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Abstract—The review analyzes and summarizes the principal results of research on the magnetic properties of 
ferromagnetic semiconductor nanostructures. These materials possess unique physical properties, which attracts 
great attention both from the scintific and practical viewpoints. The review shows that group AIIBVI and AIIIBV 
ferromagnetic  semiconductors, as well as group IV elemental semiconductors hold the greatest promise for 
spintronic applications. 

Nanostructuring allows to increase the Curie temperature corresponding to the percolation transition in 
elemental semiconductors. Approaches to overcoming the principal barrier to spintronics applications of 
ferromagnetic semiconductors─the necessity of their deep cooling─are considered. Comparison of the 
magnetic and magnetotransport properties of quasi-one-dimensional Ge1–xMnx nanowires with quasi-two-
dimensional nanofilms of the same composition reveals an effect of limited size on the ferromagnetic ordering 
temperature and magnetic resistance.   

INTROUCTION 

Modern electronics uses semiconductor materials 
whose functioning is based on electron charge. 
Enhancing requirements to characteristics of electronic 
devices prompt demand for search and pracatical 
implementation of alternative materials based on non-
classical principles. Spintronic devices which employ 
both electron charge and spin may form a basis of 
future electronics. 

Spintronics was first mentioned in 1988 after the 
discovery of the giant magnetoresistance (GMR) effect 
[1, 2] (the authors of this discovery were awarded the 
Nobel Prize in Physics in 2007). The GMR effect is 
underlain by nonuniform scattering on ferromagnetic 
impurities of two groups of electrons with spin-up and 
spin-down orientations. To implement this selection 
requires that spin-up and spin-down electrons have 
much different mean free path distances. Such 
situation takes place is ferromagnetic materials in 
which 3d band splitting induces differentiation in vacant 
spin-up and spin-down electron state densities. This 
principle forms the basis of operation of giant and tunnel 
magnetoresistance devices [3–9]. 

The progress in the development of information 
processing means  is directly related to the state of data 
storage technologies. The creation of magnetic random 
access memory (MRAM) chips belongs to revo-
lutionary achievements in this field  [10]. Each cell in 
MRAM is a nanosized area of a ferromagnetic material 
and can serve as a memory bit. Information reading in 
a MRAM is based on the giant or tunnel magneto-
resistance effect.  A potential difference is applied to 
control buses of а MRAM (Fig. 1), and, if the mag-
netization direction of the controlled ferromagnetic 
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Fig. 1. Scheme of MRAM. 
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layer coincides of that of the fixed  ferromagnetic 
layer, then the tunnel current runs through the 
dielectric layer. In the case of opposite magnetizations, 
the tunnel current is absent. MRAMs override the 
existing memory types in all respects. At present 
MRAMs with a capacity of 4 Mbit and a read time of 
25 ns are available. 

In perspective, massives of ordered ferromagnetic 
nanowires can be used as MRAMs, provided they have 
a high Curie temperature. In this case, the density of 
memory cells can be increased by three orders of 
magnitude. In [11–14], Ge1–xMnx nanowires (x is the 
atomic fraction of magnetic dopant) ferromagnetic at 
room temperature were used as functional purpose 
nanostructures. 

Note that spintronics is not limited by the 
development of logic elements and information storage 
devices. Spintronics opens up new perspectives in com-
munication means, quantum computing, etc. At present 
laboratory prototypes of spintronic devices, such as 
unipolar spin transistors [15] and bipolar spin transistors 
[16] have already been created. 

There are the following requirements to materials 
for spintronic instruments. First, such materials should 
be resistant to “normal” environmental effects, i.e. they 
should preserve their properties at increased (or 
decreased) humidity, pressure, or temperature. Second, 
they should be adaptable, specifically allow applying 
ohmic contacts and combining with modern electronic 
units. Third, an especially important requirement is 
associated with the electron spin coherence time. If 
this time is too short, then spin disorientation leads to a 
loss of spn information. The use of spin coherence is 
exemplified by the magnetization precession in Co/Cu 
multilayers, induced by high-density electric current 
(~109 A cm–2) [17, 18]. Forth, materials should be 
ferromagnetic at room temperature, and charges in 
them should  be highly mobile. Note that no organic 
and organometallic materials meeting at least partly 
the above requirements have still been developed. 
(However, such materials are called functional and 
invariably associated with spintronics. We consier 
these pretensions groundless.)   

The measurements showed that the spin coherence 
time at room temperature in semiconductors is several 
orders of magnitude longer (> 100 ns) than in metals 
(~0.1–20 ns) that most commonly used in spintronic 
multilayers [19, 20]. Therefore, “semiconductor” spin-
tronics is more attractive and realistic that “metallic.”  

At present much effort is focused on the deve-
lopment of diluted magnetic semiconductors (DMS) 
which are expected to meet all demands made by 
spintronics. In spite of the gain in spin coherence time, 
most of the studied DMS materials have quite a low 
Curie temperature, which hinders practical imple-
mentation of the previously discovered spin-dependent 
transport [21], magneto-optical spin effects [22–24], 
and electrical manipulation of the Curie temperature 
and coercive field [25, 26]. This problem can be 
attacked by passing to DMS nanostructures in which 
most transition metal dopants are dispersed rather than 
clustered. 

Theoretical Models of Ferromagnetic Ordering  
in Semiconductors 

The unique physical properties of DMS arise from a 
strong interaction of charge carriers and the magnetic 
moments of partly filled electronic shells of magnetic 
atoms and ions. Magnetic ordering affects the mobility of 
charge carriers, and their concentration, in its turn, much 
affects magnetic ordering, thus allowing mutually 
controlling  the electronic and magnetiс systems of the 
material. 

In metals and their alloys, direct exchange spin 
coupling between atoms whose magnetic moment is 
associated with their partly filled electron shells which 
overlap due to a short interatomic distance in the 
crystal lattice. The direct exchange coupling in DMS 
materials cannot induce ferromagnetism, since the 
distances between neighboring dopant atoms are too 
long for their electron shells to overlap. 

The question whether the ferromagnetic ordering in 
DMS materials is induced by indirect exchange 
coupling is still open. A number of theoretical models 
to explain the origin of DMS ferromagnetism have 
been developed, such as the Ruderman–Kittel–
Kasuya–Yosida (RKKY) [27], double exchange [28], 
Zener [29, 30], and mean-field theories [31]. None of 
these theories are universal and are capable of 
describing the ferromagnetic ordering in an individual 
DMS group. 

The simplest (and the most popular up until 
recently) phenomenological approach is based on a 
model taking Zener’s sd exchange as the initial 
coupling between the local spin of a magnetic dopant 
and conduction electrons. The Zener’s model con-
soders two electronic subsystems: the system of col-
lective conduction electrons (s electrons) and the 
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system of localized d(f) electrons. The Hamiltonian for 
this model has the form: 

Н = НМ + НА + НВ, 

where HM is the magnetic subsystem Hamiltonian 
(usually it is taken in the Heizenberg’s form HM = Ji,j SiSj 
(Ji,j is the exchange integral for the ith and jth atoms; and 
Si, Sj, corresponding spin operators); HA, the exchange 
Hamiltonian between conduction electrons and magnetic 
ion spins; and HB,  Hamiltonian of conduction electrons 
including single band energy states. 

The theoretical results obtained by this model only 
qualitatively coincide with experimental. For example, 
the model predicted an increase of the Curie 
temperature with increasing concentration of admixture 
ions, which is indeed the case. However, quantita-
tively, no predictive power was shown. Thus, for 
example, the calculated Curie temperature ТС, obtained 
by the Zener’s model for Ga1–xMnxAs is 300 K, whereas 
the experimental ТС is no higher than 170 K [32]. 

At present the ferromagnetic ordering in DMS is 
explained in terms of the RKKY theory which suggests 
that localized electrons are incorporated in partly filled 
d and f shells, and are coupled via conduction 
electrons. The contribution of conduction electron 
spins into the total magnetic moment of a ferro-
magnetic crystal is low compared with the contribution 
of localized electrons. However, it is spin-polarized 
electrons that provide magnetic ordering, since by 
moving along the crystal they “transfer” spin coupling 
of transition metal ions.  

The Curie temperature predicted by this and any 
other model should also be dependent on the magnetic 
dopant concentration, which is consistent with experi-
mental data [35–37]. However, the absolute Curie 
temperatures predicted for Group IV element DMS 
materials do not reproduce experiment. 

The exchange coupling in (Ga,Mn)As semi-
conductors cannot be rationalized entirely in terms of a 
single indirect exchange model [28, 38], even though 
the Zener’s double exchange mechanism [31] well 
explains the experimental results.  

Park et al. [36] studied the electronic structure and 
magnetic properties of a macroscopic Ge1–xMnx crystal 
by the density functional method. It was shown that 
there are two channels of exchange between two 
dopant Mn2+ ions: direct antiferromagnetic exchange 
between neighboring ions  (at sufficiently high 
manganese concentrations) and dominating indirect 

ferromagnetic exchange. The Curie temperatures were 
calculated by the percolation equation [39]: 

kTC = S(S + 1)J(Rperc), 

where k is the Boltzman’s constant; S, manganese ion 
spin; J(Rperc), exchange integral for two magnetic 
dopant ions separated by the percolation radius Rperc 
proportional to the mean interionic distance. 

The calculated Curie temperature for a crystal is 
300 K (at the manganese atomic fraction x of 2%). At 
the same time, the Curie temperature for Ge0.98Mn0.02 
thin films is much lower (16 K) than predicted by the 
theory and that for Ge0.99Mn0.01 nanowires is higher 
(320 K) [11–14]. 

Thus, at present there is no universal theory capable 
of explaining the nature of ferromagnetism in different 
types of  DMS. At the same time, preliminary experi-
memnts [11–14] show that a transition to nanosizes 
can much improve the properties of DMS. Figure 2 
presents the temperature dependences of magnetic 
moment for Ge1–xMnx  thin films and nanowires with 
the same dopant composition. As seen, size limitation 
of the Ge1–xMnx system leads to a change of the TC1 
and TC2, temperatures for dispersed Mn2+ ions and 
GeMn clusters, respectively. In going from thin films 
to nanowires, TC1 increases from 16 K to 35 K and TC2, 
by contrast, decreases from 285 K to 125 K, which is 
probably associated with decreased size of GeMn 
clusters.      

Fig. 2. Temperature dependences of the magnetic moment 
М, normed by the room-temperature magnetic moment Мrt, 
of Ge1–xMnx polycrystalline nanowires and thin films with 
the same dopant compositions. Magnetic field strength             
1 kOe. Arrows show shifts of the Curie temperatures. 
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Specifics of Static and High-Frequency Dymanic 
Magnetic Properties of Nanowires 

There are general regularities in the magnetic 
properties of ferromagnetic nanowires, irrespective of 
the material they are made of. There regularities are 
underlain by the quasi-one-dimensionality of nano-
wires and their strong shape anisotropy. Below we 
consider the main properties of composition materials 
containing ferromagnetic nanowires and their 
difference from macroscopic materials. 

It was established [41, 42] that the ratio of the 
diameter to mean interwire spacing much affects the 
coercivity and magnetic anisotropy of nanowires. The 
anisotropy field tends to arrange the nanowire mag-
netization vectors uniformly along the easy mag-
netization axes in mutually opposite directions so that 
to reduce the saturation magnetization Ms and, as a 
result, total energy of nanowires. The effective aniso-
tropy field depens on the surface, magnetocrystallic, 
and magnetoelastic contributions. The effective 
ansotropy field in nanowires is most contributed by the 
surface anisotropy. Thus, the nanowire anisotropy field 
is determined by two competing contributions [43, 44]: 

Ha = 2πMs – 6πMs f, 

where the first term relates to the surface anisotropy, 
the second relates to dipole–dipole coupling of 
nonowires, and f is the shape and filling factor. 

The f factor is calculated by the formula: 

f =
2√3

⎯
π (d/D)2,

where d is the nanowire diameter, and D, mean  
interwire spacing. 

Note that the f factor determined the magnetic size 
of the nanowire assembly: f = 0 (Ha = 2πMs) is 
characteristic of isolated cylindrical nanowires, f = 1 
(Ha = – 4πMs f) is characteristic of a thin long nanowire 
assembly with magnetically similar nanowires. In the 
nanowire assembly in anodized aluminamembrane 
pores, the f factor takes intermediate values, which is 
indicative of magnetic size effects of this nano-
composite. 

The nanowire shape anisotropy affects spin dyna-
mics in high-frequency magnetic fields. The magnetic 
behavior of nanowires is determined by collective spin 
modes. Figure 3a  schematically depicts several modes 
with a nonzero component perpendicular to a “thick” 
nanowire axis [45]. In “thin” nanowires, the per-

pendicular mode is almost suppressed because of the 
small nanowire diameter. Spin–wave excitations 
propagate exclusively along the nanowire axis 
(Fig. 3b). In the case of structural disorder (for 
example, polycrystallinity), these spin–wave modes 
can be localized (Fig. 3c) [46], which restricts spin–
wave propagations along the nanowire, too. The above 
modes determine the spin dinamics in nanowires in high-
frequency magnetic fields and affect the electron spin 
resonance spectra. Actually, the axial spin waves have a 
short wave vector (shorter than 1/L, where L is the 
nanowire length). By contrast, the radial waves have a 
long wave vector inversely related to the nanowire 
diameter, an the corresponding resonance frequencies fall 
in the infrared range (nanowire diameter  ~1–10 nm). 
Thus, the spin dynamics in nanowires allows separation 
of the axial a radial components of spin waves, which is 
impossible with macroscopic materials. 

One more feature differentiating ferromagnetic 
nanowires from macroscopic solids cosists in the 
following. As known, the contribution of dipole–dipole 
spin coupling in macroscopic ferromagnetic materials 
is negligibly low compared with the contribution of 
exchange spin coupling. At the same time, it was 
showm theoretically [47] that in nanowires of the 
diameter d < dc = Dex√(Dexπ/Ms) is the exchange 
constant) the contributions of dipole–dipole and 
exchange spin coupling compare with each other, 
because the dipole–dipole spin coupling in quasi-one-
dimensional nanowires is much contributed by not 
only the nearest neighboring atoms, but also farther 
neighbors. In other words, the spin wave modes 
contain two components: dipole and exchange. The 
calculated ferromagnetic resonance spectrum (Fig. 4) 
of ferromagnetic nanowires with d < dc shows two 
maxima, one corresponding to the “exchange” mode 
and the other  to “dipole” modes [47].  

Thus, there are certain specific features in the spin 
dynamics of nanowires, which differentiates the latter 
from nanofilms and macroscopic samples. 

Nanowires on the Basis of Ferromagnetic Oxides 
and АIIВVI and АIIIВV Semiconductors  

Nanowires of optically transparent semiconductor 
materials of Group II and VI elements, such as   CdS, 
CdSe, and ZnS, are fairly well studied owing to their 
unique optical properties. As expected, doping such 
nanowires with transition metals would allow 
controlling their luminescence by means of magnetic 
field. The first nanowires doped with trasition metals 
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were reported by Chen et al. [48]. These nanowires 
were synthesized in MSM-41 silica pores. Studying the 
magnetic properties of manganese-doped nanowires of 
the composition Cd1–xMnxS [48] established that these 
nanowire are paramagnetic, when the manganese 
dopant concentration x is below 0.2. At 0.2 < x < 0.8 
they are spin glass-like (frozen randomly oriented 
spins). Macroscopic samples of the same composition 
with  x > 0.8 exhibit long-range antiferro-magnetic 
ordering which is suppressed in nanowires in view of 
the known instability of long-range magnetic order in a 
one-dimensional system. Na et al. [49] synthesized 
Cd1–xMnxS nanowires by chemical vapor deposition 
(CVD) and demonstrated for the first time the 
possibility of controlling the optical properties of these 
nanowires by means of an external magnetic field. 

Spintronic applications require DMS materials with 
a long spin coherence time (> 10 ns). This criterion is 
met by ZnO whose spin coherence time is 20 ns at 
room temperature [50]. At present metal oxide 
nanowires doped with Mn [51], Co [52], and Ni [52] 
have been synthesized. The synthesis of p- and n-type 
DMS nanowires on the basis of Zn1–xMxO (M = Mn, 
Co, Ni) opens up the possibility for developing a 
dipolar spintronic transistor. The feasibilty of such 
transistors is evidenced by the ferromagnetism of   
Zn1–xMxO nanowires grown by CVD [51, 53], 
associated with indirect coupling due to spin transfer 
with delocalized charge carriers: holes [54] and 

electrons [55]. The magnetic properties of these 
materials are of particular interest. For example, 
manganese-doped ZnO nanowires doped have the 
Curie temperature of 37–44 K [51, 53], whereas cobalt 
and nickel doping induce ferromagnetism at room 
temperature [52, 56]. Such a seemingly strange 
behavior can be explained, first, by that  Zn1–xMnxO 
and Zn1–xCoxO nanowires were grown by different 
procedures and, second, by that the doping admixtures 
have different electronic configurations: d5 (Mn2+)  and 
d7 (Co2+), which, in its turn, can affect the Curie 
temperature. As shown in [57–59], cobalt-doped TiO2 
nanowires and ZnO/Zn1–xCoxO core/shell nanocables 
can be used to develop a spin field effect transistor 
(spin-FET). 

Zener calculations of the Curie temperature for a 
macroscopic Ga1–xMnxN crystal predicted ТС ~ 300 K 
[29]. The experimental Curie temperature of                  
Ga1–xMnxN thin films, too,  are fairly high, namely 
250–370 K [60]. Generally, DMS systems of the 
АIIIВV type are well studied both theoretically and 
experimentally. At the same time, no information on 
nanowires of these materials have still been reported. 
The first Ga1–xMnxN nanowires were reported by 
Deepak et al. [61], who established their Curie 
temperature  (325 K), and it proved to be consistent 
both with the theoretical and experimental data for 
macroscopic materials and thin films of the same 
composition. 

Fig. 3. Spin–wave modes in nanowires [45]: (а) wave 
vector k is perpendicular to the nanowire axis; (b)  wave 
vector is parallel to the nanowire axis, and (c) localized 
mode. 

Fig. 4. Calculated ferromagnetic resonance spectrum 
(dependence of the field derivative of the absorbed 
microwave power P on the magnetic field strength H) for 
nickel nanowires 80 nm in diameter [47]. 

Exchange mode 

H, kOe Dipole mode 
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 The magnetic and magnetotransport properties 
of CVD-grown Ga1–xMnxN nanowires with varied 
diameter, 10–100 nm, and a 7% manganese content. 
The coercive force measured by a SQUID magneto-
meter decreases with increasing temperature from 80 
Oe at 5 K to 40 Oe at 300 K. Furthermore, Ga1–xMnxN 
nanowires show a negative magnetoresistance of 1.4% 
at 2 K and 0.4% at 250 K in an external magnetic field 
of 9 T. Such magnetic resistance is characteristic of 
Ga1–xMnxN thin films [63, 65]. Note that the coercive 
forces in nanowires of the same diamter and 
composition, measured in [60] and [62–64], differ 
considerably. This fact can be explained by different 
conditions of growing of these  nanowires, say, by 
different temperature conitions. Furthermore, dopant 
clusters whose growth is difficult to control can also 
contribute much. Unfortunately, this contribution is not 
discussed or taken into account in the cited works. We 
beleive that the high-temperature ferromagnetism 
observed in most of these works is readily explained in 
terms of cluster ferromagnetism. The effect of 
synthesis conditions was also reported for Ga1–xMnxAs 
thin films [66].  

Research on the magnetic and magnetotransport 
properties of CVD-grown  Ga1–xMnxP nanowires 
showed that these materials are magnetically rigid 
ferromagnetics with ТС = 330 K, whereas the Curie 
temperature theoretically predicted for macroscopic 
samples of the same composition is 100 K. Moreover, 
Ga1–xMnxP nanowires exhibit a negative magneto-

resistance of about 5%, while that measured in                 
Ga1–xMnxP thin films is lower by an order of 
magnitude (0.35%). These values provide direct 
evidence for the particle size effect on the magnetic 
and magneto-transport properties of DMS materials of 
the АIIIВV system. These materials were already used 
for creating prototype spin-FET devices and light-
emitting diodes (spin-LED) for spintronics [62]. 

Nanowires on the Basis of Ferromagnetic 
Semiconductor Materials of Group IV Elements 

Unlike DMS nanowires of the АIIВVI and АIIIВV 

systems, DMS nanowires  of Group IV elements have 
scarcely been reported. This looks quite strange, since 
silicon is a base of modern electronics and Group IV 
element nanowires can readily be integrated in modern 
electronic systems. 

The synthesis and study of DMS nanowires of 
Group IV elements (Fig. 5) were first reported by the 
National Physical Laboratory (United Kingdom, 
Teddington) and University College Cork (Ireland, 
Cork). The nanowires were grown using supercritical 
СО2 [67]. This method of growing nanowires has a 
number of advantages. First, the nanowire growth 
process is as little as 15–30 min long, whereas other 
syntheses take a few days. Second, having high 
diffusion coefficients in a low-viscosity supercritical 
fluid, reagent molecules readily penetrate into 
nanopores of the medium where nanowires are grown. 
The anodized alumina membranes used for such a 
medium allowed production of oriented nanowires 
with readily controlled and reliably reproduced 
diameter, lenth, and mean interparticle spacings. The 
starting reagent was diphenyl germanite mixed with 
manganese dicabonyl  (synthesis of Ge1–xMnx nano-
wires), dicobalt octacarbonyl (Ge1–xCox nanowires), 
and chromium dicarbonyl (Ge1–xCrx nanowires); the 
atomic fraction of transition metal dopants in the 
nanowires varied from 1 to 5%. The nanowire diameters 
were 35, 50, and 60 nm, and the mean spacings be-
tween separate nanowires were 200 and 300 nm. The 
structural and chemical characteristics of nanowires 
were studied by means of trasmission electron 
microscopy, X-ray diffraction, X-ray photoelectron 
spectroscopy, and XANES (X-ray absorption near 
edge structure) spectroscopy. 

Nanowires of Ge0.99Mn0.01 consist of a poly-
crystalline germanium doped with Mn2+ and Mn3+. The 
Mn3+  and  Mn2+ groups are spacially separated: Mn3+ 
ions locate closer to the nanowire center, while Mn2+ 

Fig. 5.  Microphotographs of nanowires:  (а) individual 
Ge0.99Cr0.01 nanowire; (b) ordered ensemble of Ge0.99Cr0.01 
nanowires in an anodized Al2O3 membrane.  
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ions are closer to the surface. Furthermore, it was 
found that Mn does not form coarse clusters, and no 
Ge8Mn11, Ge5Mn3, and Ge3Mn5 magnetic alloys were 
detected in the nanowires [68]. 

Measurement of field dependences revealed a 
hysteresis of the magnetic moment of nanowires 
already at room temperature, implying magnetic 
ordering (Fig. 6) [11–14]. The Curie temperature of 
Ge0.99Mn0.01 nanowires is 320 K. This is the highest 
Curie temperature for a ferromagnetic in a series of 
materials (thin films and macroscopic semiconductors) 
with the same dopant composition. The theoretical 
models including indirect exchange coupling of 
localized spins and delocalized charge carrier spins and  
using ab initio calculations [29] predict much lower 
Curie temperatures than that of Ge0,99Mn0,01 nanowires. 
However, as shown above, the Curie tem-perature for a 
Ge1–xMnx diluted magnetic semicon-ductors, calculated 
in [36] in the framework of the DFT and percolation 
approximation, is 300 K (for x = 2%), which the 
experimental ТС for Ge0.98Mn0.02 thin films, obtained in 
the same work, is much lower.  

Thus, at present there is no consistent theory to 
explain the nature of the ferromagnetism of Group IV-
based DMS materials and the high Curie temperature of 
quasi-one-dimensional Ge0.99Mn0.01 nanowires. 

Studies on the high-frequency magnetic and 
electroconducting properties of Ge0.99Mn0.01 nanowires 
[12–14] showed that the ESR spectrum (Fig. 7) 
contains lines of localized manganese ions and deloca-

lized charge carriers. Analysis of the orientation 
dependences of ferromagnetic resonance made it pos-
sible to determine the nanowire anisotropy field (На = 
30 Oe) and to establish that the nanowire axis is an 
easy magnetization axis. The absolute specific micro-
wave electroresistance of the nanowires, determine 
from the ESR spectrun of charge carriers, proved to 
equal 10–3 Ω cm at 4 K, which is close to the specific 
resistance of germanium doped with transition metals 
(1%), measured by other methods [69]. 

Fig. 6.  Magnetic hysteresis loops of oriented  Ge0.99Mn0.01 
nanowires (diameter 60 nm) at (black circles) 300 К and 
(light circles) 1.8 К [11]. 
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Fig. 7. ESR spectrum (dependence of the field derivative of the absorbed microwave power Р on the magnetic field strength Н) of 
Ge0.99Mn0.01 nanowires (diameter 60 nm) at the spectrometer magnetic field applied along the nanowire axis. (1, 2, 3, 4) Spectral 
lines. (Insert) Asymmetric Dawson line 4 at the angles 0° and 90° between the nanowire axis and constant magnetic field of the 
spectrometer. Sample temperature 15 К. Amplitudes of the (A) downfield and (B) upfield wings of the Dawson line. 
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Kulkarni et al. [70] could measure the specific 
electroconductivity of separate nanowires at constant 
current. The microphotographs in Fig. 8 demonstrate 
the topography of a polished surface and curent reliefs 
of the nanowire assembly surface, obtained at 20 and 
40 V (the photographs were obtained with an atomic 
force microscope). The specific electroconductivity of 
individual nanowires proved to be much higher than 
the electroresistance of bulk materials of the same 
composition, which the authors explained by effective 
scattering of charge carriers with nanowire surface. 

Thin Films of Ferromagnetic Semiconductor 
Materials 

At present a huge number of publication have been 
devoted to DMS thin films (for example, see [71–77]). 
However, a lot of problems are still to be solved, 
among them the problem of size dependence of 
magnetoresistance in Ge:Mn nanostructures (to solve 
this problem, one should compare the marnetotransport 
effects in quasi-one-dimensional nanowires and quasi-
two-dimwnsional thin films). 

Ferromagnetic resonance and spin wave resonance 
in thin ferromagnetic films.  One of the key properties 
of DMS thin films is magnetic anisotropy which plays 
an important role in the development of spintronic 
devices. Since the ferromagnetic order in DMS is 
associated with free charge carriers, the magnetic 
anisotropy of thin films should depend in part by the 
Fermi surface anisotropy [78]. 

Ferromagnetic resonance (FMR) is one of the most 
powerful tools for research on ferromagnetic thin films 
[79–86]. This method is useful to study their magnetic 

anisotropy, magnetic susceptibility, Curie temperature, 
and relaxation processes. 

Along with the resonance mode with the wave 
vector k = 0, observed under uniform FMR, spin waves 
with a nonzero wave vector k  can be excited in thin 
films. Analysis of the spin wave resonance spectra 
allows one to assess the exhange coupling between 
localized magnetic dopant ions, since the resonance 
frequency of the spin mode is proportional to the 
resonance line number: Hres ~ Dna (D is the exchange 
stiffness constant; n, number of the resonance lines in 
the spin wave resonance spectrum, proportional to the 
wave vector of the spin wave mode; a = 2, in the case 
of a classical Kittel spin coating of a surface with a 
uniform thin film due to surface anisotropy forces). 
This allows determination of the exchange integral J 
and the energy of spin coupling between a transition 
metal dopant and a polarized charge carrier in 
magnetic semiconductors 

J = DgμB/(2Srs
2), 

where g is the g factor; μB,  Bohr magneton; S, dopant 
spin; and rs, spin–spin distance. 

In the case of  spin–wave resonance in nonuniform 
DMS thin films the, the exponent a may differ from 
the “classical” value of 2. For example, Sasaki et al. 
[90] reported a linear (a = 1) dependence of Hres on 
mode number (Hres ~ n), whereas Hoekstra et al. [86] 
observed a resonance with Hres ~ n2/3.  

Magnetoresistance in  ferromagnetic semiconductors. 
All conductors possess higher or lower magneto-
resistance. In metals this effect is only slightly pro-
nounced. The relative magnetoresistance in semicon-

Fig. 8. ASM images of (a) polished sufrace of GeMn nanowires in an anodized alumina membrane and (b) current map. (View 
along the nanowire axis). The current reliefs were registered using an atomic force microscope with an electroconductivity 
measurement unit [70]. 
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ductors can vary 100–10000 times more than in 
metals, reaching hundreds thousands percent. 

Semiconuctors can exhibit a negative magneto-
resistance [95, 96], for example, it was observed in 
(MnGa)As thin films [97, 98]. The negative magneto-
resistance can be of different origin: spin-dependent 
scattering of charge carriers on alloy clusters formed on 
doping [99] or strong charge carrier–cluster dipole 
coupling, like that observed in a Ga1–xMnxAs sample 
containing MnAs clusters  [100].  

At high temperatures, current is associated with 
charge carriers thermally excited into the conduction 
band (so-called band conduction mechanism). At low 
temperatures, a dominating role in charge carrier 
transport may belong to hopping conduction. In this 
case, upon phonon absorption or emission, charge 
carriers move (“hop”) over states localized at a high 
density in a certain energy range in the forbidden band 
of the material. The CC hopping conduction is 
associated with carriers localized on magnetic 
impurities.  

According to the Shklovskii–Efros magneto-
resistance model  [101], the dependence of the relative 
in specific electroresistance on magnetic field is 
described by the function Δρ/ρ ~ exp(–AH2). This 
model nicely describes the negative magnetoresistance 
which,  for example, was observed in a two-dimen-
sional array of Ge/Si quantum dots [102]. In amor-
phous semiconductors with low dopant concentrations, 
the negative magnetoresistance can be caused by the 
follwing mechanism. The hopping electroconduction 
in amorphous semiconductors with low dopant 
concentrations are associated with charge carriers at 
the localized band tail states of the Fermi level 
[103, 104]. These localized states are degenerate in a 
zero magnetic field. Applied external magnetic field 
induces Zeeman splitting of the states. As a 
consequence, the hopping probability (and its 
proportional mobility of charge carriers) changes, like 
the density of states.  

As a rule, both negative and positive magneto-
resistance are observed in experiments [103, 104]. The 
former is observed in low magnetic fields and the latter 
at higher magnetic fields.  

Spin dynamics and microwave magnetoresistance 
of manganese-implanted germanium this films.  
Veinger et al. [105–108] suggested a contactless proce-
dure for measuring microwave (MW) magneto-
resistance by means of ESR spectroscopy. The micro-

wave magnetoresistance shows certain specific 
features compared with the constant current (CC) mag-
netoresistance. These features are associated with the 
skin effect which prevents microwave field penetration 
into a bulk sample. 

The authors of the review made use of the proce-
dure in [105–108] to measure the magnetoresistance of 
manganese-implanted germanium thin films (Fig. 9). 
Previously the magnetoresistance of Ge1–xMnx films 
was measured only in the CC mode [109–111]. The 
wave resistance of the MW tract in our used 
spectrometer is Rg ≈ 250 Ω, which is a fortiori lower 
than that of Ge1–xMnx thin films. Therewith, the field 
derivative of the absorbed MW power dP/dH is 
proportional to the field derivative of magneto-
resistance dR/dH. 

It was shown by ESR spectroscopy [112–114] that 
the resonance absorption in Ge1–xMnx thin films at high 
temperatures (Т > 260 K) is associated with the 
ferromagnetic resonance in GeMn alloy clusters, 
whereas the resonance at (Т < 60 K) is induced by col-
lective spin excitation in the crystal lattice of a sample. 
The temperature dependence of magnetic moment, 
obtained by means of a SQUID magnetometer, 
revealed critical temperatures corresponding magnetic 
ordering in clusters and in thin films. 

The MW magnetoresistance in Ge:Mn thin films 
includes several components: Loretz magnetoreistance 
typical of  two-dimensional systems [100], magneto-
resistance due to spin splitting of charge carriers 
located near the Fermi level [103, 104], and aniso-
tropic magnetoresistance due to spin-dependent 

Fig. 9. Microphotograph of an ion-implanted  Ge:Mn film 
(x = 4%). 

GeMn clusters  Defects 
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scattering of charge carries from magnetic impurities 
[115] (Fig. 10). 

Comparison of the MW absorption spectra of thin 
films with those of nanowires shows that size 
limitation results in complete suppression of MW 
magnetoresistance and strongly affects the ESR spectra 
of nanowires. 

Even though ESR offers essential advantages for 
magnetic studies on DMS, the most part of published 
results for Ge1–xMnx thin films and macrocrystals were 
obtained in static conditions. Cho et al. [116, 117] 
reported the magnetic properties of Ge1–xMnx  macro-
crystals (x = 0.1–17.6%) grown by the Chokhralsky 
procedure. 

The temperature dependence of magnetic moment 
for a Ge1–xMnx single crystal shows two critical points 
at ~290 and ~150 K, corresponding to Ge3Mn5 and 
Ge8Mn11 clusters, respectively. At the same time, it is 
known that the temperature of long-range ferro-
magnetic ordering for a system of “dissolved” man-
ganese ions whose exchange coupling occurs due to 
spin-polarized charge carriers is much lower,  ТС = 
16 K [118, 119]. This critical temperature was not 
observed in [116, 117], even though the dopant 
concentrations are fairly high. This is explained by the 
fact that the Chokhralsky procedure, unlike the above-

described nanostructure growth procedures, is 
unsuitable for DMS, since the overwhelming part of 
the dopant form alloy aggregates. 

Growing doped semiconductor nanostructures not 
always results in DMS formation. Thus, Li et al. [120] 
studied the magnetic and magnetotransport properties 
of Ge1–xMnx  thin films (x = 25–42%) synthesized by 
molecular beam epitaxy. Even though the dopant 
concentration was quite high, the synthesized thin 
films did not pass into the ferromagnetic state at low 
temperatures. At temperatures below 20 K, the 
samples behaved as a  spin glass. The other critical 
temperature (~150 K) correspoded to ferromagnetic 
ordering in Ge8Mn11 clusters. 

CONCLUSIONS 

The comparison of diluted magnetic semicon-
ductors with other candidate materials for spintronics 
applications, made in the present review, showed that 
the former hold the greatest promise. 

At present a procedure for preparing nanocom-
posites containing assemblies of ordered semicon-
ductor ferromagnetic nanowires in anodized alumina 
membranes has been developed. This is the first 
procedure which allows growing oriented nanowires 
with readily controlled and reliably reproduced 
lengths, diameters, and mean interwire spacings. 
Research into the magnetic properties of Ge1–xMnx 
nanowires showed that their Curie temperatures are 
much higher than those of macrocrystalline samples, 
and the nanowires themselves are prototype MRAM of 
a new generation. 
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