC values of the samples quenched from 1673 K at

the same cation composition; a mixture of ferromagnetic

and paramagnetic phases was isolated in the concentration

range 0.55< x<0.7.118 Formally, stratification of solid

solutions upon annealing can be explained by a kind of

competition, namely, Fe3O4 `tends' to organize randomly

distributed cations to form a `reverse' spinel (Fe3+).

.[Fe2+Fe3+]O4 ,110 whereas MgAl2O4 `tends' to form a

`normal' spinel (Mg2+)[Al3+]2O4 (parentheses and square

brackets denote that cations are in the tetrahedral and

octahedral environment of oxygen anions, respectively).119

Using MgFe2O4 instead of Fe3O4, one can fix the

oxidation state of Fe3+ cations; also, stable MgFe2O4 can

be prepared and annealed in air.110 The synthesis conditions

of a single-phase material with the stoichiometric ratio

Mg : Fe=1 : 2 are determined by not only the choice of

precursors,110 but also their dispersion.120 Attempts to

replace Fe3+ by Al3+ in MgFe2O4 to obtain ferrites for

UHF devices by `magnetic dilution' showed that solid

solutions Mg(Fe17xAlx)2O4 synthesized from oxides con-

tain impurity phases.121 Nevertheless, it is oxides that were

used to obtain solid solutions with x=0.0 ± 0.7 after 12 h

annealing at 1225 K.122 The concentration dependences

a(x), where a is the lattice constant, exactly obeyed the

Vegard rule and the TC(x) dependences for the solid

solutions with x5 0.15 were almost linear; nevertheless,

an increase in temperature from 300 to 500 K led to

abnormal conductivity drop by 3 ± 4 orders of magnitude.122

To avoid stratification when preparing a homogeneous

DMS material, two `reverse' spinels were used, namely,

magnetic MgFe2O4 and dielectric MgGa2O4 .123, 124

Self-propagating high-temperature synthesis 125 was

used to obtain single-phase materials Mg(Fe17xGax)2.

.O4+d.126 To a solution of magnesium, gallium and iron in

nitric acid, citric acid was added and the solution was

concentrated at 400 ± 500 K until the formation of a dense

mass. Further heating was accompanied by a self-propagat-

ing combustion reaction with the formation of a brown

finely dispersed powder which was then annealed at

1223 ± 1273 K for 20 h and cooled with a furnace for

*4 ± 5 h.

The bandgap of Mg(Fe17xGax)2O4+d was determined

from the diffuse scattering spectra, namely, monochromatic

radiation reflected from thin polycrystalline layer of the

sample on a sapphire holder was analyzed. The contribution

of weak luminescence of samples to the diffuse scattering

was ignored. The absorbance of the material (a) in relative

units was calculated from the relation

a=ln
Isapp
Isamp

,

where Isapp and Isamp are the diffuse reflection intensities of

the matted sapphire and the sample under study, respec-

tively.

The concentration dependences of the lattice constant of

solid solutions Mg(Fe17xGax)2O4+d are presented in

Fig. 7. The patterns of the a(17x) curves are mainly

governed by the method of synthesis of the solid solutions

rather than the heat treatment parameters (annealing tem-

perature and duration, cooling rate).

A feature of solid-phase synthesis of samples from

oxides or from mixtures of magnesium ferrite with gallate

in air (1373 K) followed by quenching or cooling at a rate of

10 K h71 the curves a(17x) is the kink in the curves

a(17x) at 17x=0.5 ± 0.6,127 which indicates that the

system is near the stratification region. Annealing in air

(12 h, 1673 K) of compacted oxides prepared from a dried

and calcined mixture of hydroxides led to two solid solu-

tions based on MgGa2O4 and on MgFe2O4;128 this confirms

the possibility for stratification to occur at high temper-

atures. An almost ideal dependence a(17x) was obtained

for the samples synthesized from oxides at 1273 K after

350-h (!) annealing and subsequent quenching in liquid

nitrogen.129 However, the operating temperature range

and service life of such a metastable ceramic material are

unknown while the use of the material in the form of a film

seems to be problematic.
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Figure 7. Concentration dependences of the lattice constant in
Mg(Fe17xGax)2O4+d .
Data taken from Ref. 123 (1), quenching from 1373 K (2), cooling
from 1373 K (3), cooling from 1173 K (4),127 annealing at 1673 K
(5) 128 and annealing at 1273 K (350 h) followed by quenching in
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The use of citric acid as reducing agent in the synthesis

of Mg(Fe17xGax)2O4+d led to positive deviations from the

Vegard rule for all compositions.126 This is probably due to

the cation reduction from Fe3+ to Fe2+. Samples heated to

573 K still remained single-phase compositions; this indi-

cated their thermal stability, but did not reject the possibil-

ity of being in the metastable state.

The magnetic field dependences of the specific magnetic

moments (m) of the MgFe2O4+d and Mg(Fe0.8Ga0.2)2O4+d

samples reach saturation at low external fields (from 0.3 to

0.5 T, see Fig. 8). The saturation magnetization of the

substituted sample Mg(Fe0.8Ga0.2)2O4+d (*30 A m2 kg71)

is considerably higher than that of pure ferrite MgFe2O4+d

(*20 A m2 kg71). Probably, Ga3+ cations (x<0.3) dis-

place the Fe3+ and Mg2+ cations from tetrahedral to

octahedral sites, and the spinel becomes less `reverse' with

respect to Fe3+ (Refs 127 and 128). The magnetizations of

Mg(Fe0.7Ga0.3)2O4+d and Mg(Fe0.65Ga0.35)2O4+d do not

reach the saturation magnetization values even in an exter-

nal magnetic field of 5 T. This suggests magnetic inhomo-

geneity of the samples analyzed, e.g., the presence of a

mixture of ferromagnetic and paramagnetic fractions. A

similar phenomenon is observed in the annealing of

(Fe3O4)x(MgAl2O4)17x samples (x=0.55 ± 0.7), namely,

the same spinel structure 115 comprises a mixture of ferro-

magnetic and paramagnetic phases.119

The sample Mg(Fe0.2Ga0.8)2O4+d shows a weak

response to external magnetic field. This can be explained

by the attainment of concentration identity with respect to

Fe3+ in the tetrahedral and octahedral sites upon cationic

substitution and, as a consequence, by compensation of the

magnetic moments.

All polycrystalline samples are magnetically soft materi-

als. The coercive force (F ) of the spinels under study is low:

Sample F /T

MgFe2O4+d *0.0085

Mg(Fe0.8Ga0.2)2O4+d *0.0188

Mg(Fe0.7Ga0.3)2O4+d *0.0095

Mg(Fe0.65Ga0.35)2O4+d *0.0086

Mg(Fe0.2Ga0.8)2O4+d *0.0191

The I ±V curves of Mg(Fe17xGax)2O4+d were obtained

at room temperature. The direct and reverse branches of the

voltammograms shown in Fig. 9 are symmetrical for all

samples. This is an indication of a homogeneous medium.

The conductivities of compacted powders

Mg(Fe0.7Ga0.3)2O4+d and Mg(Fe0.8Ga0.2)2O4+d are an

order of magnitude higher than those of other solid sol-

utions. This is probably due to an increase in the surface

concentration of Fe2+ ions. As the voltage increased from

50 to 100 V, the conductivity of magnesium ferrite increased

from 361079 to 761079 S m71 [cf. the ranges from

2.561078 to 461078 S m71 for Mg(Fe0.7Ga0.3)2O4+d

and from 461078 to 861078 S m71 for Mg(Fe0.8Ga0.2)2.

.O4+d]. At voltages above 100 V, the conductivity of

Mg(Fe0.8Ga0.2)2O4+d almost doubled. Probably, the cur-

rent flowing across grain boundaries increases at so high

voltages. This is confirmed by the accumulation of static

charge. In some cases, removal of static charge was accom-

panied by sparking and characteristic traces of streamers

along the surfaces of grains.

Magnesium ferrite exhibits the properties of a semi-

conductor and, to some extent, a semi-insulator, whereas

pure magnesium gallate is a dielectric. The a2 values

determined from the diffuse scattering intensity ratios of

sapphire and of the samples under study are shown in

Fig. 10. The energy values correspond to regions of absorp-

tion of electromagnetic radiation with a particular wave-

length. These data were used to evaluate the bandgap (Eg)

of the Mg(Fe17xGax)2O4+d samples. All compositions,

except the initial one, are characterized by two Eg values:

1.9 and 2.1 eV for MgFe2O4+d; 1.9 and 2.4 eV for

Mg(Fe0.8Ga0.2)2O4+d , Mg(Fe0.7Ga0.3)2O4+d and

Mg(Fe0.65Ga0.35)2O4+d ; and 2.3 and 2.9 eV for

Mg(Fe0.2Ga0.8)2O4+d . The initial MgGa2O4 was character-

ized by Eg= 3.0 eV. This experimental fact cannot be

interpreted unambiguously until actual distribution of

Mg2+, Ga3+, Fe3+ and Fe2+ cations over tetrahedral and

octahedral sites in the spinels of different compositions is

known.127, 128

Studies on the magnetic and electrophysical properties

of Mg(Fe0.8Ga0.2)2O4+d showed that this composition is

optimum for obtaining diluted magnetic semiconductors in
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the form of ceramics, single crystals or films for application

in spintronics devices.103

The composition line MgFe2O47MgGa2O4 only

bounds the tetragon Fe3O47MgFe2O47MgGa2O4 ±

FeGa2O4 within the concentration tetrahedron Mg7Ga ±

Fe7O (Fig. 11); all complex oxides belonging to this

tetragon can crystallize in the spinel structural type. It

cannot be ruled out that the physicochemical properties of

these spinels to a greater extent meet the requirements

imposed on the materials for spintronics compared to the

properties of Mg(Fe0.8Ga0.2)2O4+d .

To set up a comprehensive study,130 the conditions for

preparation of homogeneous spinels in the concentration

tetragon Fe3O47MgFe2O47MgGa2O47FeGa2O4 were

assessed first of all.

Unlike analytical description of the phase states, the

topological description does not require a physical model,

which makes the technique versatile in the studies of multi-

component systems.130 Despite the fact that the region of

compositions of complex oxides (ignoring nonstoichiometry

with respect to oxygen) forming spinels, namely, the tetra-

gon Fe3O47MgFe2O47MgGa2O47FeGa2O4 (see Fig. 11),

does not span the entire region of solid solutions, we will

restrict ourselves to this approximation and use it in a

particular concentration tetrahedron MgO7Ga2O37
FeO7Fe2O3 (Fig. 12).

Spinels can be obtained at any ratio Mg :Ga : Fe in the

compositions confined within the tetragon Fe3O47Mg-

Fe2O47MgGa2O47FeGa2O4 (see Figs 11 and 12). There

are two decisive and limiting factors, viz., the temperature

and the partial pressure of oxygen over solid solutions.

However, it is hardly expedient to study systematically the

dependences pO2
7T for the two-phase spinel ± oxygen states

in the system Mg7Ga7Fe7O. To assess, it is sufficient to

use the P7T7x phase diagram of the system Fe7O,131

which defines the existence regions of wuÈ stite FeO1+d ,

magnetite Fe3O4+d and hematite Fe2O3+d.

One can believe that Fig. 12 describes the concentration

space of spinel to 1300 K. In the temperature range

1300 ± 1700 K (prior to melting), the phase volume of

spinel is transformed to a hexagon 1 ± 2 ±MgFe2O4 ±

3 ± 4 ± 5 ± 6 (Fig. 13). Magnetite Fe3O4 is characterized by

noticeable oxygen solubility which can be interpreted as the

limited solubility (to 10 mol.%) of metastable maghemite

g-Fe2O3 (more exactly, g-Fe8/3O4 with the defect spinel

structure).132 The nonstoichiometry of the magnetite spinel

with respect to oxygen (see Fig. 13) decreases upon replace-

ment of Fe2+ by Mg2+ cations and in the boundary system

MgO7Fe2O3 one gets a constant chemical composition

Mg1.092Fe2O4 which is almost independent of the partial

pressure of oxygen.110, 133, 134 Interestingly, the stoichiomet-

ric composition MgFe2O4 is a mixture of spinel and hema-

tite (a-Fe2O3).

In addition to magnesium ferrite, magnetite forms a

solid solution with iron gallate FeGa2O4 (Ref. 135) which

can dissolve the superstoichiometric oxide Ga2O3 (accord-

ing to estimates, up to 5 mol.%). It cannot be ruled out that

spinel Fe(Fe17xGax)2O4+d has a stratification region as

indicated by the concentration dependences of the lattice
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constant and Curie temperature.136 Correspondingly, the

phase based on MgGa2O4 , the last compound from the

`spinel tetragon' compositions, dissolves 1 mol.% ±

2 mol.% MgO and to 10 mol.% Ga2O3 in the temperature

range 1300 ± 1700 K.137

In addition to the spinel-type solid solution, a limited

solid solution based on the orthoferrite GaFeO3 , mutual

solid solutions of a-Fe2O3 and b-Ga2O3 ,135 and a continu-

ous solid solution of magnesium wuÈ stite are formed in the

system Mg7Ga7Fe7O.138 The solubilities of MgO and

FeO in a-Fe2O3 ,134 as well that of MgO in b-Ga2O3 is

negligible.137 It is admissible to assume, by analogy with the

systems NiO7Ga2O3 (Ref. 137) and FeO7Al2O3 ,139 that

the solubility of FeO in b-Ga2O3 is also low.

Contrary to this, the solubility of Ga2O3 and Fe2O3 in

periclase MgO or in wuÈ stite FeO can be as high as

15 mol.%.137, 139 ± 141 Thus, magnesium wuÈ stite, unlike the

limited solid solutions based on a-Fe2O3, orthoferrite

GaFeO3 and b-Ga2O3 , occupies a rather large volume in

the quaternary system MgO7Ga2O37FeO7Fe2O3 .

Figure 13 presents the model for the phase volumes of

solid solutions in the concentration tetrahedron

MgO7Ga2O37FeO7Fe2O3 . The isobaric isothermal sec-

tions for these phase volumes will vary depending on the

pressure and temperature.

To determine the concentration space occupied by the

spinel phase at pO2
=21 kPa and T=1273 K in the tetra-

hedron MgO7Ga2O37FeO7Fe2O3 , the compositions

conditionally belonging to the diagonals MgGa2O47Fe3O4

and MgFe2O47FeGa2O4 were studied (see Fig. 12).130

Polycrystalline samples with the nominal compositions

Mg17xGa272xFe3xO4 and Mg17xGa2xFe27xO4 with an

increment x=0.1 were prepared by self-propagating high-

temperature synthesis.125

Based on the results obtained, a fragment of the isobaric

isothermal phase diagram of the system MgO±Ga2O3 ±

FeO7Fe2O3 at pO2
=21 kPa and T=1273 K was plotted

(Fig. 14). The spinel homogeneity region is bounded by the

MgGa2O4 ± 1 ± 3 ±MgFe2O4 ± 4 ± 2 contour (given in grey);

the MgGa2O4 ± 1 ± 2, 1 ± 2 ± 3 ± 4 and 3 ± 4 ±MgFe2O4 seg-

ments correspond to the spinel compositions in two-phase

equilibria with the solid solutions based on Ga2O3, GaFeO3

and Fe2O3 , respectively; the lines 1 ± 2, 3 ± 4, 1 ± 3 and

3 ±MgFeO4 correspond to variation of the spinel composi-

tion in three-phase equilibria spinel ± ssGa2O3 ± ssGaFeO3 ,

spinel ± ssGaFeO3 ± ssFe2O3 , spinel ± ssGaFeO3 ± phase Y

(isostructural to Ca2Fe7O11 , see Ref. 142) and spine-

l ± ssFe2O3 ± phase Y. Point 3 corresponds to the spinel

composition (a=8.29 ± 8.33 �A) in the four-phase equili-

brium spinel ±GaFeO3 ± Fe2O3 ±Y.

None of the samples studied showed stratification of

spinels similar to that observed in the system Mg7Al ±

Fe7O under isobaric isothermal conditions.143, 144 Based

on experimental data, stratification is retained at low partial

pressures of oxygen for spinels from the tetragon

Fe3O47MgAl2O47 MgFe2O47FeAl2O4 .115 The main rea-

son for stratification is that the spinels based on MgAl2O4

and FeAl2O4 are `normal' spinels while those based on

Fe3O4 and MgFe2O4 are the `reverse' ones.145

Stratification of the `reverse' spinels formed in the

system Mg7Ge7Fe7O is not observed at least in the

stable state. Taking into account the fact that the homoge-

neity of spinels is retained in a wide range of compositions,

preparation of homogeneous ceramics and films for micro-

electronics devices becomes possible.

Only measurements using a single crystal or a homoge-

neous film can provide a direct proof of formation of a

homogeneous DMS material based on the limited solid

solution. In the case of continuous solid solutions, some

conclusions about the formation of homogeneous DMS

materials can be drawn based on indirect data, e.g., mono-

tonic variation of the lattice constants and Curie temper-

ature depending on the chemical composition.

A modified DMS approach, i.e., dissolution of a semi-

conductor (insulator) in the ferromagnetic matrix until

attainment of optimum electrophysical properties, was

used in the experiments with continuous solid solutions

formed by isomorphous semiconductor spinels and ferrites.

The advantage of the modified approach is due to the fact

that interphase boundaries strongly influence the `behav-

iour' of charge carriers, which allows one to level the effect

of possible random impurities on the semiconductor proper-

ties. To avoid stratification of solid solutions, the pair
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Figure 13. Model for the phase volumes of solid solutions in the
concentration tetrahedron MgO7Ga2O37FeO7Fe2O3.
Hexahedron 1 ± 2 ±MgFe2O4 ± 3 ± 4 ± 5 ± 6 represents the phase
volume of spinel.130
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`semiconductor ± ferromagnetic material' was chosen taking

into account the extent to which both spinels can be treated

as `reverse' ones.

V. Homogeneous complex metal ± oxide films

Barium hexaferrite (BaFe12O19) films on heat-treated sin-

gle-crystalline silicon substrates were obtained by successive

ion beam sputtering of BaFe2O4 and a-Fe2O3 targets in

argon or oxygen.146 It was established that single-phase

BaFe12O19 films crystallize on annealing only when prelimi-

narily coated with an a-Fe2O3 buffer layer deposited during

a continuous vacuum cycle. The protective a-Fe2O3 layer

precludes the formation of barium silicates and solid-phase

reactions proceed within BaFe2O4/a-Fe2O3/SiO2/Si interfa-

ces.

The combined use of ion-plasma methods (treatment of

substrates in microwave plasma; growth of metal ± oxide

layers of specified complex compositions by ion beam

sputtering in oxygen or argon atmosphere) 147 ± 149 made it

possible to obtain spinel films on silicon using

Mg(Fe0.8Ga0.2)2O4+d ceramic targets.150

Polycrystalline samples of nominal chemical composi-

tion Mg(Fe0.8Ga0.2)2O4+d were obtained by self-propagat-

ing high-temperature synthesis,125 pressed and annealed in

air at 1023 K.

Eight polyhedral ceramic samples of size 565680 mm

were used as targets in the preparation of films in the system

Mg7Ga7Fe7O by ion beam sputtering. According to the

X-ray diffraction pattern shown in Fig. 15, the ceramic

samples had the spinel structure with the lattice constant

a=0.837 nm and showed the characteristic reflections

(220) and (311) at 30.24 and 35.68, respectively. Impurity

phases were present in trace amounts.

From the magnetic field dependences (Fig. 16) it follows

that the specific magnetic moment of Mg(Fe0.8Ga0.2)2O4+d

ceramics reaches a saturation value at a low external field

(0.3 ± 0.5 T). The saturation magnetization at 4 K is about

50 A m2 kg71; at 300 K, it decreases to 30 A m2 kg71

because of temperature-induced disordering of the magnetic

structure.

The temperature dependences of the specific magnetic

moment on cooling with no external magnetic field applied

and in a weak magnetic field (Fig. 17) almost match each

other, being nearly linear and thus indicating a magnetically

homogeneous structure of the sample. From the temper-

ature dependences of the specific magnetic moment

(Fig. 18 a) and its squared value (Fig. 18 b) in the range

300 ± 650 K, the Curie temperature of Mg(Fe0.8Ga0.2)2O4+d

ceramics is *490 K. The calculated effective magnetic

moment per Fe3+ ion is 5 mB (for the electronic configura-

tion 3d5); however, based on the experimental data for the

Mg(Fe0.8Ga0.2)2O4+d sample, it is only 1.4 mB (28% of the

calculated value). Discrepancies may be due to the follow-

ing reasons:

Ð co-existence of two magnetic phases within the spinel

structure;

Ð non-collinearity of the magnetic moment vectors in

the case of a single magnetic phase (so-called sperimagnet-

ism);
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Ð compensation of the magnetic moments of the spinel

A- and B-sublattices due to replacement of iron ions by

gallium ions in octahedral sites.

The data presented in Figs 17 and 18 (magnetic homo-

geneity of the sample) and the underestimated value of the

effective magnetic moment per iron ion support the third

case.

Targets were sputtered with argon or oxygen ions for a

period of 1.5 h onto single-crystalline silicon wafers 76 mm

in diameter heated to 400 K under the operating pressure

(at most 0.2 Pa) and a limiting rarefaction of 0.01 Pa.150

Prior to film deposition, the silicon wafers were treated with

microwave oxygen plasma148 to remove organic compo-

nents and substances adsorbed on the silicon surface. The

film growth rate was about 135 nm h71.

Silicon wafers with Mg(Fe0.8Ga0.2)2O4+d deposits whose

thickness gradually increased from 40 to 280 nm were cut

into rectangular samples 5610 mm in size; the film thick-

ness varied within 20%. The samples thus obtained were

annealed for 30 min in air at 973, 1073, 1173 and 1273 K.

Films prepared as a result of sputtering of a

Mg(Fe0.8Ga0.2)2O4+d ceramic target with argon or oxygen

ions were annealed at 1273 and 1173 K. A comparison of

the X-ray diffraction patterns (Figs 19 and 20) showed that

the most promising films for spintronics applications are

those produced by sputtering with oxygen ions until a

deposit thickness over 0.2 mm is reached and then annealed

at 1173 K. The films grown on silicon by argon-ion sputter-

ing of the target with subsequent annealing at 1273 K have

a non-spinel structure [most probably, this was a solid

solution based on gallium orthoferrite GaFeO3

(see Fig. 19)]. Sputtering of the target with oxygen ions did

not lead to the formation of spinel in as-deposited layers

(see Fig. 20 a). Annealing of the samples at 1273 K pro-

duced an impurity phase (most probably, hematite a-Fe2O3)

(see Fig. 20 c). Having lowered the annealing temperature

to 1173 K, a spinel film over 0.2 mm thick was obtained by
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sputtering of the target with oxygen ions (see Fig. 20 b); the

film structure was similar to that of Mg(Fe0.8Ga0.2)2O4

ceramics (see Fig. 15).

Using a vibrating magnetometer, the magnetic field

dependences of the specific magnetic moment at 5 K in

external fields to �3 T were obtained for the samples

prepared by sputtering of Mg(Fe0.8Ga0.2)2O4+d target with

oxygen ions and subsequently annealed at 973 and 1173 K

in air (Fig. 21). The highest specific magnetic moments of

the film samples were *1.26 (973 K) and *4.7 A m2 kg71

(1173 K); coercive force was *0.16 T (973 K) in the former

and *0.095 T (1173 K) in the latter case.

Sputtering of a Mg(Fe0.8Ga0.2)2O4+d target with a beam

of 1.2-kEv oxygen ions (current density 0.25 mA cm72) was

accompanied by deposition of the film-forming layer at a

rate of about 0.135 mm h71. As the film became over 0.2 mm
thick, the sample was annealed in air at 1173 K for 30 min.

The structure thus formed was similar to that of the target;

the SiO2 layer a few tens of nanometres thick simultane-

ously grown on the silicon substrate acted as the anti-

diffusion barrier precluding the reaction between the depos-

its and substrate.

The deposits produced by sputtering of a target with

1.2-kEv argon ions (current density 0.2 mA cm72) mainly

consisted of metallic fractions of the target sputtering

products. These layers had low optical transparency and

subsequent annealing in air was accompanied by reactions

with formation of impurity phases (in particular, orthofer-

rites near the surface and silicides at the interface with the

silicon substrate). Because of this, the formation of the

spinel structure is impossible.

Fabrication of oxide film FS structures whose properties

are identical to those of bulk ceramics or a single crystal

requires that certain problems be solved. First, one should

determine the conditions for conformal transfer of the

target material to the substrate during the deposition

process, as well as to establish optimum conditions for

crystallization of the deposited material in the form of a

film, because the properties of ferrites with the spinel

structure depend strongly on the cation ratio and on mutual

cation exchange in the tetrahedral and octahedral sites.151

Next, keeping in mind the development of a technology

for preparation of film structures on conventional sub-

strates,152 ± 154 one should avoid (or minimize) the formation

of impurity phases at the film/substrate interface due to the

chemical reactions between film components and the sub-

strate.

Using various plasma techniques (processing of sub-

strates with microwave oxygen plasma, ion beam sputtering

of targets in oxygen or argon atmosphere to grow metal ±

oxide layers of complex compositions),147 ± 149 optimum

annealing conditions and Mg(Fe0.8Ga0.2)2O4+d ceramic

targets, spinel films of specified composition on silicon

were obtained. Mg(Fe0.8Ga0.2)2O4+d is characterized by

the specific saturation magnetic moment equal to

*28 A m2 kg71 (cf. *25 A m2 kg71 for unsubstituted

magnesium ferrite). The bandgap of Mg(Fe0.8Ga0.2)2O4+d

is 2.4 eV (cf. *2.9 eV for MgFe2O4).123 The effect of

temperature on the surface structure and morphology on

annealing of Mg(Fe0.8+xGa0.2+y)2O47d spinel films was

established.155

X-Ray powder diffraction analysis of the films obtained

was carried out before and after annealing. Mg(Fe0.8-
Ga0.2)2O4+d ceramic samples had the spinel structure

(space group Fd 3m) with the lattice constant a=0.836 nm

and the characteristic reflections at 30.4 (220), 35.6 (113)

and 62.88 (400) (see Fig. 15). Films on silicon grown by

sputtering of the target with argon ions and subsequent

annealing at 1273 K did not have the spinel structure. The

major phase was a solid solution based on GaFeO3 . The as-

produced film grown by sputtering of the target with oxygen

ions was amorphous and the X-ray diffraction patterns

exhibited only reflections for silicon. Optimization of

annealing conditions allowed one to obtain films with the

spinel structure. It was found that a temperature of 1073 K

is too low to form a homogeneous spinel, although the

appearance of the characteristic peak at 35.88 (see Fig. 20 a)

is noteworthy. Annealing of the films at 1273 K was

followed by the appearance of an impurity phase (most

likely, hematite a-Fe2O3 , see Fig. 20 c).

By lowering the annealing temperature to 1173 K a

spinel film about 200 nm thick was formed. The X-ray

diffraction pattern (see Fig. 20 b) clearly demonstrates two

strong peaks at 30.4 and 35.98 characteristic of the initial

ceramic spinel Mg(Fe0.8Ga0.2)2O4+d .

A layer-by-layer Auger spectroscopy analysis of the

sample revealed a considerable deviation from the cation

stoichiometry at the film/substrate interface (Fig. 22),

which can be explained by a chemical reaction between the

film material and the silicon substrate. The thickness of the

transient layer in the sample annealed at 1173 K was

*30 nm. After heat treatment, it increased to 60 nm. The

impurity phases were not unambiguously identified, but one

can assume that they include magnesium, gallium and iron

silicates and silicides, as well as silica. The deviation from

the initial Mg : Fe : Ga ratio decreased as the films thickness

increased, being equal to *5% only at a depth of 100 nm.

Oxygen deficiency was detected throughout the film thick-

ness.

A series of AFM images of these films (Fig. 23) allows

one to observe changes in the film surface caused by heat

treatment. The sample annealed at 1073 K (Fig. 23 a)

showed no texturing of the surface and grain boundaries.

Its surface is characterized by a plain relief without consid-

erable depth difference (to 2.5 nm) and crystallization

effects. The sample annealed at 1173 K (see Fig. 23 b) has
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the crystal structure with regularly cut grains (average grain

size is 50 to 100 nm). There are no abrupt depth differences

(to 8 nm) and the texture with preferred orientation along

the (100) direction is clearly seen. The sample annealed at

1273 K (see Fig. 23 c) demonstrates well-defined inclusions

of the impurity phase in the form of different-height (to

50 nm) drops of solidified melt, as well as cracks in the film.

There are also surface protrusions with a characteristic size

of about 1 ± 2 mm.

In spite of considerable mismatch of crystallographic

parameters and thermal expansion coefficients, spinel-type

films of nominal composition Mg(Fe0.8+xGa0.2+y)2O47d

were grown on a silicon substrate. Further studies imply

search for a composition to form nanoscale anti-diffusion

layers on silicon to suppress the formation of impurity

phases at the film/substrate interface and, as a consequence,

improvement of the structural and physical properties of the

Mg(Fe0.8Ga0.2)2O4+d films.

A study 102 which began with a failed attempt to impart

an atypical ferromagnetic ordering to the wurtzite structure

of ZnO completed with successful isomorphous dissolution

of dielectric MgGa2O4 in the MgFe2O4 magnetic matrix

using the concept of the `reverse' spinel structure. Then, an

entire process flow from polycrystalline powder to ceramics

and then to a film was reproduced on the laboratory

scale.155

The proposed method for the preparation of oxide FS

materials is of limited use. As the percolation threshold is

reached (33% of Fe3+ cations are replaced by Ga3+), the

long-range magnetic order is destroyed, the ferromagnetic

spinel structure becomes strongly frustrated and local dis-

tortions are formed, i.e., the material loses its homogeneity

and clustering becomes feasible.156

* * *

A decade of research using the DMS approach 8, 157 did not

lead to preparation of a material whose FS properties are

better than those of (Ga,Mn)As with TC=190 K.157 Mean-

while, the authors of early studies 158 assumed the presence

of clusters based on ferromagnetic manganese arsenides

MnAs (TC=318 K) and Mn2As (TC=580 K) in the

GaAs matrix. Similarly to the case where a limited amount

of manganese dissolves in GaAs, a limited amount of

gallium dissolves in the phases based on manganese arsen-

ides. Correspondingly, replacement of a magnetic cation by

nonmagnetic one causes a decrease in TC of (Mn,Ga)As or

(Mn,Ga)2As clusters present in the GaAs matrix.

Taking oxides as an example, in this review we have

shown the feasibility of fabricating multilayer ferromag-

net ± semiconductor composite films and monolayer homo-

geneous FS films. However, unlike ceramics, preparation of
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such materials is a very labour-consuming process which

requires continuous control of all steps. Unstable reprodu-

cibility makes large-scale (industrial) use of these methods

impossible.

Being very attractive, the DMS approach still remains of

academic interest only. However, there is also a research

avenue for further search for spintronics materials, viz.,

multicomponent oxide FS compounds. Probably, they will

be found among the Aurivillius phases 159 or complex

perovskites.160
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