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Abstract: 

Using the method of electronic paramagnetic resonance, the monocrystalline samples of 

silicon and of natural diamond implanted with high-energy ion was studied. The local 

magnetic ordering of a system of unpaired electrons has been discovered. 
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 مزروع بالأيووات الطاقة العاليةالاوخفاض هياكل الأبعاد في السليكون والماس 

 حسيه علي وور

 جاهعة القادسية

 

 :الخلاصة

الطبيعي هزروعة  باراهاجٌيتيكبواسطة طريقة الرًيي الوغٌاطيسي  والواسفحص عيٌات أحادية هي السيليكوى  تن

 .الإلكتروًات الوزدوجة  ترتيب هغٌاطيسي هوضعي غير ًظام ف   تن اكتشاف وجود أيوًات الطاقة العاليةب

 .الرًيي الوغٌاطيسي الالكتروًي الوغٌاطيسي , الرًيي , العالية ايوى الطاقة الكلمات المفتاحية:

 

1. Introduction 

High-Energy Ion implantation (HEI) 

is presently a very promising approach to 

create the deepened doped layers in a 

semiconductor structures and to realize the 

increased element density in 

microelectronic devices due to the 

formation of multilayer three-dimensional 

structures. The defect system generated in 

semiconductor crystals on HEI is differing 

considerably from the structure formed 

with low-energy ions. Owing to the 

increased area and degree of the local 

material damage characteristic for high-

energy (above 1 MeV/nucleon) ion 

implantation, it is expected that with this 

implantation new manifestations of 

different mechanisms associated with the 

spatiotemporal electron localization and 

delocalization in the especially high-field 

case of the long-range ionic action 

mechanisms, and of the magnetic ordering 

effects may be revealed[1,3]. 

 

2.  Experimental method  

This work presents a study of silicon 

and natural diamond samples implanted 

with high-energy Кr+ and Хе+ ions by the 

electron Magnetic Resonance (MR) 
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method. Using of an Electron 

Paramagnetic Resonance (EPR) 

spectrometer with a reflective cavity 

together with the high-frequency magnetic 

field modulation to establish the magnetic 

properties have enabled optimization of the 

recording response and resolution as well 

as finding the magnetic ordering in 

relatively thin layers [3].   

The objects under study were 

samples of the p-type Czochralski-grown 

silicon 0.9-mm thick with the resistivity of 

10 Ω cm (oxygen content  10
18

 cm
-3

).  

Both for silicon and natural diamond, 

implantation of Хе
+
 ions with the energy of 

5.68 GeV (dose 5 × 10
13

 cm
-2

) and Кr
+
 ions 

with the energy of 210 MeV (dose 3 × 10
14

 

cm
-2

) was realized at <111> orientation 

and at room temperature.  

To obtain the magnetic centre 

distribution profile, the layer-by-layer 

removal in the irradiated area was carried 

out with the use of a nonmagnetic diamond 

paste having the grain size below 1 m.  

Thermal stability of the defect 

structure was determined by means of a 

20-minute isochronal annealing at 

temperature ranging from 370 to 1270 
o
К. 

Measurements of magnetic 

resonance was performed at room 

temperature using an EPR 3-cm range 

RadioPAN SE/X–2543 spectrometer at the 

magnetic field modulation 100 kHz. 

3. Experimental results: 

The electron MR spectra that 

recorded for the irradiated samples of 

silicon represented a superposition of EPR 

lines for some well-known paramagnetic 

point defects and also included wide MR 

lines with the g–factors ranging 2.15 to 

2.4, and with the widths ΔBpp  30 mT for 

Кr
+
 ions and ΔBpp  20 mT for Хе

+
 ions. 

Besides, the lines with a g–factor of about 

3.4 (ΔBpp  0.3 Т) have been observed. 

No resonance signals were recorded for the 

initial samples at the same conditions. 

 

 

Figure 1.  MR spectrum for a silicon 

sample implanted with Хе+ ions (а).EPR 

spectrum of point defects (b). The 

magnetic field is [111]-oriented. 

Fig. 1а demonstrates a MR spectrum 

recorded for the sample implanted with 

Хе
+
ions. The line at В  0.2 Т represents a 

signal of the calibration ruby (Al2O3: Cr
3+

) 

sample located at the end wall of the cavity 

Н102. A signal at В  0.33 Т (g = 1.99 – 

2.02) is caused by the point defects the 

structure of which is shown in Fig. 1b.  
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Analysis of the angular dependences 

of the g-factor and of the EPR line 

saturation character has enabled 

identification of the paramagnetic centres 

Si-Р6 (<100> split d-interstice in a positive 

charge state [1]), Si-S2 (tetra-vacancy in a 

negative charge state [2]), Si-РЗ (neutral 

(110)-planar tetra-vacancy [3]), 

thermodonor centres Si-NL8 [4]. The 

centre Si-P6 is dominant. Each of the 

indicated radiation centres has a 

multicomponent spectrum. Some of the 

lines for such overlapping spectra are 

arrowed in Fig. 1b. 

  

Figure 2. MR signals of a silicon sample 

irradiated by  Хе ions in three successive 

measurements. 

Fig. 2 illustrates the characteristics 

intensity and MR-signal shape 

transformation with a g-factor of about 2.2 

for silicon irradiated with Хе ions in the 

case of three successive measurements 

with a magnetic field scanning time of 8 

minutes and with 8-minutes intervals. For 

the second (signal 2) and for the third 

(signal 3) measurements in similar 

conditions, the spectra have revealed a 

superposition of two lines with the 

resonance magnetic-field values differing 

by 20 mT. The appearance of two lines 

may be due to the local internal magnetic 

fields differing at the spatially separated 

sites of the sample. The revealed changing 

of magnetic resonance lines points to the 

magnetic accommodation observed in 

magnetically ordered materials and 

responsible for the relationship between 

signals and previous magnetic interactions.  

Also, the authors have noticed the 

difference in values of a resonance 

magnetic field for wide-band lines when 

MR is recorded with the increasing or 

decreasing magnetic-field change.  A value 

of such «hysteresis» dependend on the 

sample orientation in a magnetic field of 

20 – 40 mT for the centres with g  2.2 and 

was in excess of 100 mT for the centres 

with g  3.4.  Similar effects have been 

observed for silicon samples implanted 

with Kr ions. 

Practically, after removal of the 

surface layer 4 m thick in a sample 

implanted with Хе ions, a wide-band MR 

line was not recorded for g  3.4. 
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Figure 3. Measuring of the EPR signal 

intensity for point defects (а) and of the 

MR signal at g of about 2.2 (b) as a 

function of the removed layer thickness 

Δх. 

The intensity changes of the MR 

signal with a g-factor of about 2.2, 

normalized to the calibration sample 

signal, resulted from layer-by-layer 

removal of the irradiated area are given in 

Fig. 3. Besides, this figure presents similar 

changes of the total EPR signal intensity 

for point defects. As seen, a signal of point 

defects decreases monotonically as the 

irradiated layer is removed, disappearing 

practically after removal of the layer 700 

m thick. Point defects are observed to the 

depth slightly exceeding the average 

projective range (616 m).  

Other situation was observed for the 

MR signal with g  2.2 whose parameters 

are changing non-monotonically after 

layer-by-layer removal of the irradiated 

area. In Fig. 3 b, it can be seen that 

removal of the layers with a thickness of 

15, 350, and 703 m leads to a drastic 

increase of the intensity followed by its 

decrease and to the corresponding 

changing of the g-factor (up to 10%). As 

distinct from EPR lines for point defects, 

the MR signal with g  2.2 was invariable 

after removal of a layer 800 m in 

thickness.  

No significant changes in the 

parameters of a signal for the magnetic 

centres with g at about 2.2 were observed 

after annealing at 1270 
0
К. But the retained 

«hysteresis» points to the fact that a defect 

system holds its magnetic properties even 

after such high temperature treatment.   

EPR signals of point defects were 

recorded for the irradiated diamond 

crystals as well. Besides, the specific 

signals of electron magnetic resonance for 

the regions with an elevated degree of 

radiation disordering have been recorded. 

 

Figure 4. Electron paramagnetic resonance 

spectrum of natural diamond. 

 

 

Figure 5. Angular dependence of the 

spectral line position for PC of a high-field 

series. 

 

 

Figure6. The in-depth impurity distribution 

profiles: computed using ТRIМ -96 (а) and 

experimental (b). 

line at the centre of the spectra for 

both non-annealed and annealed (at 

600…1100 С) samples [5] is due to 
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absorption by the quasi-particles following 

the tracks of high-energy electrons and 

similar to the topological solitons [6]. Two 

series of the lower-intensity and heavily 

anisotropic lines (Fig.4) belong to the point 

centres known for irradiated diamond. 

  

4. Results and discussion 

It is of interest whether the hetero-

junctions  between the spatially ordered 

3D–phase (crystal matrix) and 1D–phase 

(tracks) generated due to high-energy 

implantation are abrupt, involving a 

limited range of the defect types, or there is 

a  vast region with a number of the 

intermediate, transitional structural defect 

forms. In principle, EPR data are valuable 

for solution of this problem as anisotropic 

studies of EPR spectra enable one to 

establish a symmetry of the particular 

paramagnetic centres (PC) and a point 

symmetry group of the crystal lattice itself 

(accurate to within the inversion operation 

of Сi).  

Indeed, in the samples under study 

both series of resonance anisotropic 

lines may be 

described by the spin Hamiltonian H as 

follows[7]: 

H = HgS + SDS, (1) 

where D and g — fine structure 

tensor and g–tensor, respectively; S — spin 

operator, H — external magnetic field,  

— Bohr magneton.  

Following the from analysis of the 

angular dependence that shown in Fig. 5, 

the centres are of С2v-type symmetry at the 

lattice having a point group symmetry no 

lower than Тd. Since the groups Тd and 

Оh = Тd  Ci are indistinguishable in 

magnetic resonance studies, the above 

means that, in fact, these centres could be 

considered as point centres of the diamond 

lattice.  

The centres with a high value of fine 

splitting are known as D–R5 [5]. The data 

of [7] are in good agreement with a model 

treating D–R5 centres as <110> three-

vacancy complexes V3. The unit spin of 

D–R5 centre is due to the dipole-dipole 

interaction of two unpaired spins 

positioned at the orbitals of different 

carbon atoms which, in this centre, are 

located at a distance of 0.47 nm from each 

other. An additional argument in favour of 

the vacancy model for D–R5 centre is the 

increased value of its specific coefficient 

of the fine splitting growth with the 

annealing temperature as compared to that 

for D–01 centre associated with lines of the 

second series, see Fig. 4.  The average 

value of this coefficient over the interval 

600…1100 С comes to ~0.02 Gsp/K at 

the orientation <110>. A similar value is 

observed for D–O1centre: ~0.01 Gсp/K. 

High coefficients of the spectroscopic 

parameters variation with the annealing 

temperature are characteristic for the 

vacancy centres and for the optical range 

[5]. 

The situation is sliqhtly different for 

the centre D–O1. As demonstrated by 

analysis of the relation between the 

components of g-tensor according to the 

Lee-Corbette principle [7], these centres 

should include impurity or interstitial 

atoms. The centres D–O1 have been 

observed after implantation of different 

ions into the samples with various 

qualitative and quantitative impurity 

compositions. Because of this, impurity 

atoms the implanted atoms including 

should not be part of the centres. In their 
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case the g–tensor and the fine-structure 

tensor are related by   

Dij = ½  gij,  (2) 

where Dij — components of D 

tensor; i, j = 1, 2, 3; gij — components of 

the tensor g = g–2.0023 E, E — unit 

matrix.  

Fulfillment of relation (2) may be an 

indicative for the fact that the unit spin, as 

distinct from D-R5 centre, is formed by 

orbitals of a single carbon atom only. A 

high localization degree of the wave 

function for the centres indicates that the 

layer-by-layer removal method may be 

used to establish a profile of the center 

concentration distribution in ion track 

length from the sample surface.  

As seen in Fig. 6, the concentration 

distribution profile of D–O1 centres 

correlates well with a theoretical profile for 

distribution of the ion energy released on 

interaction with the crystal electron 

subsystem. Consequently, the D–O1 center 

formation and localization mechanisms 

may be related to formation mechanisms of 

the tracks representing, at a major portion 

of their length, nanotubes in the diamond 

matrix.  

It is known [8-9] that high-energy 

implantation in a single crystal of silicon 

results in the formation of a heterogeneous 

defect structure along the ion tracks and its 

density is lower than that of the matrix. 

Several types of the defect structures are 

formed, as rule spatially separated and 

thermally stable, surrounded by the single-

crystal matrix containing point defects. 

Substructures with a high degree of 

disordering comprise the one-dimensional 

inclusions resultant from electron 

retardation of high-energy ions, regions of 

their overlapping, two-dimensional 

substructures emerging in the region of 

nuclear deceleration of the ions at the end 

of their track. Just as a result of a 

spontaneous re-crystallisation within the 

limits of the one-dimensional inclusions 

(ion tracks) a stable system may by formed 

from disordered crystalline grains with the 

increased local density of «dangling 

bonds» at the interfaces. An additional 

source for the formation of two-

dimensional thermally stable structures 

with the increased structural imperfection 

is the mechanical effect on the area 

implanted with high-energy ions in the 

process of its layer-by-layer removal. This 

effect is of great importance during the 

treatment of implanted crystals (see Fig. 

3b), being less important for the layer-by-

layer removal of non-irradiated crystals. It 

seems natural that precisely in the heavily 

disordered substructures there is a 

concentration of the sites featuring a high 

local density of unpaired electrons.  

To some extent, the one-dimensional 

silicon structure with the lowered atom 

density lying along the high-energy ion 

track is similar to the one-dimensional 

hollow structure in diamond that is also 

embedded into the single crystal matrix. 

This substructure is referred to as the track 

in analogy with the well-known fullerene-

like nanotube [10]. Its specific structural 

and magnetic resistance properties are 

analyzed in the survey paper [5]. It has 

been found that a system of unpaired 

electrons with the increased local spin 

concentration in diamond, unlike silicon, 

reveals a specific form of the collective 

magnetic ordering that leads to the 

formation of magnetic-resonance solitons. 

 

5. Conclusion:- 

As demonstrated by the experimental 

results, the defect structure in diamond and 

in silicon on high-energy ion implantation 
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has some specific features. First, it is 

anisotropic. Second, this structure reveals 

the local magnetic ordering associated with 

the one-dimensional and two-dimensional 

«island» inclusions with a high local 

concentration of unpaired electrons present 

within the matrix.  The defect structures 

generated due to high-energy implantation 

feature the formation of spatially separated 

inclusions having different degrees of 

magnetic ordering.  Both in diamond and 

in silicon, the ion track structure is stable 

even where experiencing the annealing 

temperatures up to 1000 °С. 
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