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Recently, much attention has been paid to molecular nanomagnets with 3d transition 

metal (TM) elements such as [MnB12BOB12 B(CHB3 BCOO) B16 B(HB2BO) B4 B]2CHB3 BCOOH�4HB2 BO (for short, 

Mn12), [Fe B8 B(NB3BCB6 BHB15 B) B6BOB2 B(OH) B12B][Br B8 B�9HB2BO] (Fe8) etc., because novel quantum spin 

tunneling phenomena appear at low temperature. The ground state of those molecules forms a 

high total spin state, (for instance, S=10 for Mn12 and for Fe8) due to strong 

antiferromagnetic exchange coupling among the TM spins. The ground state of high spin state 

is split by crystal field effects, giving super paramagnetic behavior combined with quantum 

phenomena. In order to shed light on the particular spin states of the molecular nanomagnets 

from a microscopic point of view, we have carried out NMR measurements for various nuclei 

of Mn, Fe, H and D with applying magnetic field parallel and also perpendicular to the 

magnetic easy axis in a wide temperature range. [1-6] 

We have measured proton spin-lattice relaxation rates (TB1 PB

-1
P) as functions of the external 

magnetic field in Mn12 and Fe8. When the external magnetic field is applied along the easy-

axis (parallel field), spin-lattice relaxation rates, 1/TB1B decreases monotonically with increasing 

field. The external field dependence of 1/TB1 B is well explained by a model in terms of thermal 

fluctuations of the magnetization due to spin-phonon interaction at high temperature range 

above 1.5K. [6] On the other hand, when the magnetic field is applied perpendicular to the 

easy-axis (transverse field), we have observed a peak of 1/TB1 B, which can not be explained by 

the model in terms of spin-phonon interaction. We will report details of the peculiar 

temperature- and external magnetic field-dependences of the spin dynamics in Fe8, and will 

discuss the origin of the peak of 1/TB1 B in connection with tunneling dynamics under application 

of the transverse field.  

It should be emphasized that the nuclear spin fluctuations can play an important role for 

their ground state dynamics though hyperfine coupling as pointed out by recent experimental 

and theoretical studies. [5, 6] We have performed NMR studies for the Fe8 compounds with 

enriched isotope of P

57
PFe at low temperature down to 40mK. 1/TB1B of P

57
PFe and P

1
PH is 
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temperature-independent below 400mK. Together with extended results of P

1
PH-and P

57
PFe-NMR 

in P

57
PFe-enriched Fe8 cluster, we will discuss the isotope substitution effects on spin dynamics 

in the Fe8 clusters  
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SPIN DYNAMICS IN DISORDERED MEDIA 

UF.S. Dzheparov 

Institute for Theoretical and Experimental Physics, Moscow, Russia 117218 

e-mail: dzheparov@itep.ru  

Three fundamental problems of spin evolution in presence of static disorder of spins 

spatial positions are considered: 1) delocalization of nuclear polarization within impurity spin 

system, 2) nuclear relaxation via paramagnetic impurities, and 3) free induction decay for 

disordered paramagnetic substance. Main results for these problems are: 

1) a method for calculation of both diffusion tensor and polarization PB00 B(t) of initially 

polarized nucleus is developed [1,2], starting from the kinetic equation, describing the 

process [3]; new (relative to [3,4]) analytical formula for PB00 B(t) is derived; new 

experimental results for PB00 B(t) for model spin system P

8
PLi- P

6
PLi in single crystals LiF at 

different concentration of impurity nuclei P

6
PLi are obtained by beta-NMR spectroscopy on 

beta-active nuclei P

8
PLi [5], giving important correction to previous results [4]; numerical 

studies for the model system are carried out; 

2) a mean-field theory is constructed for description of nuclear relaxation via paramagnetic 

impurities for arbitrary spatial dimension d of the substance [6]; it is shown, that 

preceding treatments of the process were based on formal rearrangement of first terms of 

the expansion of nuclear polarization in powers of impurities concentration into cumulant 

expansion for 3d-systems, while new theory gives natural argumentation  to obtain 

physically reasonable results in main approximation for any d; 

3) a theory of free induction decay (FID) for homogeneously broadened electronic 

paramagnetic system with arbitrary spatial dimension d is developed basing on expansion 

of FID in powers of concentration [7], comparison with experimental results for two-

dimensional samples [8] is fulfilled. 

References 

[1] F.S. Dzheparov, D.V. Lvov, V.E. Shestopal. JETP, 87, 1179 (1998). 

[2] F.S. Dzheparov, D.V. Lvov, V.E. Shestopal. Preprint ITEP N46, Moscow 1999. 

[3] F.S. Dzheparov. Sov. Phys. JETP, 72, 546  (1991). 

[4] F.S. Dzheparov, A.D. Gul'ko, P. Heitjans et al. Physica B, 297, 288 (2001).  

[5] A.D.Gulko et al. Report on this conference. 
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[6] F.S. Dzheparov, J.-F. Jacquinot, S.V. Stepanov. Physics of Atomic Nuclei, 65, 2052 

(2002). 

[7] F.S. Dzheparov, I.V. Kaganov. JETP Lett. 75, 259 (2002). 

[8] V.A.Atsarkin, G.A. Vasneva, V.V. Demidov et al. JETP Lett. 72, 369 (2000). 
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MAGNETIC SUSCEPTIBILITY OF VAN VLECK PARAMAGNET THULIUM 

ETHYLSULFATE AT HIGH MAGNETIC FIELDS 

UD.I. AbubakirovUP
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P, M.S. TagirovP
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PDepartment of Physics, Kazan State University, 420008, Kremlevskaya 18, Kazan, Russia 
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PDepartment of Physics, Faculty of Science, Kanazawa University, 920-1192 Kanazawa, Japan 

e-mail: denis.abubakirov@ksu.ru 

Van Vleck (VV) or polarization paramagnetism represents the kind of paramagnetism 

different from the conventional orientational paramagnetism. The magnetic susceptibility of 

VV paramagnets becomes temperature independent at low temperatures. The reason of such a 

behavior is that the electronic ground state of VV ion in electric crystal field either a singlet or 

a non-magnetic doublet. VV paramagnetism most often occurs in crystals containing non-

Kramers rare-earth ions, i.e. rare-earth ions with an even number of electrons in the unfilled 

4f-shell. An applied external magnetic field causes the elastic deformation of the electronic 

shell giving rise to an induced magnetic moment. The existence of nonzero nuclear spins 

makes VV paramagnets very interesting for studying electron–nuclear magnetism. The 

magnetic field induced at nucleus of VV ions is many times greater than applied magnetic 

field and causes many unusual features in the NMR of VV ions. The increase of applied 

magnetic field up to values where the Zeeman energy of VV ion becomes comparable with 

Stark splittings leads to the appearing new effects in electron–nuclear magnetism [1]. In this 

work the magnetic properties of well-known thulium ethylsulfate Tm(CB2 BHB5 BSOB4 B) B3B·9HB2BO 

(TmES) single crystal are studied by means of SQUID magnetometry at magnetic fields up to 

5.5 T in a wide temperature region.  

The ultra–high frequency NMR of P

169
PTmP

3+
P was observed at perpendicular orientation of 

magnetic field and axis с of the crystal where the VV susceptibility possesses a maximum [2, 

3]. The highest magnetic field used in the experiment was 3 T at 700 MHz. The observed 

field dependence of the NMR frequency is essential non-linear and starts to differ from 

theoretically calculated [2, 3] at magnetic fields higher than 1.5 T. The assumption that 

hyperfine interaction parameters become magnetic field dependent at sufficiently high 

magnetic fields yields a rather good agreement with experimental data. The nature of such a 

behavior is the strong distortion of the 4f-electron shell at high magnetic fields [4]. 

To verify the proposed model the magnetic moment of TmP

3+
P ions in TmES has been 

investigated at magnetic fields up to 5.5 T in the present work. The measured field 
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dependences of magnetization of the TmES single crystal by means of SQUID–magnetometer 

in perpendicular orientation (HB0 B ⊥ c) at T=4.2K is shown in fig.1, 2. As a specimen, sphere-

shaped TmES single crystal was taken to eliminate the demagnetizing factor. The diameter 

was 3.4 mm and mass 39 mg. The results of magnetic moment measurements of parallel 

orientation (H B0B || c) are depicted in the fig.3, 4. 

As it turned out, the magnetization of the crystal in plane normal to symmetry axis c is 2 

orders higher than in direction parallel to this axis. At high magnetic field due to rotating 

moment the specimen orientates on it’s own to satisfy the condition HB0 B ⊥ c. To prevent the 

rotation of the sample while measuring in orientation HB0 B || c, it was fixed by low–temperature 

epoxy resin Stycast 1266A. The diamagnetic contribution of Stycast 1266A was less than 10 

% to overall specimen magnetization. 
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Fig. 1. Field dependence of magnetic susceptibility of TmES single crystal and field 

dependence of TmP

3+
P NMR frequency. 

 

On fig.1 one can see the comparison of field dependences of TmP

3+
P NMR frequency and 

magnetization of TmES single crystal. As can be seen the magnetic field dependence of 

magnetization coincides with one of NMR frequency. As calculations showed, practically 

only the TmP

3+
P ions contribute into overall crystal magnetization. Hyperfine magnetic field on 

P

169
PTm nucleus is proportional to magnetic moment of electronic shell. In this particular case 

the hyperfine field on nucleus is nearly 70 times higher than external field HB0B; therefore the 

overall magnetic field on P

169
PTm nuclei is approximately proportional to magnetic moment of 

TmP

3+
P electronic shell. This effect is illustrated on fig.1. 
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Fig. 2. Temperature dependence of magnetic susceptibility of TmES single crystal. 

 

On fig. 2 one can see the range of so–called Van Vleck susceptibility (from 0 K to 10 K), 

where only the lowest sublevel of TmP

3+
P ion is occupied and magnetization of TmES crystal is 

non–dependent on temperature. 
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Fig. 3. Field dependence of magnetic susceptibility of TmES single crystal. For solid lines 

(calculations) the angles between axis c and HB0 B are indicated at each curve. 
 

On fig.3, 4 there are the dependences for magnetization in orientation HB0 B || c. The 

deviation of orientation from could be of order of 5 degree. To find the orientation in 

experiment the calculations were conducted for several slight deviations of orientation. 

Despite of this assumption, the calculated dependences don’t coincide with experimental ones 

nor qualitative nor quantitative. The only good agreement is on fig.4 in range of anomalous 
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magnetization behavior, where it increases while temperature increases. Such a behavior is 

due to occupation of excited Stark levels, having higher magnetic moments. 

We explain the major discrepancy between experimental data and calculations for 

orientation H B0B || c by appearing the other sours of magnetism of ordinary nature in the sample 

after placement it in epoxy resin. Most probably, it was the Thulium sulfate, the paramagnet 

which was the product of chemical reaction. 

 

Fig. 4. Temperature dependence of magnetic susceptibility of TmES single crystal. For solid 

lines (calculations) the angles between axis c and H B0B are indicated at each curve. 
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Cyclic nitrones (N-oxides of the non-aromatic heterocyclic compounds) are widely 

utilized as spin traps and precursors of stable nitroxide radicals. In both applications a very 

important role is played by ion radicals of cyclic 
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nitrones. In the spin trapping technique which is based 

on the ability of nitrone group to add the short-lived 

free radicals to form stable nitroxide radicals, one 

should take into account the contribution of the radical 

on channels of nitroxide radical formation. In the synthesis of nitroxide radicals a reaction of 

ucleophilic addition to the cyclic nitrone radical cations is used to obtain nitroxide radicals 

ith a nucleophilic substituent in the α-position relative to the radical center. For these 

easons, cyclic nitrone ion radicals are very interesting objects for study. 

In this work, the radical ions of the cyclic nitrone spin traps, 3,3,5,5-tetramethyl-1-

yrroline 1-oxide (TMPO) and 1,2,2,5,5-pentamethyl-3-imidazoline 3-oxide (PMIO) formed 

nder radiolysis of liquid squalane solutions were characterized for the first time by the 

ethod of optically detected ESR. The hfc constants and g-values of TMPO and PMIO 

adical anions, as well as PMIO radical cation were determined. The hfc constants and the 

nergetic characteristics of radical anions and cations were obtained by DFT and ab initio 

olecular orbital calculations. The experimental data and the results of calculations indicate 

hat in both the TMPO and PMIO radical anions the unpaired electron is localized mainly on 

he nitrone group, whereas in the PMIO radical cation, it is localized on the tertiary nitrogen 

tom and interacts with protons of methyl group. The experimental values of hfc constants are 

(N)=1.22±0.03 mT, a(α-H)=0.51±0.05 mT for TMPO radical anion; a(N)=1.33±0.03 mT, 

(α-H)=0.92±0.04 mT for PMIO radical anion and a(N)=1.9±0.02 mT, a(3H)=2.9±0.02 mT 

or PMIO radical cation. 
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The g-values are 2.0038±0.0002 for TMPO radical anion, 2.0037±0.0001 for PMIO 

radical anion and 2.0043±0.0001 for PMIO radical cation. 

The work was supported by the Russian Foundation for Basic Research (Grant No 02-03-

32224a), the program “Leading Science Schools” (Grant No 84.2003.3) and INTAS (Grant 

No 00-0093). 
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Polyfluorobenzene radical anions are characterized by out-of-plane Jahn-Teller 

distortions. Quantum chemical 

calculations indicate their 

potential energy surfaces 

(PES's) to be pseudorotational 

surfaces with a number of local 

minima [1]. PES of 1,2,3-

trifluorobenzene radical anion 

includes minima of two 

energetically nonequivalent 

Fig. 1. Fragment of the pseudorotational surface of 1,2,3-

trifluorobenzene radical anion.
17 

Fig. 2. OD ESR spectra of X-irradiated squalane 
solution of 10 P

-2
P M 1,2,3-trifluorobenzene and 

1.5×10 P

-3 
PM para-terphenyl-dB14B at different 

temperatures. 

types, the energy barriers between them being sufficiently low (~kT) (Fig.1). It can be 

supposed that dynamic transitions between these states would reveal themselves  in 

experimental ESR spectra. 

In this work, the ESR spectrum of 1,2,3-trifluorobenzene radical anion formed under 

radiolysis of in liquid squalane solution 

was detected for the first time by the 

method of optically detected ESR. The 

temperature dependence of the spectrum 

in the range from T=243 K to T=325 K 

was measured. The spectrum consists of 

six lines (doublet of triplets), the 

distances between them being 

temperature-dependent due to fast 

exchange between the conformations 
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(Fig. 2). Observed values of hfc constants change in the range from a(F)=28.98 mT and 

a(2F)= 7.60 mT at T= 243 K to a(F)=27.71 mT and a(2F)= 8.06 mT at T= 325 K. 

Temperature dependence of the ESR spectrum is in good agreement with the results of 

quantum chemical calculations of the PES shape. 

The work was supported by the Russian Foundation for Basic Research (Grants No 02-

03-32224а, No 04-03-32459). 
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STUDY BY P

1
PH-NMR RELAXATION AND FTIR SPECTROSCOPY 

UA.V. Belskaya U, D.A. Fayzullin, V.D. Fedotov 

Institute of Biochemistry and Biophysics, KSC RAS, Kazan. 

e-mail: belsky@mail.knc.ru 

Comparative analysis of nonselective P

1
PН-NMR relaxation at 27 MHz and FTIR data for 

solid human serum albumin (HSA), bovine serum albumin (BSA), lysozyme and binase 

reveals some protein specific features. Motions of at least two kinds have been evidenced to 

present in solid protein samples. The low amplitude «fast» motion manifests itself as a 

relaxation transition in the temperature near 160К with correlation time τ~10P

-11
P с. Its 

parameters are nearly the same for all the proteins studied and slightly depend on humidity. 

This motion is referred to as low amplitude high frequency restricted rotation of the methyl 

groups around the axis of symmetry. The large amplitude «slow» motion (τ~10 P

-5
P-10P

-6
P с) 

defines magnetic relaxation in a temperature range 230-450К, being strongly depended on 

sample hydration and peculiar protein properties. Unlike in other proteins studied, high-

temperature transition in HSA completes at comparatively mild temperatures that allows one 

to determine parameters more precisely. Progressive sample hydration from 0 up to 0.35 g/g 

leads to increasing amplitude by 1.5 – 2 times and shortening correlation time by the order of 

magnitude. Comparison of relaxation data and vibrational spectra of hydrocarbon side chains 

of proteins reveals a close correlation to be existed between slow motion parameters and band 

positions of СНB2 B- as well as СНB3B-groups. Hence, unlike methylene fragments that perform 

only slow motion, the methyl groups participate both in fast local and slow-time large 

amplitude motions along with the rest of side chain. Mobility of dry proteins inversely 

correlates with packing density of side chain calculated from PDB-files. At the same time the 

mobility gain at increasing humidity is strictly proportional to solvent accessible specific 

surface area. Obtained results permit to draw more definite conclusions about factors 

governing the internal protein dynamics. 

The work is supported by RFBR grant № 02-04-48907. 
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Introduction 

The pinning energy and/or the surface barrier potential govern such an important 

parameter of superconductors as the critical current density. They determine also the position 

of an irreversibility line (IL) on the phase plane “magnetic field – temperature” (H-T). IL is 

the boundary between the area, in which the nondissipative current flow is possible, and the 

area with the dissipative current only. The efficiency of the vortex interaction with pinning 

centers can change considerably as the thickness of a superconductor placed in the 

perpendicular magnetic field decreases. In this case the pinning force of columnar defects 

may weaken due to the decrease of the interaction length. On the other hand, the ratio of the 

point defect size to the total length of the vortex line increases as the thickness of a 

superconducting film decreases. In the limit of the thickness comparable with the interaction 

length the unusual state can occur, in which the pinning force of point centers is comparable 

with that of columnar defects. At present the thin-film technology is widely used in the 

preparation of superconducting samples and devices. Thus the investigation of pinning effects 

in thin films of superconductors is important for obtaining materials with required properties.  

We study films of the high-temperature superconductor BiB2BSr B2BCaCu B2 BOB8 B (Bi-2212) with a 

thickness d comparable with the field penetration depth ( 200 (0)abd nm λ= ≈ ) and that four 

times greater than (0)abλ . To obtain the IL points we measure the hysteretic nonresonant 

microwave absorption (MWA). This method is sensitive enough to study very thin films. It 

allows us to vary the temperature T and applied magnetic field HBa B in wide limits ( T from 10K 

to TBcB and HBa B from 0 to 10 000 Oe).  Moreover, the measurement technique permits us to 

separate contributions of bulk pinning and surface pinning by the shape of the loop [1], so it 

makes it possible to study the influence of the film thickness on the surface barrier.  
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Experimental  

The Bi B2 BSr B2BCaCu B2 BOB8 B films were prepared on a LaAlOB3 B substrate with sputtering technique 

(the details of the preparation method can be found in Ref.[2]). The films #1 and #2  have the 

rectangular shape of 3x5 mmP

2
P size and 800 nm and 200 nm in thickness, respectively. The 

films #3 with the thickness  d = 200 nm is partitioned into 40 equal circles of 0.5 mm 

diameter with the help of photolithography technique. The films have the superconducting 

transition temperature TBcB  near 85 K.  

We studied irreversible properties of films by measuring the hysteresis of the nonresonant 

microwave absorption. The detailed description of this method one can find in Refs.[2,3]. The 

X-band (ν = 9.4 GHz) spectrometer of electron spin resonance (ESR) BER-418s (Bruker) was 

used to measure the microwave absorption. A sample was placed into the spectrometer cavity 

inside the helium gas flow cryostat. Its orientation was as follows: the DC field HBa B was 

applied perpendicularly to the film plane (parallel to the c-axis), and the microwave field HB1B 

was in the film plane. The field HBa B  was modulated with the frequency of 100 kHz and the 

amplitude from 0.1 to 10 Oe. 

To record the MWA hysteresis loop HBa B was swept with the velocity of 40 Oe/s from 0 to  

the field of disappearance of the hysteresis (it ranges from ~100 Oe to 10 000 Oe versus 

temperature) and back. The ESR signals of the paramagnetic impurity in the substrate were 

recorded along with the MWA hysteresis loop and used to avoid the instrumental error of 

detected hysteresis. The IL points HBir B(T) were obtained by registering the field at which the 

MWA hysteresis collapsed.  

Results and discussions 

Examples of the MWA hysteresis loops are presented in Fig.1. They are obtained for  the 

film #2 at T=62 K and two values of the field modulation amplitude: HBmB=0.4 Oe and 

HBmB=8 Oe. It was established in work [1] that the shape of the MWA hysteresis loop and its 

dependence on the modulation amplitude were governed by the type of pinning: bulk or 

surface. According to [1] the shape of the loop obtained with  HBmB=0.4 Oe is largely 

determined by bulk pinning. The small addition of the “surface” loop occurs only in low 

fields (<1000 Oe). The irreversibility due to bulk pinning disappears in the field marked by 

arrow 1. This field is called the irreversibility field and equals 4100 Oe. The second loop is 

obtained with the modulation HBmB=8 Oe.  The high modulation amplitude suppresses the “bulk 

pinning” loop and amplifies the contribution of surface pinning. As a result, the loop has the 
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purely surface shape. The irreversibility field due to the surface barrier is shown by arrow 2 

and equals about 5000 Oe.  

Fig.1
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In Fig.2 the IL points of three studied samples are plotted versus the reduced temperature 

T/TBcB: squares, the thickest film (d=800 nm); diamonds, the solid thin film (d=200 nm); circles, 

the patterned thin film (d=200 nm). All points are obtained with the modulation HBmB=0.4 Oe 

except for the open squares which are measured at HBmB=8 Oe. At high temperatures close to 

the critical temperature TBcB the surface pinning is observed. The relevant IL points are shown 

by crossed squares. 

In Fig.2 the ILs of two single crystals of different thicknesses are shown  along with our 

data obtained for thin films. The dashed line is plotted for the thick crystal of Bi-2212 

( )50d mµ≈  from Ref.[4], and the dotted line is for the thin crystal ( )3d mµ=  from Ref.[5]. 

One can see that IL shifts towards the high temperature as the thickness of a superconductor 

decreases. Only the thinnest films with 0.2d mµ= do not obey this rule. The shift of IL to 

higher temperatures is probably due to the strengthening of the pinning centers as mentioned 

above. But such strengthening is limited to the thickness 0.2d mµ= . It is reasonable to 

assume that if the thickness of a superconductor is comparable with or less than the field 

penetration depth abλ  the suppression of bulk pinning occurs. The analogous effect is 

observed for the surface pinning on the lateral surface. Increasing the lateral surface by means 

of patterning a film from a big rectangle to 40 small circles does not result in the expected 

increase of the surface contribution to the MWA loop and to the irreversibility field.  
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Fig.2.
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Thus we have established that the decrease of the superconductor thickness down to λ or 

less causes the decrease of the bulk pinning and the lowering of the lateral surface barrier.  

The work is supported by the Russian Foundation for Basic Research (grant no. 03-02-

96230) and the NIOKR Fund of the Academy of Sciences of Tatarstan (grant no. 06-6.2-234).  
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Now there is no simple theory to predict the magnetic-resonance parameters for systems, 

in which the paramagnetic REE ions and diamagnetic salts present simultaneously. 

It was investigated the state of paramagnetic Gd(3+) ion in aqueous diamagnetic salt 

solutions (KCl, KBr, MgCl B2 B, CaCl B2B) by EPR-spectroscopy method (Radiopan SE/X 2543, 

9.30 GHz, the standard deviation for width of EPR lines ±0.15-0.20 mT, for g-factor values ± 

0.0005). It was used the CPESSP program to calculate the stability constants, limit widths of 

EPR lines ∆H (mT/mol) and species distribution of complexes. 

It was found the increase of width of EPR line for Gd(3+) ion in aqueous KCl and KBr 

solutions. We believe that this is consequence of formation of GdCl P

2+
P, GdCl B2 PB

+
P and GdBr P

2+
P, 

GdBr B2 PB

+
P complexes with shorter electronic relaxation times TBS B than for Gd(3+) aqua-ion. We 

think this is also consequence of accumulation of such complexes at increase of KCl and KBr 

salt concentration. The potassium salts were used because they do not influence on structure 

of liquid water and correlation times τ BR B, τ BVB of paramagnetic Gd(3+) aqua-ion. The results of 

mathematical modeling testify that limit width of EPR line for GdClP

2+
P and GdBr P

2+
P complexes 

is more narrow than one for Gd(3+) aqua-ion in a aqueous Gd(NOB3 B) B3B solutions. Although the 

limit widths of EPR lines for GdCl B2 PB

+
P and GdBr B2PB

+
P complexes are wider. This fact is explained 

by considerable decrease of distortion life time τ BVB of paramagnetic complex at replacement of 

one of water molecule in coordination sphere of Gd(3+) aqua-ion on a halide-ion. The 

decrease of distortion life time τ BVB of paramagnetic complex is explained by anisotropy of 

brownian rotation of aqua-ion. It should be noted that the correlation time τ BR B increases 

slightly. The larger size of hydrated bromide-ion in comparison with a chloride-ion 

coordinated with paramagnetic Gd(3+) aqua-ion is cause of greater anisotropy of τ BR B values 

and more narrow limit width of EPR lines for GdBr P

2+
P species than for GdCl P

2+
P species and 

Gd(3+) aqua-ion.The greater values of limit widths of EPR lines for GdClB2PB

+
P species and 

GdBr B2 PB

+
P species (smaller TBS B values as well) in comparison with Gd(3+) aqua-ion can be 

explained by considerable increase of correlation time τ BR B values for di-haloid complexes.  
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It is found that the greatly hydrated Mg(2+) and Ca(2+) cations decrease the width of 

EPR line for Gd(3+) aqua-ion by exchange mechanism. At that the life times of water 

molecules τBB B(HB2 BO) in coordination sphere of paramagnetic ion increase. The exchange 

mechanism does not correlate with electronic interactions, which are caused by splitting in a 

zero field, therefore 

∆H∼1/TBS B=1/TB2eB+1/τBB B(HB2 BO), 

where TB2eB – the electronic spin-spin relaxation time. 

Thus the increase of life time of water molecules τBB B(HB2BO) in coordination sphere of 

paramagnetic Gd(3+) aqua-ion leads to the decrease of correlation time τ BVB values because the 

statistical probability of distortions for the period of life time of paramagnetic complex 

increase. So the EPR line of paramagnetic Gd(3+) aqua-ion narrows. 

This work was supported by Russian Foundation For Basic Research (grant 03-03-

32296). 



POSTER SESSION PS7 

INVESTIGATION OF Mn P

2+ 
PIONS INTERACTION WITH HUMIC SUBSTANCES 

UP.V. Chaplieva UP

1)
P, I.V. BorovykhP

2)
P, O.E. Trubetskaya P

3)
P, I.I. ProskuryakovP

1)
P, O.A. TrubetskojP

1)
P
 

P

1)
PInstitute of Basic Biological Problems RAS, Pushchino, 142290, Russia 

P

2)
PDepartment of Biophysics, Huygens Laboratory, 2300 RA Leiden, The Netherlands 

P

3)
PBranch of the Shemyakin Institute of Bioorganic Chemistry RAS,  Pushchino, 142290,  Russia  

E-mail: polina@issp.serpukhov.su 

Humic acids arise from soil organic matter as a result of humification processes when 

biological substances are converted into amorphous group of dark-colored material known as 

soil humic matter. Humic substances are generally accepted as a matter that has considerable 

influence on soil fertility. Currently their ability of binding heavy metal ions was brought 

under discussion. In [1] an isolation of several humic acids (HA) fractions differing in 

physico-chemical properties has been reported. In the present work we report on varying 

ability of the HA fractions to interact with MnP

2+
P ions, as studied with EPR. Humic substances 

were extracted from different soils and their fractions prepared according to [1]. As the source 

of MnP

2+
P, its moiety in MgO powder was used, which was mixed with the dry samples at room 

temperature. The studies have shown that in non-fractionated HA the shape of the MnP

2+
P 

spectrum was the same as in pure MgO. Mixing with HA fractions, however, resulted in 

strong changes of the spectrum. Most visible these changes are in the D-band spectra (Fig. 1), 

pronounced as the linewidth increase and change of the hyperfine interaction (Fig. 1B). The 

singlet line overlapped 

with the third MnP

2+
P 

component in Fig. 1A 

belongs to free-radical 

species present in most of 

the HA preparations. We 

interpret the observed 

spectra as resulting from 

buildup of MnP

2+
P 

interaction with 

chemically active groups 

present in HA fractions, 

but absent in non-treated  
4605 4620 4635 4650 4665 4680

B

A

B, mT

Fig. 1. D-band spectra of dry HA preparations mixed with 
MgO and recorded at room temperature. A - HA chernozem;

B - HA chernozem, fraction B 
26 



POSTER SESSION PS7 

27 

HA. The results will be discussed from the point of view of possible applications to heavy 

metal detoxication processes. 
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Method 

Investigations of the microstructure of aqueous electrolyte solutions are of great interest 

due to their important role in various physical, chemical, technological, and biological 

processes. The method [1] developed in the Department of Quantum Magnetic Phenomena 

makes it possible to determine important parameters of the microstructure of electrolyte 

solutions (coordination numbers of ions and reorientation times of solvent molecules in 

different substructures). The method is based on an analysis of the concentration and 

temperature dependence of magnetic relaxation rates of solvent nuclei.  

Under the assumption of the complete dissociation of solute, the structure of solution can 

be described as the superposition of three substructures: hydration shells of anions, hydration 

shells of cations, and a zone of pure water. If the exchange of nuclei between all these 

substructures is fast, the spin-lattice relaxation rate is given by the expression: 

⎥
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⎢
⎣

⎡
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1101

1111
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mn
TT i
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where m is the molality of the solution; iT1  

and 10T  are the relaxation times of the nuclei 

in the i-th substructure of the solution and in 

the pure solvent, respectively; nBi B is the number 

of water molecules in the i-th substructure; M 

is the number of moles in 1000 g of the 

solvent (for water, M=55.5 mol kgP

-1
P); ±α  is 

the number of positive and negative ions in 

the solute molecule; N is the number of 

substructures in the solution. 

 

Fig 1. Concentration dependence of the 
deuteron spin-lattice rates in the solution 
NaNOB3 B-DB2 BO at different temperatures. 
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Expression (1) predicts the linear concentration dependence of ( iT11 ), but experimentally 

distinct deviations form linearity have been observed (Fig.1). The deviation  can be explained 

by the change of substructures in the solution or by the disappearance of some of them (for 

example, the structure of pure water, then the most weak layers of hydration shells). It was 

shown that the second reason is valid. 

It is well known that in the case of fast movement the relaxation rate is described by the 

formula:  

i
i

A
T

τ*1

1

=                                                                                                   (2) 

where A is the constant; iτ  is the reorientation time of the molecules of solvent in the i-th 

substructure.  

Results 

An analysis of the results leads to the formulation some rules for the formation of the ion 

hydration shells [1]. It has been shown that monatomic ions are surrounded by high 

symmetrical shells. The microstructure near cations is supposed to be trigonal. For example, 

the hydration shells of the NaP

+
P ion are characterized by 6 water molecules in the first layer 

and 12 in the second one. Lonely electron pairs of the water molecule in the first layer are 

blocked by the cation and that molecules can have only two hydrogen bonds with water 

molecules in the second layer. 
Fig 2. Concentration dependence of the deuteron spin-lattice rates in the NaBr solutions 

in DB2 BO at different temperatures. 
29 

 



POSTER SESSION PS8 

30 

The monatomic anions ClP

-
P, Br P

-
P and IP

-
P create the tetrahedral structure (4 water molecules in 

the first layer). The hydration shells of the anions fit the water structure (at the temperature 

below 30 P

o
PC ).  

It was experimentally shown, that the majority of ions keep their coordination number 

with concentration and temperature change. But it has been found that some ions change the 

microstructure of their hydration shells in the diapason of 30-40 P

o
PC (see, Fig.2). At the 

temperatures below 30 P

o
PC the bend of experimental curves, at the concentration m = 1.6, 

corresponds to the full filling of the ion hydration shells. The hydration shell of the BrP

-
P ion 

consists of 4 water molecules. When the temperature is below 30P

o
PC, the energy of hydrogen 

bonds is sufficient to maintain the regular tetrahedral structure of water. However, when the 

temperature exceeds 30P

o
PC, the bend is shifted to the higher concentration m = 2.1. The energy 

of thermal motion increases and becomes comparable with the energy of hydration bounds 

between the water molecules. As a result, the tetrahedral molecular structure is destroyed. The 

ions are capable to form independent hydration shells. At higher temperature (>35P

0
PC) 

hydration shell of the BrP

-
P anion consists of 8 water molecules (this conclusion can be derived 

from the data represented in Fig.2). The formation of the secondary shells is also possible. 

The similar effect is registered for the ClP

-
P anion.  

Hypothesis 

The ions play an important role in different biochemical and physiological processes.It 

was shown, that ions Na P

+
P, KP

+
P, Cl P

-
P, Ca P

2+
P, Mg P

2+
P strong by influence on all kinds of  metabolism 

and transport of substances through cellular membranes (owing to the nonequilibrium 

concentration of ions). Recently the large number of works on problems of the 

thermoregulation of warm-blooded animals are published. However in that works only the 

hypothetical treatment of experimental data are described, and the theory, describing the 

mechanism of thermoregulation, is not present. Probable that the effect of the change of the 

coordination number of the Cl- anion in the range of 30-40P

o
PC can be responsible for the 

thermoregulation of warm-blooded animals. Our hypothesis is:  

The temperature growth up to 30P

o
PC and more results in the decrease of the amount of  

undisturbed water structure and the energy-release reactions flow more difficult. In contrary 

after the decrease of the temperature below 30P

o
PC the quantity of the free water increases and 

the energy-release reactions become more effective. 
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Set of copper(II) complexes with P,S,O- and N,O-containing ligands have been 

investigated by EPR in crystals, liquid and frozen solutions and by quantum-chemistry 

methods. Using the methodology proposed [1,2] the accurate procedure for the simulation of 

EPR spectra in frozen solutions was developed to determine anisotropic spin-Hamiltonian 

parameters. The information obtained has been used for precise description of experimental 

isotropic EPR spectra. Based on the modification of Wilson-Kivelson theory [3], the general 

approach for analyzing the complete liquid solution spectra involving two copper isotopes and 

ligand hyperfine splitting was advanced. By this means we determined the spin-Hamiltonian 

and hydrodynamic parameters (rotational correlation times and effective hydrodynamic radii) 

of various Cu(II) complexes with N-(thio)phosphoryl-(thio)amides RC(S)NHP(X)(OPr P

i
P) B2B 

(R = Ph, benzo-15-crown-5; X = O, S) and -(thio)ureas RR’NC(S)NHP(X)(OPrP

i
P) B2 B (R = H, 

R’ = Ph, cyclohexyl; R = R’ = Et; RR’ = morpholyl, aza-18-crown-6, 1,10-diaza-18-crown-6; 

X = O, S) in organic solvents (toluene, benzene, hexane, acetone, acetonitrile). Three different 

coordination modes were established in these compounds: six-membered S,S- and S,O- and 

four-membered S,N-type chelates. The chemical exchange involving charge migration 

between sulfur atoms within the metal-chelate cycles was described for S,S-complexes. The 

S,O-coordinated complexes do not exhibit resolved superhyperfine splitting whereas S,N-

coordinated compounds reveal nitrogen and phosphorus splittings observed in all temperature 

range (77-360 K). 

The procedure elaborated was successfully applied to the simulation of complicated 

spectra of several simultaneously presented binary copper(II) complexes with natural 

tripeptides (GlyGlyGly, GlyGlyTyr, GlyGlyHis, GlyHisGly, HisGlyGly, and oxidized 

glutathione, GSSG) having various coordination modes and forming in aqueous solutions in a 

wide pH-range. As a result the unique structural, dynamic, and hydrodynamic information 

which is important for bioinorganic chemistry has been acquired. 

The species under investigation considering possible isomer forms were put in quantum-
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chemical geometry optimization procedure by the density functional theory method using 

large basis sets (effective-core potentials SBK and TZ2P) in program PRIRODA [4]. Under 

the calculation results the decision on the forms actually presented in solution was made. The 

calculated hyperfine structure constants of optimal structures agree well with experimental 

ones and the geometric parameters found confirm with our X-ray for single-crystal 

complexes. 

The support of BRHE (REC-007) and RFBR (grant 02-03-32919) was gratefully 

acknowledged. 
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PHONON ECHO OF INTERACTING TUNNELING STATES IN GLASS 
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Consider an ensemble of the elastic tunneling defects with two degrees of freedom in 

elastic continuum of glass [1], 

( )∑ ++∆+∈−=
N

i
ph

z
iii

x
ii

z
ii HSeSSH ˆˆˆ γ , αα

iii ScS =ˆ  , 1;0=ic ,                          (1) 

where ),,( zyxaSi =α  are the Pauli matrices, i∈  is the initial asymmetry of the two-well 

potential of the defect, i∆  tunneling parameter, iγ  potential, ie  is the deformation site i. We 

suppose the strong defect-phonon coupling. phH  represents the harmonic part of the 

vibrations of the elastic continuum (acoustic vibrations are taken into account only at low 

temperatures); ∑ +=
k

kkk aaH ph ωh  where k  is the wave vector of the acoustic vibration +a  

and a  are the annihilation and creation phonon operators, kω  is the frequency of the phonon 

with wave vector k  [2]. 

In this system there are elastic collective excitations like spin waves in magnetic spin 

glasses [3]. We found the spectrum of the coupled tunnel pseudospin-phonon excitations with 

unit energy quantum of the form [3] 

( ) ( )
2/1

2222222
)2,1( 4

1
2
1

⎥⎦
⎤

⎢⎣
⎡ −++±++== acacaca ωευωευωεν ,                         (2) 

where kJcw x
0

22 σε ∆−= , ( ) 12
0

23
−

= s
z mwc υσγυ , sυ  is average acoustic velocity, m is 

acω  the acoustic phonon frequency. We see that the mode 2ν  may be soft [3]. 222
iiiw Λ+∆= , 

z
j

j
iji J σ̂∑=Λ , aσ  may be found from ϕσϕσ sincos xzzS −= , 

ω
ϕ ∆

=sin ; 

ϕσϕσ sincos zzxS += ; yyiS σ= ; ijJ  is an elastic dipole interaction bond, 3~ −
ijij rJ  where 

ijr  is the distance between dipoles i and j. 

Owing to dipole-dipole interaction the resonance frequency of the collective mode is 

different than the resonance frequency of the single tunneling defect (TLS). 
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On the whole the collective excitation spectrum is equidistant. The echo with dipole type 

transitions is impossible in the system with equidistant spectrum. Therefore we shall assume a 

small nonequidistantness parameter Г. Then the collective echo with dipole type transitions is 

possible; this echo is in dynamics of the anharmonic oscillator ∞0  [4]. The Hamiltonian 

describing the collective excitations has a form (the Hamiltonian of anharmonic oscillator [4]) 

.                                           ( )32 2
1 aaaahH +Γ+⎟

⎠
⎞

⎜
⎝
⎛ += ++ν .                                             

(3) 

The spectrum of eigen values of anharmonic oscillator is nonequidistant: 

)2(1 Ω−=− − nEE ann νh , ahh ν230Γ=Ω  and n denotes energy level. 

The primary phonon echo on collective modes is excited by two short pulses of external 

acoustic field. Let the pulse length is )2,1( =γγt , the interval between first and second pulses 

is 12τ , pulse amplitude is 0e  and the acoustic field frequency is and wave vector of acoustic 

wave is k . 

The Hamiltonian of interaction with external ac field pulse has a form  

( ) ( )[ ]krkr itiaitiaeH j +−+−−= + ωωγ expexp0 ,                                    (4) 

where γ  is the deformation potential. 

The following conditions have been fulfilled for the echo observation: ∗< 221 ,, TTTtγ  and 

21122 ,TTT <<∗ τ  where 1T  is the longitudinal relaxation time, ∗
2T  and 2T  are the transverse 

reversible and inreversible relaxation time for TLS. The intensity of primary echo is equal to 

( ) ( ) ( )[ ] ( ) 1
0

2
212

2
2

2
12

22
12

24
2

2
1

2
0 4exp2exp4~, −∗ −−Γ= STTtNItI sa λττντθθkk ,           (5) 

where ahν230~ Γ=Γ , N is the number of emitted quasiparticles. 0I  is the spontaneous 

emission intensity along the k  direction for the single energy quantum of collective 

excitation in unit solid angle, ( ) 1542
0 16

−−= saI υπρνγ , γθ  is the square of γ  pulse, 

0
1)2,1( et γγθ γγ

−== h , sλ  is the acoustic wave length, 0S  is the sample transverse square. 

Because of different temperature dependence of collective mode resonance frequencies there 

is different dependence of echo intensity on temperature. At the phase transition temperature 

there is anomalous behaviour. When the soft mode frequency becomes approximately equal 

to zero, then the echo intensity has extremum value. 
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We note the different relaxation times for the single TLS and the collective mode 

quantum energy. The "collective" relaxation time is more longer than the relaxation time due 

to the isolated defect. Collective tunneling decreases relaxation time of the "collective" 

system of the interacting TLS's. 

We estimate the echo intensity now. It is difficult to determine a number of N. We assume 

that N cm~ 1014 3− . At νa Hz= ⋅7 109 , cTTT 8
221 10~~~ −∗ , e0

50 5 10= ⋅ −, , ρ = 2 3g cm , 

λS m= ⋅ −18 10 4, , γ υ~ 1e , Т =1K, Γ = −10 2 , S m0
9 24 10= ⋅ −  the integrated intensity of echo 

intensity along direction 122 kkk −=  will be maximum at the time moment 122τ=t  and 

equal to I erg s~ /10 2− . So echo signal is enough intensive and may be observed. 

Conclusion 

We consider the collective echo in glass. 

1. There are different phases in considered system of the interacting elastic TLS's. These 

phases existence depends on defect concentration. The temperature dependence of echo 

signals was investigated in these different phases. 

The temperature dependence of the collective echo and "single" echo are different. We 

may receive information about phase transition like orientational glass one at low temperature 

because there is anomalous T-dependence for collective echo at the phase transition 

temperature point. 

2. In contrast to "single" TLS echo the emission frequency of the "collective" echo is 

different than the resonance frequency of "isolated" dipole because of the dipole-dipole 

interaction between elastic dipole moments of the TLS changes the resonance frequency. 

3. The relaxation times of single TLS TS  and relaxation times of the collective modes τa  

are different; τ a ST>  because the relaxation times τa  are more long due to the collective 

motion of the system (collective tunneling) of the interacting dipoles. 

Echo-method is a powerful method which gives the different kinds of information about 

tunnel characteristic of the TLS, dipole moments, relaxation times and dipole-dipole 

interactions between TLS's. The observation of the predicted peculiarities of echo formation 

in glass gives a possibility to receive an important information about the phase transition and 

the specific parameters in these materials. 
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It is known that depending on the conditions of crystal synthesis, the YbP

3+
P in a CaFB2 

Bsingle crystal forms up to 14 paramagnetic centers (PC) with different symmetry [1]. They 

appear depending on the conditions of the crystal growth, various mechanisms of the excess 

charge compensation and the treatment of samples (hydrolysis, thermal annealing). 

Exclusively for the cubic PC (TBcB) energy levels were nearly completely established and the 

parameters of its crystal field (CF) were determined. However, the CF parameters determined 

from the experimental optical data [2, 3] differ from those determined from the hyperfine 

parameters obtained by Electron-Nuclear Double Resonance (ENDOR) [4]. In these papers 

the positions of the energy levels ΓB6B and ΓB8 B in the ground multiplet P

2
PFB7/2 B also differ. Only one 

optical spectral line is unambiguously experimentally identified for YbP

3+
P center of tetragonal 

(TBtetB), trigonal and rhombic symmetry [5, 6]. Analogous to the method developed in [4], the 

CF parameters for the YbP

3+
P center of tetragonal symmetry (TBtetB) were determined on the basis 

of the known position of one optical line and the hyperfine parameters obtained by ENDOR 

[7]. To the best of our knowledge the energy level diagram obtained in [7] was not confirmed 

experimentally. This work presents results of the detailed investigation of the PCs formed by 

the Yb P

3+
P ions in CaFB2 B using optical and magnetic resonance spectroscopy, laser selective 

excitation of luminescence, concentration series, phase fluorimetry methods and thermal 

processing. 

EPR spectra of TBcB and TBtetB were identified. Empirical diagrams of the energy levels were 

established and potentials of the CF were determined. Information was obtained on the CaFB2B : 

Yb P

3+
P phonon spectra from the electron-vibrational structure of the optical spectra. The CF 

parameters were used to analyze the crystal lattice distortions in the vicinity of theYbP

3+
P ion 

and the FP

-
P ion, compensating the positive excess charge in TBtetB. Within the frames of a 

superposition model, it is established that four FP

- 
Pions from the nearest cubic surrounding, 

located symmetrically with respect to the fourfoldB Baxis from the side of the ion-compensator, 

approach the impurity ion and deviate from the PC axis. The second set of four fluorine ions 

also approaches the Yb P

3+
P ion and the PC axis. The ion-compensator FP

- 
Palso approaches 

considerably the impurity ion. 
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1. Introduction 

The study of near surrounding and dynamics of rare earth ions (RE) in silica glasses are 

of scientific and technological importance. Silica glasses doped with rare earth ions (RE) are 

applied in optical fiber systems as amplifiers and lasers [1]. A poor solubility of RE in glasses 

leads to the formation of clusters even at small concentration of RE (> 10P

18
P cmP

3
P) [2], that 

represents a problem for creation of effective miniature optical devices. It has been 

established experimentally that incorporation of some additional impurities in SiOB2 B glass, for 

exampleB BAl B2 BOB3 B or PB2 BOB5 B, improve essentially solubility of RE in the glass and correspondingly 

improve the laser efficiency [3]. It has been assumed that Al or P ions occupy positions 

nearby to RE forming bonds RE - O - Al/P [4]. This has been confirmed by the pulse EPR 

studies of SiOB2 B glass doped with Nd P

3+
P and co-doped with AlB2 BOB3 B [5].   

The purpose of this work was the study of influence of co-doping with N and-or F on the 

formation of Er P

3 +
P clusters in SiOB2B glass B Bwith electron spin echo (ESE) method.  

2. A technique & samples 

Pulsed EPR measurements were carried out at the X-band home-built spectrometer in 

which microwave pulses are formed by a magnetron with the output power of 5 kW. 

The electron spin echo envelope modulation (ESEEM) were recorded using the two pulse 

sequence 3/2π  - 3/2π , where the echo intensity is measured as a function of the time 

interval τ  between pulses. The paramagnetic resonance spectra were recorded as a 

dependence of the ESE amplitude on magnetic field.  

The samples were synthesized by means of plasma chemical deposition in the laboratory 

of fiber optics center of the Russian Academy of Science, Moscow. The composition of 

glasses and the concentration of impurities are presented in the Table. 
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Table 

Composition     Notation Dopant & co-dopant 

SiOB2 B+Er+N ErN 0.03at%Er, 0.08at%N 

SiOB2 B+Er+F ErF 0.3at%Er, 1.8at%F 

SiOB2 B+Er+N+F ENF 0.15at%Er, 0.05at%N, 0.6at%F 

3. Experimental results and discussion. 

3.1. SiOB2 B+Er+F 

ESE spectra have been registered at temperatures 1.6 - 4.2K. It was observed only one 

line (the line width is approximately 500G) with the g-factor close to 2. 

The study of TBmB on magnetic field has shown that we have at least 2 types of the centers. 

It was found that echo amplitude decay was described by 2 exponents, and the contribution 

from one of them decreased with the magnetic field increase. The temperature dependence of 

the longestB BTBmB has been measured. It turned out thatB BTBmB does not depend on temperature in the 

investigated range and it is equal approximately 0.6 mks. 

Based on the obtained experimental results it is possible to assume that the observed 

paramagnetic centers is formed by structural defects and not connected directly to Er ions. 

3.2. SiOB2 B+Er+N 

The dependence of the ESE spectra on 

the temperature is presented in fig.1. The 

transformation of a spectrum with 

temperature was observed. In the magnetic 

field corresponding to the g = 2 two lines 

were recorded. One line with a width of ~ 

500G is similar to the line in the sample ErF 

and the second one has the width of the 

several Gauss. Besides, several broad lines 

were observed.  

ESE spectra for various values of a 

delay τ  between pulses have been 

measured (fig.1). It can be seen that these 

spectra were changed depending onτ . The 
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Fig.1. ESE spectra of ErN. 1 T=2.1K; 
2 T=1.6K; a τ2 = 0.57 mks;b τ2 = 1 mks.
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dependence T BmB on magnetic field H B0 B has 

been obtained, one of which is presented in 

fig.2. This dependence is not monotonous. 

In the areas where ТBmB(HB0 B) has peaks (HB0 B ~ 

1000G and HB0 B ~ 3500G) the relaxation 

decay is described by 2 exponents. Hence, 

besides lines on g ~ 2, it is possible to 

allocate, at least, 2 types of the centers 

which can be identified as lines from single 

Er ions and Er clusters.  

3.3. SiOB2 B+Er+N+F 

The spectrum of this sample is similar to 

ErN one. The strongest differences of this 

sample from others are observed for 

modulation effects in the magnetic fields 

typical for single site ErP

3+
P ions. The analyses 

of ESEEM on the magnetic field showed 

that the oscillation period is due to NP

14
P 

nucleus and close to the Larmor frequency. 

4. Conclusion 

On the basis of obtained experimental 

data we supposed that there are at least four 

types of the paramagnetic centers in studied 

samples. Two of them are related to the 

broad and narrow lines at g ~ 2, probably, 

due to the defects of a glass arising at 

doping. We attribute the narrow line to the 

E' defect centers arising at doping by F ions 

and the broad line (~500G) apparently, is 

due to the centers formed by charge 

compensation of RE ions.  

The other two centers are directly 
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Fig.2. Phase relaxation of ErN 
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connected to the doping with ErP

3+
P ions. We should note that in the ErF sample we could not 

detect confidently the lines due to ErP

3 +
P ions. This is probably connected with the presence in 

sample ErF a lot of clusters and hence, the shorter TBmB that allows us to register with our 

spectrometer.  

The most important result is the observation of a comparatively strong modulation due to 

NP

14
P nucleus in the sample ErNF, whereas in ErF and ErN samples modulations are extremely 

weak (fig.3). Besides, the phase relaxation time in ErNF is longer than in ErN at less 

concentration of RE ions. We suppose that doping with F or N ions did not break out clusters 

of RE while the combined doping with N and F ions results to the reduction of clusters. The 

whole set of obtained results lead us to the following supposed model, the joint embedding of 

N and F lead to the formation of the complex: RE – F – N.  
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Optical and EPR spectroscopy of the rare-earth (4fP

N
P) and transition metal (3dP

N
P) ions, 

which determine the important properties of various useful crystals [1], requires knowledge of 

the energy levels and state vectors of an ion. The latter are characterized by the crystal field 

(CF) parameters. 

In order to analyze the optical and EPR spectroscopy data using the CF approach, a 

computer program «Optical Spectra Analyzer» (OSA) has been developed. It allows 

calculating an energy spectrum and wave functions of the free and impurity ions with unfilled 

electronic d and f-shells (dP

1 
P- dP

9
P, fP

1 
P- fP

3
P, fP

11 
P- fP

13
P). The full energy operator consist the 

electrostatic repulsion of electrons, magnetic interactions ("spin-orbit", "spin-spin", "spin-

other-orbit", "correlated spin-orbit"), linear and nonlinear parts of electronic excitations 

("configuration" interaction) and crystal field interaction with symmetry of any of 32 point 

groups. 

There is an opportunity of the self-consistent fit the calculated and experimental energy 

levels and g-factors, that considerably simplifies finding-out the CF parameters and 

parameters of interactions. Matrix elements of all interactions are calculated in basis 
n

Jl LSJMγ  using Wigner-Racah algebra [2, 3] and the fractional parentage coefficients 

(FPC) [4]. OSA allows fitting experimental data using different nonlinear optimization 

methods (Powell method, BFGS, Simplex etc.). Also there are many useful functions included 

in the program: viewing values of all matrix elements, FPC, 3j-6j-9j-symbols in symbolical 

and numerical form and transformation of CF parameters (Wybourne and Stevens notation). 

The program is written in Pascal language in Delphi, has the convenient interface and has 

been used in [5] for calculation of spectrum LiNbOB3 B: Cr P

3+
P and iron group spectra for elements 

with 3d P

2
P, 3d P

3
P, 3dP

7
P and 3d P

8
P configurations [6]. 

This work was supported by the Russian Foundation for Fundamental Research (project 

02-02-16648). 
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In last few years the intent attention attracts an nitric oxide (II) (NO), which playis a role 

of the signal molecule (Schuman, Madison, 1994). Specifically significants its role in the 

cardiovascular system, where NO regulated the vascular tonus, arterial pressure, proliferation 

of endothelial and smooth-muscular cells of the vascular side (Guo et al., 1995; Tronc et al., 

1996). It is possible to speak about two diametrically opposite directions of NO influences 

(Manukhina, 2000): first - stimulated, positive, and secondly, it has the capability to toxic, 

damaging action. Therefore an exact determination of the contents of the radical of nitric 

oxide in heart is actual. The EPR measurements were conducted on samples of the tissues of 

heart, liver, kidney, pancreas, blood vessel and blood at the temperature of the fluid nitrogen 

on EPR-spectrometer ER-200E-SRC of company "Bruker". During coupling of NO with 

lipophylic trap - diethylditiocarbomate (DETC) there were formed the paramagnetic 

mononitrozyl complexes of iron (MNCI) with DETC, characterised by EPR signal with gB⊥ B= 

2,036, gB⏐⏐B = 2,01 and extrathin and tryplete structure under gB⊥ B. It was observed the essential 

difference between EPR-signals in fields near 3000 e for left and right half of the rat heart. 

This was, probably, connected with the different contribution to the total observed signals 

from complexes of NO with FeP

2+
P and CuP

2+
P of blood and the signals from injected traps of 

stable radicals. Through 10-15 minutes after the production of the experimental myocardial 

infarction (EMI) animals were injected by trap (n=20). During the comparative analysis of 

EPR spectra of MNCI-DETC of the control and experimental animals it was discovered that 

in rats after EMI the EPR spectra of MNCI-DETC were noticeably of smaller intensity, than 

in control animals. Thuse, the production of NO in the first hours after the experimental 

myocardial infarction decreases. Obviously further study of NO role in the heart functions in 

norm and during pathology will increase our knowledge about pathogeneses of diseases, and - 

to the appearance of new methods of their therapy. 

Supported by RFBR, grant N 03-04-96257 and NIOKR RT 03-3.1-243. 
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PHOTOSYSTEM I WITH ANTHRAQUINONE AS SECONDARY ACCEPTOR 
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e-mail: dietmar.stehlik@physik.fu-berlin.de 

Light-induced electron transfer (ET) in PS I proceeds from the primary donor (a 
chlorophyll heterodimer) PB700B along a chain of low potential electron acceptors: the 
chlorophyll monomer AB0 B, the phylloquinone AB1B, and three [4Fe-4S] clusters named FBXB, FBA B, 
FBB B. Multi-frequency TR EPR spectroscopy is used to investigate structural and dynamic 
properties of the sequential radical pair states PB700PB

+
PAB1 PB

-
P and PB700PB

+
PAB1 B[FeS]P

-
P under physiological 

conditions when anthraquinone (AQ) instead of native phylloquinone (PhyQ) is reconstituted 
into the AB1 B binding site of PS I [1]. Besides harsh organic solvent extraction of the native AB1B 
prior to AQ substitution, another method of gender reconstitution is introduced, based on 
quinone biochemical pathway mutants. ET from AQ to FeS speeds up in accordance with a 
more negative AQ redox potential. Correspondingly, the preceding ET step from the first 
radical pair PB700PB

+
PAB0 PB

-
P to PB700PB

+
PAQP

-
P is found to slow down as evaluated from the spin dynamics 

and correspondingly altered spin polarisation patterns of the observable consecutive radical 
pair states PB700PB

+
PAQP

-
P and PB700PB

+
P[FeS]P

-
P. The temperature dependence of the ET kinetics is 

presented. Quantitative evaluation of the AB0 Bto AQ ET kinetics follows a model based on a 
distribution of lifetimes/redox potentials of AB0 B as applied before to interpret altered spin 
polarisation patterns and ET kinetics in PS I particles from site-directed mutants of the AB0 B 
ligand methionin [2]. The reported first simultaneous EPR observation of two consecutive ET 
processes in real time opens new possibilities for quantitative interpretation of ET and spin 
dynamics. 
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1. Introduction 

Determination of fine molecular structure of organic compounds, mechanism of 

molecular recognition and effects on biomolecules is a very important task. As is well known, 

a spatial structure and a molecular mobility determine physiological properties of compounds. 

And the High Resolution NMR spectroscopy is a very powerful method of investigation of 

material structure [1, 2], especially in liquid. This work is the step on the way to the 

determination of a spatial structure of macromolecular compounds, which belong to a 

perspective class of matters, used as drugs in therapeutics of cancer and cardiovascular 

diseases (see fig. 1). 

Macromolecular compounds under investigation include the pyrymidine bases 

(derivatives of 6-methyl uracils and other bases of this series). Specific peculiarity of these 

Fig. 1. Molecules of compound under investigation. 
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bases is their ability to form the supramolecular selforganized assemblies, possessing new 

physical, chemical and pharmacological characteristics. These compounds show significant 

physiological activity. 

The peculiarity of NMR spectra of macromolecules (see fig. 1) is the presence of spectral 

features of asymmetric molecular packing of the alkylpyrymidine substituents referring to the 

central uracil ring (the signals of fifth protons of terminal pyrymidine rings are non-

equivalent). 

Theoretical modelling for these molecules (spatial models of molecules were built by 

"Molecular mechanics" computer program) shows that minimum of steric energy corresponds 

to molecules, which convolute in capsule. Also it shows that the molecules of compound 

exhibit a tendency to forming a permolecular structure. 

One- and two-dimensional relaxation NMR experiments (such as 1D-NOE-DIF, T B1 B spin-

lattice relaxation time analysis, ROESY) show that there are non-trivial dipole-dipole 

interactions between protons of different parts of molecule, the removed groups being among 

them. That is consequence of specific packing of molecule. 

But the task is considerably complicated. The point is that studying molecules have a lot 

of conformations in liquid. There are no any pronounced intramolecular interactions, which 

are able to stabilize the conformation. Or different interactions (with close magnitudes) work 

simultaneously. 

2. Results and discussion 

Thus, in terms of the complexity of our task, it was divided into 2 subgoals: 1) analysis of 

the conformational features of the compound and 2) investigation of its supramolecular 

structure. 

This work was dedicated to the 2P

nd
P part. Our previous research shows the capability of the 

molecules to form the strong spatially ordered supramolecular structure. It follows from 

specific concentration chemical shift’s dependences [4]. And this is conforming to the 

theoretical modeling (see above). It is necessary to note that the study of molecular 

association is of paramount importance to understand solution structures. 

We made a number of experiments by DOSY method – investigation of self-diffusion 

coefficients of molecules in liquid –, which is wide used for structural investigations [6]. In 

diffusion-ordered spectroscopy (DOSY), which was introduced only a few years ago [5], the 

results are displayed as 2D spectra with the NMR chemical shift on the horizontal axis and the 

derived diffusion coefficients on the vertical axis. Such DOSY plots are obtained by effective 
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data inversion of the pulsed field gradient (PFG) spin echo NMR data obtained by 

incrementing the gradient strength. PFG NMR is a very effective tool to study the 

translational motion of molecules, and is used for studying molecular associations. However, 

DOSY has the advantage of immediately visualizing the effects even in more complex 

mixtures. 

The results of our investigation exactly show that there is an intermolecular association of 

the studying molecules in liquid. We found that the hydrodynamic radius of the molecules 

appreciably increases with increasing of the concentration (data not shown). We emphasize 

that it was taken into account the dependence of the effective hydrodynamic radius from the 

viscosity of the mixture [7]. 
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TWO-FREQUENCY EXCITATION. NEW APPLICATIONS 

D.Ya. Osokin, UR.R. KhusnutdinovU 

Kazan Physical-Technical Institute, Russian Academy of Sciences. 

The two-frequency excitation in nuclear quadrupole resonance (NQR) was suggested and 

investigated by V.S.Grechishkin and co-workers [1, 2] many years ago but the application of 

this technique remains very restricted [2].In recent years there has been a growth interest in 

the use of the two-frequency technique [3, 4] again. This interest may have been excited by 

the resent observations of the coherent optical information storage, dark states and the 

possibility of application of these phenomena foe quantum information processing [5, 6]. The 

multilevel spin systems themselves are supposed to be a perspective framework for 

implementation of quantum computers [8, 9]. 

In this respect we would like to present a simple and effective technique for solving any 

problem in a three-levels system by the transition in Liouville space which was used in our 

previous paper [10]. This transition replaces the unitary transformations in Hilbert space by 

simple multiplication of the Liouville supermatrices that can be carried out using symbolic 

computations with Mathematica, Maple, Mathcad and others.  

The results of calculations are as follows. The simultaneous two-level irradiation creates 

an echo signal at the third transition. The serial irradiation does not. The transient signals at 

the irradiated transitions arise due to coherence transfer and look like echo signals if the 

inhomogeneous broadening at these transitions correlate. So the two-frequency excitation in 

P

14
PN NQR can be applied for investigations of the inhomogeneity in crystals. 
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Melanotic encapsulation is the main process in immune response of insects. The key 

enzyme of melanization, phenoloxidase (PO), converts mono- and diphenols to quinones. 

During this process the potentially cytotoxic quinoid intermediates are generated, which can 

cause the production of the reactive oxygen species (ROS) such as superoxide anion and 

hydroxyl radical. Due to their high reactivity these species can be involved in cytotoxic 

reactions in the insects. 

The most important reaction of melanization is oxidation of dihydroxyphenilalanine 

(DOPA) by PO. In this work we have studied generation of ROS during oxidation of DOPA 

by purified PO and in isolated haemolymph of insects by EPR method using spin traps. No 

EPR signal of spin adducts was observed using nitrone-based spin trap DEPMPO. Moreover 

the DEMPO-OOH spin adduct did not form when superoxide anion was generated by 

independent source in the presence of DOPA in concentration over 10 µM. We have shown 

that DOPA can react with superoxide anion. We have estimated the rate constant of such 

interaction as k = 3.5*10P

5
PU+U0.2 M P

-1
Pc P

-1
P. So the presence of DOPA in a sample can interfere with 

determination of superoxide anion using nitrone spin traps, particularly DEPMPO which 

interact with superoxide anion with rate constant k = 0.53 M P

-1
Pc P

-1
P. 

Therefore we applied other spin trap, 1-hydroxy-3-carboxy-pyrrolidine (CP-H), which 

can be oxidized by ROS, including quinoid-nature compounds, to stable nitroxyl radical CP. 

We have detected the formation of ROS in haemolymph of insects by studying kinetics of 

CP-H oxidation. The addition of DOPA in haemolymph significantly increased CP-H 

oxidation rate. Superoxide dismutase did not affect the rate of CP formation, but specific 

inhibitor of PO phenilthiourea completely inhibited it. These data suggest that rather DOPA-

semiquinone then superoxide radical is responsible for CP-H oxidation. 

O-semiquinones such as DOPA-semiquinone are very short-lived. To detect the formation 

of DOPA-semiquinone in haemolymph we applied spin stabilization technique of o-

semiquinones by cations of divalent diamagnetic metals. We have obtained the EPR spectra 
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of complex DOPA-semiquinone with Mg P

2+
P in haemolymph of insect. No spectra were 

observed in the presence of phenilthiourea. These data indicate that DOPA-semiquinone 

really produced in insect haemolymph during melanization and its formation is concerned 

with PO activity. 

So we did not show that superoxide form during melanization, but the fact it readily react 

with DOPA suggests that it can not be involved in cytotoxic reactions against internal 

parasites. The formation of DOPA-semiquinone in haemolymph and it high reactivity allows 

us to consider it as cytotoxic molecule in the immune response of insects. 

This work was partly supported by Russian Foundation of Basic Researches (00-04-

49563, 02-04-48374). 
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FREQUENCY DEPENDENCE OF THE EPR SPECTRUM OF PENTANUCLEAR 

CLUSTER [Cu B3 BDy B2 B(ClCH B2 BCOO)B12B(HB2 BO)B8 B] 2HB2BO 

UL.V. Korobchenko U, R.T. Galeev, E.R. Zhiteytsev 

Kazan Physical –Technikal Institute, Russian Academy of Sciences, Kazan, Russian Federation 

e-mail: korobchenko@kfti.knc.ru 

EPR studies are carried out in the X- and Q-band at T=300 K and 4.2 K on the 

polycrystalline samples of the compound [CuB3 BDy B2 B(ClCHB2 BCOO) B12 B(HB2 BO) B8 B] 2HB2 BO. EPR 

researches in mixed systems of paramagnetic centers with 3d-4f interactions represent the 

interest in the search of new magnetic materials.  

The compound is composed of the pentanuclear complexes CuB3 BDy B2 B(ClCHB2 BCOO) B12 B(HB2 BO)B8B 

and water molecules in the ratio 1:2.  In pentanuclear clusters the Cu(II) ions alternate with 

rare – earth ions of Dy(III) and cluster may be presented as a linear fragment: Cu(2)-L(2)-Dy-

L(1)-Cu(1)-L(1)-Dy-L(2)-Cu(2) , where L(1) and L(2) are the bridging fragments and Cu(1) 

and Cu(2) are the structurally nonequivalent copper complexes[1]. The distances Cu(1)-Dy, 

Dy-Cu(2) and bridging fragments L(1), L(2) are differ, consequently one expects the 

exchange and dipole interaction between Cu(1)-Dy and Dy-Cu(2)  are differ too. 

In the spectra at 

room temperature in X-

band and Q-band the 

lines due to only the 

copper complexes of the 

first type Cu(1) are 

observed. These spectra 

are typical for spin S = 

½ and may be simulated 

with pa-rameters 

g BzB=2.32±0.01 and gBxyB= 

2.07±0.005. 

At temperature 4.2 

K in X-band and Q-band 

the  complicated spectra 

are observed (Fig.1). 

Fig.1 EPR spectra of the polycrystalline samples of the 
compound [CuB3 BDy B2 B(ClCHB2 BCOO) B12 B(HB2 BO) B8 B] 2HB2 BO at T = 4.2 K: 

a)  X-band; b) Q-band. 
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The analysis of these spectra and extraction of the information from such spectra is not a 

simple task.  

First of all it is necessary to determine possible spin-states of this pentanuclear cluster Cu-

Dy-Cu-Dy-Cu. It is well known that for rare-earth ions the spin-orbit coupling exceeds the 

influence of the crystalline field. The ground term P

6
PHB15/2 B of a trivalent dysprosium ion (f P

9
P)is 

split in the low – symmetry ligand crystalline field into eight Kramers doublets [2]. At 

temperature T=4.2K we may consider, that Dy(III) ion has effective spin S’ = 1/2. Thus at 

low temperature that pentanuclear cluster represents system consisting of five the coupling 

paramagnetic centers with spins S = 1/2.  

In the present work attempt of the analysis frequency dependences of such spectrum is 

made. Possible variants of interactions of the paramagnetic centers in the cluster were 

considered: 1) exchange interaction very weak and an observably spectrum may be submitted 

as the sum of spectra caused by three nonequivalent centers with S = 1/2: Cu(1), Cu(2) and 

Dy; 2) the approach of the strong exchange between Dy and Cu(2) ions and  very weak 

exchange between Dy and Cu(1) ions, in this case the pentanuclear cluster may be considered 

as composed of two Cu(2)-Dy dimers and Cu(1)-complex; the states with S = 0, 1 and with S 

= 1/2 are realized ( when interaction between Dy and a copper complex of the first type Cu(1) 

can be not taken into account ); 3) exchange interactions between Dy and Cu(1) ions, Dy and 

Cu(2) ions are taking into account; in that case the states with S = 1/2, 3/2, 5/2 are realized. 

For the interpretation of the experimental spectrums the numerical calculations was 

carried out. The analysis has shown that Dy ions interact with copper centre of the second 

type Cu(2) more strongly than with Cu(1). The conclusion about the antiferromagnetic 

character of the interaction of the Dy ions with Cu ions is made. 

This work is supported by the RFBR, project № 04-02-17163. 
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The main purpose of this work is a determination of 3D structure of complex 

macromolecule compound with Pyrimidine bases of DNA (see fig.). This compound exhibit a 

very high level of bioactivity. And it is reason of interest in the compound. This bioactivity 

allows to suppose a possibility of using this compound as a base of super strong remedies in 

therapeutics of cancer and cardiovascular diseases. Recently there are no any results of 

experimental 3D structure investigation of  this compounds in literature. 

One of the most powerful techniques of investigation of complex organic compounds in 

liquid is the High Resolution NMR spectroscopy [1, 2]. 

 

Figure. Chemical structure of compound under investigation. 
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Macromolecular compounds under investigation is complex and only verification of 

chemical structure isn’t a trivial task. For overcoming this task it is necessary to use 1D and 

2D heteronuclear correlating experiments besides homonuclear (P

1
PH- P

1
PH) correlating 

experiment (COSY) and simple 1D P

1
PH and P

13
PC one. Because of low giromagnetic ratio and 

weak abundance of P

13
PC nuclei it is necessary to employ the techniques which are based on the 

polarisation transfer phenomenon [3]. It is 1D INEPT, DEPT experiments and 2D HETCOR, 

COLOC experiments of NMR spectroscopy. Aside from we obtain a better P

13
PC nuclei 

detection sensitivity in heteronuclear correlating experiments using the Inverse NMR 

spectroscopy (HSQC, HMBC). 

One of the methods of researching spatial structure of complex organic compounds in 

liquid is an investigation of dipole-dipole interactions between different parts of molecule. 

And one of the ways of the investigation of dipole-dipole interactions is a measurements of 

nuclear Overhauser enhancements between interacting nuclei. But according to colleague’s 

work [4] this molecule possess a high level of mobility at room temperature and have a lot of 

conformations in liquid. There are no any pronounced intramolecular interactions, which are 

able to stabilize the conformation. Or different interactions (with close magnitudes) work 

simultaneously. Thus the task is considerably complicated. 

The next step of our work is an investigation of dynamic properties of a given compound. 

Analysis of P

1
PH and P

13
PC spectra lines shapes dependences from variation of temperature show 

that chemical exchange processes exist in the molecule. 

At present time we realize detailed analysis of chemical exchange processes using two 

dimensional EXSY method of NMR spectroscopy. In addition a measurements of nuclear 

Overhauser enhancement at low temperature and theoretical calculations, we suppose, allows 

to draw an exacter conclusions about spatial structure of investigating compounds. 

This work is supported by the Civilian Research and Development Foundation and 

Research and Educational Center of Kazan State University REC-007 (grant for young 

scientist). 
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The magnetic, relaxation and electronic dynamic parameters of paramagnetic centers (PC) 

in crystalline domains of polyaniline (PANI) being in the metallic state (“organic metal”) 

were studied at 3-cm (9.7 GHz) and 2-mm (140 GHz) wavebands EPR at wide temperature 

region. The sample studied was a polymer blend containing 36% of PANI and PMMA. Spin-

spin and spin-lattice relaxation times of these PC were obtained by the steady-state saturation 

method. At all wavebands EPR the PC in PANI demonstrate Lorentzian single line with 

Dysonian contribution taking a possibility to determine an intrinsic conductivity of the metal-

like domains (ca. 4000 – 7000 S/cm at room temperature) in PANI. The conductivity was 

shown to decrease sufficiently as the sample is evacuated and/or is deposited on a glass 

surface. Phase transition in PANI was registered at T=160 K. PC and air (water and/or 

oxygen) interact strongly below and weakly above the critical temperature that leads to an 

extremal temperature dependence of the polymer linewidth. The latter value depends weakly 

on the EPR registration frequency that is evidence of strong spin-spin interaction in the 

polyaniline sample studied. 
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Crystals of the perovskite type ABFB3 B (A = Cs P

+
P, B = Ca P

2+
P) are promising materials for 

practical applications and good model systems for the corroboration and development of the 

theory of electron-nuclear interaction between impurity rare-earth ions and  magnetic 

moments of ligand ions in the nearest environment (transferred hyperfine interaction - THFI). 

EPR and preliminary optical investigations on CsCaFB3 B crystals doped with Yb P

3+
P ion revealed 

several types of paramagnetic YbP

3+
P centers including one in an unusual 12fold-coordinated 

position [1]. This paper presents further experimental results obtained by ENDOR, optical 

spectroscopy and theoretical studies of the THFI of YbP

3+
P in this matrix. 

CsCaFB3 B : YbP

3+
P single crystals were grown by the Bridgman-Stockbarger method in 

graphite crucibles in a fluorine atmosphere adding 1.5 mol.% of YbFB3 B to the melt. The 

concentration of YbP

3+
P reulting in the sample was approximately 0.01%. Experiments were 

carried out using an X-band spectrometer Bruker ESP300E at T = 4.2 K. 

The ENDOR experiments were performed on the trigonal Yb P

3+
P center. In order to 

establish exactly the correspondence between the resonances observed and the respective 

fluorine nuclei angular dependencies of the ENDOR spectra in the (001) plane were measured 

and from that values of the THFI parameters determined. A structural model of the center was 

determined. 

Parameters of crystal fields are used to analysis distortions of the crystal lattice in the 

vicinity of Yb P

3+
P. Within the limits of the superposition model it is established that three FP

- 

Pions of the nearest cubic surrounding symmetrically placed respective the third-order axis 

from the side of the vacancy, under formation of the trigonal center are somewhat approach 

the impurity ion and deviate from the CB3 B-axis. The second set of three fluorine ions also 

approaches the YbP

3+
P but, on the contrary, comesP

 
Psomewhat closer the CB3 B-axis. 

The obtained distances are used in the theoretical evaluation of the THFI parameters. 

which was carried out basing on the bonding mechanisms of rare-earth ion to ligands 

developed in [2, 3]. In these calculations the covalency parameters for the electron transfer 

from the ligand to the rare-earth ion calculated ab initio are used for the first time [4]. 
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CALCULATIONS OF RATE CONSTANTS OF THE BIMOLECULAR SPIN 

EXCHANGE BETWEEN PARAMAGNETIC PARTICLES IN A CASE OF A 
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UA.E. MambetovU, K.M. Salikhov 

Kazan Physical-Technical Institute, Kazan, Russia 

e-mail: mambetov@kfti.knc.ru 

Spin exchange between paramagnetic particles plays an important role in many occasions. 

It is one of the model processes of chemical physics (see, e.g.,[1]). For example, this process 

is an elementary act of the spin polarization transfer in diluted mixed solutions of molecules 

in the spin polarized triplet state and stable free radicals [2].  

Bimolecular spin exchange was comprehensively studied theoretically in the case of 

paramagnetic particles with spin 1/2. Rate constants were calculated for two models: the 

sudden collision approximation and the diffusion passage of the interaction region [1, 3]. For 

paramagnetic particles with S>1/2 the spin exchange rate constants were found theoretically 

only in the sudden collision approximation. In this report we present the results of our 

calculations of the bimolecular spin exchange rate constants when paramagnetic particles 

possess arbitrary spins and the colliding particles cross the interaction region in a course of 

mutual diffusion of the colliding particles. The general expressions are reduced to useful 

formulae for some particular cases. 
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DISTRIBUTION OF MAGNETIC FIELD IN ANISOTROPIC SUPERCONDUCTORS 

WITH NONREGULAR VORTEX LATTICE 
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EPR and NMR experiments, muon spin rotation measurements, Bitter pattern 

experiments, and the application of the magnetic force microscope as well as scanning Hall 

probe experiments give a detailed information about the magnetic field distribution h(r) of the 

flux lattice near the surface of superconductor. These experiments call for a simple theory 

allowing the calculation of h(r). One of possible may for treating of vortex line structure was 

suggested by Clem in a model with a fit function for the order parameter. This model works 

very well for a sole vortex, but for a vortex lattice this model contain some difficulties due to 

necessity to allow a vortex-vortex interaction. For the large Ginzburg-Landau parameter κ it 

can be done using the London's equation. A vortex core is described usually by the two-

dimensional δ-function with a divergence at the vortex center. In particular, these equations 

had been used previously to calculate the magnetic field distribution in the bulk of 

superconductor and near its surface both inside and outside of the superconductor boundary 

[1]. 

Unfortunately, solutions of the mentioned equations have an obvious defect: the magnetic 

field h(r) diverges at the core centers. The removal of these divergences for a single vortex 

and for the vortex lattice of the infinite superconductor is quite simple, the solution has to be 

truncated at the vortex core of the radius ∼ξ (ξ is the coherence length). However, the 

corresponding procedure is not evident near the surface of a finite superconductor, especially 

outside of the superconductor. On the other hand it is clear, that the divergences appear due to 

oversimplified ways of incorporating of the vortex core structure into the London's equations. 

We improve this procedure on the basis of the London’s equations and using a standard 

vortex core model. As a result we derive modified London's equations, which allow to 

calculate the magnetic field h(r), having no singularities, at any point in and outside 

superconductor. 

So, the modified London's equation for the magnetic field h(r) of the vortex lattice takes 

the following form: 

( ) .1
zii

ehrotroth ζρρδ
κζ

−−=+ ∑     (1) 
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Consider a solution of equation (1) for the vortex lattice in a superconductor, occupying 

semispace z≥0 (z<0 relates to vacuum) and H=H(0,0,H). For the Fourier-components hBGB we 

have: 
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where ψBGB is the Fourier-component of ψ. 

The solution of equation (2) takes the form (with accounting to standard boundary 

conditions for the magnetic field on the superconductor-vacuum boundary): 

a) hBGB -within superconductor (z ≥0): 
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b) hBGB -outside superconductor (z<0): 

).exp(),exp( 001,, GzdhhGzhGidGh G
z
GG

yxyx
G == −  (4) 

At z -∞ h=H, H= z
Gh = 0

0=Gh  (=ϕB0 B/SB0 B, if to return to the usual units; ϕB0B is the flux quantum). 

At z +∞ z
Gh = 0

Gh , 0
Gh  equal to the Fourier-components of h(ρ) of the infinite superconductor, 

if the vortex lattice is represented as a superposition of Abrikosov's vortex lines with normal 

core of a radius ζ. As expected, the result of solutions takes the form of the solution of the 

London’s equations with singularities at vortex centers given in [6], if to put JB0 B(ζG)=1.One 

can see that 0
Gh  has improved asymptotic behavior in G-space, so that the Fourier set, 

representing 0
Gh , converges at any point of space. 

That equation (1) may be easily generalizing for anisotropic superconductor. For 

example, if H is parallel to the symmetry axis of anisotropic superconductor, it will be 

sufficient to perform a scale transformation along this axis. 

So, for anisotropic superconductor we have: 
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( ) .1
ziijiij ehhrotrotm ζρρδ

κζ
−−=+ ∑     (5) 

where mBijB– mass tenzor. 

We can solve of equation (5) for anisotropic superconductor in a case when a vortex is 

displaced. The map of distribution of local magnetic field in regular vortex lattice is presented 

in fig.1. The map of distribution of local magnetic field in a case when a vortex is displaced is 

presented in fig.2. 

 

 
Hence, we can see that displacement of the flux line lattice essentially changes the 

distribution of local magnetic field. The account of such changes for all space of a 

superconductor when each vortex is displaced on any distance aBi B, can give information about 

the real vortex lattice of a superconductor. 

We can say, that all calculations were carried out in the framework of two-dimensional 

model of vortex. However, these equations and some other procedure of calculation let us  

construct the model of three-dimensional pinning. 

This work was supported by a grant CRDF REC 007. 
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Fig. 1. The map of distribution of local 

magnetic field in regular vortex lattice. 

Fig. 2. The map of distribution of local 

magnetic field in a case when a vortex is 

displaced on small distance a(1/20,0). 
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There is a large amount of methods for the measurement of the of the nitric oxide (II) 

(NO) production in biological systems. However, the exact measurement both stationary 

concentrations of NO and the velocities of its generation in biological systems is a difficult 

problem because of low activities of NO-synthases, small times of life and low values of 

stationary concentrations. The spectrophotometric method and methods, based on the spin-

echo coupling possess a comparatively high specificity and sensitivity to NO. Method of the 

spin-echo coupling is based on the reactions of the radical (in this measurement - NO) with 

the spin-echo trap. One of the main advantages of this method is a possibility of detection of 

NO complexes with molecules from biological samples. The EPR measurements were 

conducted on samples of heart, liver, kidney, pancreas, blood vessel and blood at the 

temperature of the fluid nitrogen. During the coupling of NO with lipophylic trap DETC there 

were formed the paramagnetic mononitrozyl complexes of iron (MNCI) with DETC, 

characterised by EPR signal with gB⊥ B= 2,036, gB⏐⏐B = 2,01 and extrathin and tryplete structure 

under gB⊥B. Besides the EPR spectra from MNCI-DETC we also observed the signals from free 

radicals under g ≈ 2,0 and recalled iron-coupling proteins under g ≈ 1,94. Most of the 

measurements were conducted on tissues of heart, livers and pancreas, because tissues the 

EPR spectra were the most intensive in these. Particularly intensive EPR signal was found in 

MNCI-DETC of rat livers. The EPR signal from blood vessel was nearly 10 times less 

intensive compared with the signal from liver. The received results is pointed to the 

perceptiveness of a method of EPR-spectroscopy for determination of the NO contents in 

biological tissues. 

Supported by RFBR, grant N 03-04-96257 and NIOKR RT 03-3.1-243. 
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NUMERICAL CALCULATIONS OF THE ELECTRON SPIN POLARIZATION FOR 

SEQUENTIAL RADICAL PAIRS IN MICELLES 

UA.R. MursalimovU, K.M. Salikhov 

Kazan Physical-Technical Institute, Kazan, Russia 
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Photochemical reactions do often proceed via a sequence of radical pair or ion-radical 

(electron-hole) pair states. The very well-known example is charge separated states in 

photosynthetic reaction centers. There were carried out simulations of time-resolved EPR 

spectra of sequential radical pairs in reaction centers. It was shown [1] that  by analyzing the 

shape of polarization pattern of the subsequent radical pair PB700PB

+
PQBKPB

-
P one can determine the 

lifetime of the preceding pair PB700PB

+
PAB0 PB

-
P and the exchange integral (a sign and a value) in that 

pair. This approach was used to find the lifetime and the exchange integral for PB700PB

+
PAB0 PB

-
P in 

M688L (PsaA) mutant reaction center. In reaction center co-factors do not diffuse, so that the 

distances between partner radicals and exchange interaction between two radicals in a pair are 

fixed. 

Here we have analyzed the spin polarization pattern of two sequential radical pairs in 

micelles. In contrast to reaction center case, in micelles mutual diffusion of radicals 

stochastically modulate exchange interaction between partner radicals in pairs. It was 

supposed that exchange integral depends exponentially on the distance between radicals. We 

have analyzed whether for reactions in micelles the spin and molecular dynamics in the 

primary radical pair can be subtracted from the EPR spectrum of the secondary radical pair.  
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SURFACE NMR: SENSORS DEVELOPMENT AND INVESTIGATION OF 

ELASTOMERS 
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1. Introduction 

After exposing by thermal stress on rubber samples  a spin-spin relaxation times have 

been measured by spin echo decay method. Dependence of amplitude of a single spin echo, 

measured at a fixed echo-time on the time, which is told below, have been obtained. 

Moreover, improved surface NMR sensor was used and comparison between results obtained 

by using convenient NMR system and this sensor has been conducted. 

2. Results and discussion 

To investigate structural-dynamic properties of elastomers [1] the following experiment 

has been performed. The rubber samples had being exposed to thermal treatment during fixed 

period, and just after that the time of spin-spin relaxation was measured by spin echo decay 

method using surface NMR sensor. All measurements were taken periodically during an hour 

after the thermal shock to observe changes of the polymer network dynamics. 

Macromolecules can be in different conformations during thermal motion. Transition 

between conformations usually happen by internal rotation of polymer links around single 

bounds. It is nearly impossible for a free rotation in a real molecule of elastomer, since 

approaching lateral groups in the links affect on transition of attraction into repulsion force. 

Moreover, the slow down process of free rotation takes place also by interaction of the chain 

the link with surrounding links of another polymer’s chains. Therefore, there exists a 

potentional barrier that reduces internal rotation. 

The dependence of spin echo amplitudes on the time passed from a thermal stress has 

shown the fast initial decay (Figure 1.). So we observed the clearly defined minimum due to 

decreasing of links mobility. We suppose that this minimum of stiffness is caused by the 

minimum of potential energy of molecular conformations. Probability of the rest transitions to 

higher levels depends on oscillatory motions of rather big atomic chains and rotational motion 

of functional groups, mostly lateral. These transitions, observed as the rest increase of the 
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spin-spin relaxation time are considered as the result of two factors: energetic (overcoming of 

intermolecular interaction) and entropic (increase of polymer chains flexibility). 

 

Figure 1: Dependence of amplitude of a single spin echo, measured at a fixed echo-time on 
the time, passed from thermal stress. 
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NEW PROGRAMS WITH THE WYSIWYG INTERFACE FOR SIMULATION 

OF EPR SPECTRA NITROXIDE SPIN-LABEL 
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As the performance of personal computers grows and calculating methods use in 

considerable amount of works, the deficiency of programs for simulation of EPR spectra with 

the friendly interface under the most popular operational systems of Microsoft Windows 

family was formed. The advantage of such programs in comparison with the most calculation 

modules, using out-of-date operational system MS-DOS, is evident because they do not 

require long training of users and there is opportunity to manipulate usual for the majority of 

users WYSIWYG (“What You See Is What You Get”) interface. Besides that Microsoft 

Windows allows usage of memory space limited only by the hardware. 

The present program (S_imult 5.1) carries out simulation of EPR spectra using the model 

in which spin-label take part of two kinds of movement (fast and slow) simultaneously. 

It is possible to get full identity of calculated and experimental spectra for a wide range of 

initial parameters if the distribution on positions of a spin-label for all possible states (depend 

on the nearest environment) is assumed.  

Except for nitroxide radical three-component magnetic tensors values, three dynamic 

parameters S, k (set a direction of an oscillation axis) and α (determines a corner of nitroxide 

oscillation) are entered. The program is integrated with the most widespread computing 

packages for processing the spectral data. The calculation model covers three experimental 

cases of sample preparation: in a solution, in a "powder" condition and in crystal state.  
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In recent years nanostructural magnetic materials have been the subject of intensive 

scientific investigation due to their promising technical application. One of the effective 

methods for a granular metal-containing thin films formation is ion beam synthesis (IBS). 

Using IBS ferromagnetic nanostructural films in polymer matrix have been produced [1]. In 

this work, the results of magnetic radio-spectroscopy investigation of the films ion-

synthesized in polymethylmetacrylate (PMMA) are presented. 

The samples of chemically modified phosphorus-containing PMMA, deposited by 

centrifugation on a silicon substrate, were implanted with 40 keV FeP

+
P ions at ion current 

density of 4 µA/cmP

2
P, the dose of implantation being 1.2⋅10P

17
P ion/cmP

2
P. At this dose variously 

shaped and sized fine-dispersed particles are formed in a near-surface layer [1]. The results of 

transmission electron microscopy (TEM) revealed that along with fine particles of ~ 20 nm in 

diameter one can distinguish conglomerates of particles with sizes more than 600 nm. 
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Magnetic properties of produced samples were investigated by using “Varian – E12” 

radiospectrometer with working frequency 9.5 GHz at room temperature. A complicated 

magnetic resonance spectrum was observed (Fig.1). The spectrum consisted of a sufficiently 

broad (~500 Oe) anisotropic absorption line and a set of narrow low-intensity lines. Intensive 

broad line showed a strong angle dependence of resonant field from sample orientation with 

respect to external magnetic field. The character of such dependence testifies that a thin 

ferromagnetic film in a near-surface layer has been formed, therefore, the observed 

anisotropic absorption line represents a ferromagnetic resonance one. A peculiarity of 

obtained spectra lies in a presence of great amount of narrow lines similar to ordinary noise. 

However, unlike instrumental noise, which is a low-intensity signal varying with every 

spectrum registration, observed noise-like lines have an amplitude several orders of 

magnitude higher than actual noise and are repeated in independent series of the registration 

(Fig.2 a,b). It must be emphasized that spectrum is repeated with high accuracy only when the 

position of the sample in the cavity is invariant during following number of experiments. A 

turn of the sample en on several degrees completely modifies noise-like spectrum (Fig.2 c). 

It is well-known [2] that for FMR the position of a resonance line is described by Kittel’s 

formula  

 
2

2
0 0cos( ) cos2 cos( ) cosRES

H eff H effH H H Hω θ θ θ θ θ θ
γ

⎛ ⎞ ⎡ ⎤⎡ ⎤= − − − −⎜ ⎟ ⎣ ⎦ ⎣ ⎦⎝ ⎠
 (1), where 

НB0 B and ωBRES B – resonance magnetic field and resonance frequency, respectively, 

γ - gyromagnetic ratio, 

HBeffB – field of effective anisotropy, 

θ and θBHB – angles between normal to the surface and direction of magnetization and external 

magnetic field, respectively. 

For thin films, when θ=θBHB that often takes place in sufficiently high magnetic fields one 

can put down the expression for different orientation of the film in external magnetic field as 

  B

2

0 0( 4 )RES
SH H Mω π

γ
⎛ ⎞

= ⋅ +⎜ ⎟
⎝ ⎠

  Bfor H B0B⊥n (2) 

0 4RES
SH Mω π

γ
⎛ ⎞

= −⎜ ⎟
⎝ ⎠

    for H B0B⎢⎜n (3),  

where n – normal to the film surface, 

MBS B – saturation magnetization of the sample. 
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It is evident that when H⎢⎜n a resonance line shifts towards higher magnetic fields and 

otherwise when H⊥n it moves to the lower magnetic fields. Similar behavior of broad 

intensive absorption line is observed experimentally in registered spectra. Therefore, our 

assumption about the formation of thin ferromagnetic film in near-surface layer is correct for 

the system under study. It may be concluded that formation of flat conglomerates of particles 

with size 600 nm or more determines the appearance of a broad ferromagnetic resonance 

anisotropic line. The value of saturation magnetization calculated from (2) and (3) for the 

sample distinguishes from the theoretical value for bulk α-Fe. This assumption becomes 

apparent from the experiment when the distance between the positions of broad absorption 

line in different orientations of the sample in magnetic field turned out to be less than in 

theoretical calculations. The fact signifies that after implantation either ferromagnetic solid 

solutions or metal oxides are formed. 

TEM patterns showed that near-surface layer consists not only of conglomerates but also 

separate particles of ~ 50-200 nm. Those particles possess ferromagnetic nature and can give 

individual resonance absorption line in spectrum that can be registered by spectrometer. In 

fact spectrometer sensitivity for ferromagnetic resonance is ~ 3 orders higher than for 

paramagnetic resonance. Rough estimate of minimal spherical iron particle size, signal from 

which may be registered by spectrometer, gives the value ~ 100 nm. Thus, it is possible that 

ion-synthesized iron particles of that size are responsible for the appearance of noise-like 

spectra. 

The difficulty of noise-like spectra investigation is connected with relatively low intensity 

noise-like signal in comparison with broad intensive line. To gain a better understanding of 

observed phenomena a computer program for spectra smoothing with averaging interval more 

than width of narrow noise-like lines and following subtraction of smoothed component from 

original spectra has been written. This operation was applied for obtained spectra and certain 

features were revealed (Fig.3). 

It should be mentioned that a narrow intensive absorption line in the field HB0 B~3400 Oe 

(line “holder” in Fig.3) is not connected with the sample under investigation but this is a 

signal from the sample holder. The rest of the registered lines belong to the sample. One of 

the important fact is that all narrow lines in both spectra are situated in the interval between 

the positions of broad absorption lines recorded for θ=0P

0
P and θ=90P

0
P. It can be explained by 

two reasons. First, the particles responsible for narrow lines have a different shape varying 

from sphere-like to oblate/prolate-like forms. Second, the orientation of nanoparticles in the 

film is various.  
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Fig.3 shows that noise-like 

spectra in two extreme positions of 

the sample with respect to the 

magnetic field differ negligibly. 

This fact indicates that oblate-

shaped particles variously oriented 

regarding the film plane are 

presented in the near-surface layer 

with equal angle distribution. 

Experimentally observed high 

density of absorption lines in lower 

fields (H~2800 Oe) in comparison 

with higher fields can be explained 

by nonlinearity of Kittel’s formula 

(1) regarding the angle between 

direction of magnetization and axes 

of particles. It follows that when 

angle θ is close to 90P

0
P distance in the magnetic field between two absorption lines from 

individual particles is less than when θ is near zero. Therefore, as a result of individual lines 

superposition the intensity of the signal in small fields arises.  

In the samples of chemically modified phosphorus-containing PMMA during 

implantation with FeP

+
P ions under certain conditions a complicated granular nanostructure is 

formed. The spectra of ferromagnetic resonance consists from a broad strongly anisotropic 

line, which is due to flat big conglomerates of particles behaving in magnetic relationship as 

thin ferromagnetic film, and from a set of narrow noise-like lines, which are determined by 

signals from relatively big (~ 50-100 nm) individual weakly interacted oblate-shaped 

particles. The shorter axes of the particles are oriented at various angles to the surface of the 

sample and this angle distribution is equiprobable. The magnetic characteristics of produced 

near-surface layers may be explained by formation of ferromagnetic phase differing from bulk 

α-Fe and also by presence of radiation-induced defects. 

References 

[1] Petukhov V.Yu. et al.: Polymer Sci. Ser. A. 43, 1154 (2001). 

[2] Kittel C.: Phys. Rev. 65, 155 (1948). 

holder 

a) 

b)
H, Oe

Fig.3. Noise-like magnetic resonance spectra of 
PMMA implanted with Fe P

+
P after subtraction of 

smoothed component a) H⊥n b) H⎢⎜n 



POSTER SESSION PS30 

75 
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SPECTRUM OF A MAGNETO-DIMENSIONAL RESONANCE 

UE.A. ProkofevaU, A.V. Kovalenko 

Department of Radiophysics, Dnepropetrovsk National University, Nauchnaya street 13, 

Dnepropetrovsk, 49050, Ukraine 

e-mail: proelen@ua.fm 

Using magneto-dimensional resonance (МDR), earlier [1] we investigated physical 

characteristics of crystals InSb. The typical kind of spectra МDR for such samples is 

submitted on fig. 1.  

 

 
Apparently from rice 1 resonances B and C - magneto-dimensional, they have been 

described  earlier [2,3]. In the given work we have concentrated the attention on structure of a 

dimensional-independent resonance (fig. 1, A).  

Our researches were carried out on compensated crystals InSb with concentration of 

carriers of a charge 2*10P

13
P ÷ 10P

17
P sm P

-3
P by means of radiospectrometer EPR "Radiopan" in a 

three-centimetric range of lengths of waves.  

To get rid of dimensional and plasma effects, we have formed the samples of disks with 

thickness ~ 0,1 mm and radius ~ 0,5 mm. The crystals were located in the resonator of a 
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Fig. 1  The general view of spectrum MDR: 
           A - a dimensional-independent resonance, 

B,C - the first and second magneto-dimensional  resonances. 
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Fig.3 Spectrum of " a 
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Fig. 2 The spectrum of a dimensional-independent resonance: 
1 - electronic paramagnetic resonant radiation; 

   2 - electronic paramagnetic resonant absorption; 
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radiospectrometer in such point, where the magnetic component of superhigh-frequency field 

(SFF) НB1B is maximal  and НB1 B ⊥ Н, and the electrical component of SFF ЕB1 Bis minimal and 

ЕB1 B ⎟⎟ Н. 

In this case for samples 

InSb of the small sizes 

in low magnetic fields 

(Н = 10 ~ 3000 e) the 

first derivative of a 

spectrum of absorption 

represents a symmetric 

single wide line ∆ НBmax B 

= 1500 е (fig. 2, line 

1). Thus if to carry out 

registration of such line 

simultaneously with a 

reference sample which 

gives narrow line EPR - absorption (DFPG, crystal ZnS:Mn2 +), EPR - the signal of 

absorption always is in an antiphase with a wide line.  

In our disposal there were crystals ZnS:Fe, in which the ions of an impuriti of iron (FeP

2+
P) 

are given a narrow line EPR - by absorption with the g-factor equal  2,032 (fig. 2, line 2). In 

small crystals ZnS:Fe the wide line also is in antiphase with a line EPR, caused by ions of an 

impuriti of iron (FeP

2+
P). Above told allows to make the assumption, that in small on the size 

crystals InSb the wide single line represents not a line of resonant absorption of SFF - 

capacity, as in a case EPR, and resonant radiation of SFF - 

capacity.  

That fact, that we dealed with radiation, proves to be 

true and registered current of the SFF - detector: during 

record of a wide line the current of the SFF - detector was 

increased on 20 ÷ 30 %, depending on the dimension of 

samples. 

During registration of a line EPR - absorption the 

current of the SFF - detector decreased. At research of 

spectra MDR in the field of magnetic fields about 60 е the 
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narrow resonant signal (fig. 3) was registered small on intensity.  

Width "of a narrow resonant signal " is equal ≈  1 е, the g-factor is equal 98,3.  

The value of the g-factor does not change at change of concentration, that specifies that 

the electrons belong to a zone of conductivity.  

The intensity of the given signal poorly depends on a level of SFF - capacity.  

Considering a phase of the given signal, it is possible to make a conclusion, that it 

concerns to a signal of radiation. 

Thus, it is possible to assert, that at a spectrum of a magneto-dimensional resonance of a 

resonance there is dimensional-independent of a component, which concerns to electronic 

paramagnetic to resonant radiation. 
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The dynamics of dense atomic ensemble in coherent radiation fields differs from that 

would be displayed by the individual constituent oscillators. The classic example of this is the 

Lorentz-Lorenz shift, which results in a shift of the resonance frequency of a dense material. 

This shift arises because the electric field at a given oscillator is modified by the reradiated 

field from all of the other oscillators in the medium. As a result, interaction of the system with 

the coherent field occurs on the red wing of the spectral line. The very interaction among the 

oscillators is the key phenomenon in dense resonant media, changing to a considerable extent 

the behavior of a system of coupled atoms in a field of coherent light in both stationary and in 

nonstationary regimes. 

The main goal of this paper is to study the effect that may be exerted by an interatomic 

dipole-dipole interaction (DDI) upon optical transient processes and, in particular, upon the 

character of the free induction (FI) decay and echo phenomena in dense resonant media. 

Specific features of spontaneous responses in such media are that all of them are phase 

modulated with the oscillation frequency varying with time and being dependent on the DDI 

constant, on the detuning of the exciting pulse carrier frequency from the resonance δ , and 

on the pulse intensity and its spectral width. The law and rate of the FI signal relaxation also 

depend on the ratio of the above parameters. The decay of the FI signal in time may occur 

either by the power or by the exponential law, depending on the value of total detuning 

Lδ ω+ , where Lω  is the Lorentz frequency. The FID peculiarities in media with 

homogeneous and inhomogeneous broadening as a function of spectral linewidth are 

discussed. At that, the excitation induced dephasing processes and other relaxation canals are 

taken into account. The conditions for single pulse photon echo (PE) generation are analysed. 

It is shown that in media with DDI such an echo can be excited by pulse at the smaller pulse 

area than it is necessary for its generation when the DDI is negligible. Besides, multiple 

signals of such an echo-response as shown in Fig. can be generated.  
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note one of remarkable peculiarities connected 

with possibility of observation of signals under 

different phase matching conditions. The 

observation time of these signals is also 

different. When such relaxation canal as up-

conversion process becomes significant, it 

results in not only the signal amplification but 

cceleration of its observation time. The possibility of echo-like responses generation in 

omogeneously broadened dense media and their registration by phase sensitive methods are 

iscussed. The conditions of experimental realization of above-mentioned results in dense Yb 

apors are analyzed. 
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Introduction 

The suggestion of using dielectric Van Vleck paramagnets for dynamic polarization of 

nuclei liquid P

3
PHe was done in work [1]. However, attempt of use for this purpose fine-

dispersed powder LiTmFB4 B has come across serious obstacles [2].  

Dielectric Van Vleck paramagnetic PrFB3 B has two main advantages in comparison with 

LiTmFB4 B. First, crystals PrFB3 B have cleavage planes and therefore it is possible to expect, that 

surfaces of a crystal powder will be atomically-smooth. Second, two of three component of γ-

tensor of nuclei P

141
PPr  (γBx B/2π=3.322 кHz/Oe, γByB/2π=3.242 кHz/Oe) have the values close to 

gyro-magnetic ratio of nuclei liquid P

3
PHe (γ/2π=3.243 kHz/Oe). So, it is possible to achieve 

more coincidence of zeeman levels of energy of nuclei Van Vleck ion and nuclei liquid P

3
PНе in 

case of powder samples. 

Samples 

As samples, fine-dispersed crystal powders LaFB3 B and PrFB3 B have been chosen. 

Characteristic sizes are 45-56 microns and 1 micron. Samples have been prepared by 

mechanical grinding of crystal LaFB3 B in sapphire mortars. Researches of a crystals (from which 

samples have been prepared) on the maintenance impurity paramagnetic ions by ESR method 

have shown, that it contains in quantity no more than 0,001%  paramagnetic ions Gd P

3+
P.  

The LaFB3B crystal is similar on a structure to PrFB3B crystal, however, it is diamagnetic, 

consequently has no cross-relaxation effects. Thus, in nuclei P

3
PHe relaxation times comparing, 

taking place in contact with these crystal powders, it is possible to find out existence of a 

resonance magnetic coupling. 

System LaFB3 B- P

3
PHe 

Spin-lattice and spin-spin relaxation times of nuclei P

3
PHe have been measured at various 

resonant frequencies and temperature T = 1.5 K by using spin echo method. 

Appeared, that in fineer powder, the relaxation of nuclei P

3
PHe proceeds more faster. 

Longitudinal relaxation rate of nuclei liquid P

3
PHe increases in 3-4 times in a submicronic 
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powder (see fig. 1). This is the effect of interaction surface increasing and changing geometry 

of medium of nuclei P

3
PHe. It is 

necessary to note, that frequency 

dependence of longitudinal relaxation 

rate submits to the decreasing 

exponential law with characteristic 

parameter about 8 MHz. Dependence 

of longitudinal relaxation rate on 

frequency is linear (see fig. 2). 

Transverse magnetization decay is 

described by one exponent (fig. 3). 

System PrFB3 B- P

3
PHe 

In this work nuclei P

141
PPr, P

19
PF and P

3
PHe relaxation in system PrFB3 B - P

3
PHe and in "dry" powder 

PrFB3 B was studied. Field dependence of intensity of spin echo signal (see fig. 4) has been 

measured at frequency of 19,5 MHz. Used durations of RF-pulses are following: first 

sequence gave the maximal signal of nuclei P

141
PPr, the second sequence – maximal signal of 

nuclei P

3
PHe. According to this field dependences, there are contributions to a signal of nuclei 

P

3
PHe, nucleiP

 19
PF, also there is a contribution of nuclei P

1
PH which are situated in surrounding 

subjects, in glass ampoule, in coil. As against them, the signal of nuclei P

141
PPr is present in a 

wide range of an external constant magnetic field. 
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 Fig. 1. Longitudinal relaxation rate of 
nuclei 3He in contact with powders LaF3 

in dependence on frequency 

Fig. 2. Transverse relaxation rate of 
nuclei P

3
PHe in contact with powders 

LaFB3 B in dependence on frequency 
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Fig. 3. Transverse magnetization decay of 
nuclei P

3
PНе in contact with LaFB3B (<1 mkm) 
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Fig 6. Transverse magnetization decay of 
nuclei P

3
PHe in system PrFB3 B (<1 mkm) - 

liquid P

3
PHe 

This dependence shows, 

that cross-relaxation effects 

should be observed between 

nuclei P

141
PPr and nuclei P

3
PHe, 

and between P

141
PPr and P

19
PF. So, 

it is system with three 

connected spin systems. Also, 

echo width dependence on 

delay time between RF-pulses 

was measured. This 

dependence has been 

measured with using pulses 

that provide for the maximal 

signal at a P

3
PHe resonant 

magnetic field (fig. 5). Contributions to spin echo signal are following: signal of nuclei P

141
PPr 

with narrow width and more slowly decreasing than P

141
PPr signal – signal of nuclei P

3
PHe with 

wide width.  

According to experimental data, relaxation of P

3
PHe in contact with PrFB3 B powder turned out 

to be unusual. Transverse magnetization decay is described by two exponential function 

(fig. 6). 

In this case, interference of signals of various nuclei is observed in system PrFB3 B - P

3
PHe. At 

observing relaxation of P

3
PHe, the contribution to a signal is also given by nuclei P

141
PPr. On fig. 6 
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Fig. 4. Field dependence of intensity of spin echo 
signal of system PrFB3 B – liquid P

3
PHe. 
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transverse magnetization decay of system is submitted, and duration of pulses and magnetic 

field are adjusted to a resonance of P

3
PHe. Transverse magnetization decay is the sum of two 

exponent functions, first of which is formed by signal of nuclei P

141
PPr, the second corresponds 

to signal of nuclei P

3
PHe. In fact, transverse relaxation time of nuclei P

141
PPr in "dry" powder PrFB3 B 

is the same as in contact with P

3
PHe. 

Conclusions 

Experimental data testify that in the given system there are two types of cross-relaxation 

effects: intracrystalline between nuclei P

19
PF and P

141
PPr, and on border of two mediums (solid 

and liquid) between nuclei P

3
PHe and P

141
PPr. Experimentally investigated relaxation processes for 

nuclei P

3
PHe, P

19
PF and P

141
PPr in system PrFB3 B - liquid P

3
PHe. 

Acknowledgements 

This work is supported by RFBR (grant N 02-04-16800), BRHE (REC-007) and 

Scientific Program "Universities Of Russia" (grant N 01.01.010). 

References 

[1] M. S. Tagirov, D. A. Tayurskii. – JETP Lett., 61, 652 (1995) 

[2] V. V. Naletov, M. S. Tagirov, D. A. Tayurskii. – Low Temp. Phys., 28, 431 (2002) 



POSTER SESSION PS33 

84 

DIRECT OBSERVATION OF INTERCENTER CHARGE TRANSFER PROCESS 

IN SEMI-INSULATING 4H SIC MATERIAL BY PHOTO EPR METHOD 

UD.V. SavchenkoU, S.N. Lukin, E.K. Kalabukhova 

Institute of Semiconductor Physics National Academy of Science of Ukraine, 03028, pr. Nauki 45, 

Kiev, Ukraine. 

e-mail: katia@i.kiev.ua 

Abstract 

We present direct observation by photo EPR method the temperature induced intercenter 

charge transfer process occurring in the high purity semi-insulating (HPSI) 4H SiC material. 

Intercenter charge transfer process between a series of deep donor like defects are shown to be 

efficient when quasi Fermi level is moving towards the middle of the band gap with 

increasing the temperature. Decay kinetics of persistent photoconductivity in HPSI 4H SiC 

after photoexcitation has terminated was studied. The intercenter charge transfer process is 

shown to represent an important shunt for the carrier recombination process in HPSI 4H SiC 

material. The possible electronic model for trapping recombination process in HPSI 4H SiC is 

discussed. 

Introduction 

It is well know that trapping and recombination (TR) of non-equilibrium charge carriers 

at defects and impurity levels are among the most important processes in semi-conductor 

physics and technology. An understanding of these processes is essential for device 

development with SiC. Therefore the objective of the present project was to establish the role 

of deep centers in the trapping and recombination process occurring in HPSI SiC. 

Experimental Details 

Several samples of HPSI 4H SiC samples were investigated by EPR in the temperature 

range from 77 K to 145 K at the 37 GHz. The photo-EPR experiments were performed using 

a 250 W high-pressure mercury vapor lamp and a 100 W halogen lamp combined with 

interference filters for a wavelength range of 380 nm to 1000 nm. 

EPR Results 

Fig.1 shows the EPR spectrum observed in a series of undoped HPSI 4H SiC samples at 
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37 GHz and 77 K in the dark and under 

illumination of the sample with band gap light for 

B⊥c. In the dark EPR spectrum consists one single 

line labeled X due to the intrinsic defect located in 

the upper half of the band gap approximately at 

1.15±0.06 eV below EBC B [1]. When the sample is 

illuminated with above band–gap ultraviolet (UV) 

light (Fig. 1 b), the EPR lines of boron on the 

hexagonal IBh PB

B
P and cubic site, IBcPB

B
PB,B and nitrogen on 

cubic site, IBcPB

N
P, which is easily recognized by the 

characteristic three line hyperfine pattern appear 

and persist in EPR spectrum after the illumination 

is removed, showing a very small recombination 

rates of photocreated electrons and holes at T = 77 

K [2]. Fig. 2 shows the time characteristics of the 

photo-carriers captured by nitrogen and boron 

levels. As was seen from Fig. 2, time 

characteristics of the photo-carriers captured by 

nitrogen and boron levels consist of the fast and 

slow component of decay curves. Due to the similar behavior of the fast component of decay 

curves for the carrier concentration captured by nitrogen and boron energy levels indicates 

that the fast component is responsible for the recombination process between nitrogen and 

boron. The slow component of decay curves for the photo-carriers captured on the nitrogen 

Fig. 1. EPR spectra photoresponse in 
HPSI 4H SiC sample measured at 37 

GHz and 77K. 
a. dark; b. illumination with UV 

light; c. 26 h after the light is 
switched off. BB0 B⊥c 
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and boron levels have the different behavior and could be caused by the existence of trap level 

in the forbidden band. This conclusion is supported by the appearance of the single EPR line 

due to intrinsic defect labeled P in the dark after photoexcitation is removed and nitrogen EPR 

line decays to about 0.3 of its light–on value (Fig. 1 c). Electrons from nitrogen energy level 

recaptured by trap level labeled P where the lifetime of the trapped electrons is very long and 

recombination process between electrons captured by trap and holes captured by boron can be 

neglected which is supported by slow component for boron center. The P center has been 

previously studied in detail in HPSI 4H SiC and identified as deep donor-like defect located 

in the upper half of the band gap approximately at 1.15±0.06 eV below EBC B [1, 2]. Thus, the 

intercenter charge transfer process is shown to represent an important shunt for the carrier 

recombination process in HPSI 4H SiC material. 

Intercenter charge transfer process between a series of deep donor like defects was 

discovered to be efficient when quasi Fermi level is moving towards the middle of the band 

gap with increasing the temperature. Fig. 3 shows the temperature evolution of EPR spectrum 

observed in HPSI 4H SiC sample preliminary illuminated by UV light and afterwards keeping 

26 h in the dark when EPR lines of nitrogen 

practically vanished in EPR spectrum. After the 

first stage of the heating up to 102 K EPR 

spectrum of boron disappears and simultaneously 

EPR line of P defect is appeared in EPR 

spectrum. 

The second stage of the heating up to 113 K 

leads to ionization of the carriers both from boron 

and P defect energy levels and as a result their 

EPR spectra are vanished at 113 K. The free 

electrons are recaptured by the level at which the 

Fermi level is locked at given temperature. As 

was seen from Fig. 3, a new EPR line labeled L 

with ∆HBpp B(L) = 1.65 G appeared in EPR spectrum 

at 86 K. 

The g-factor of L-line defect EPR line 

coincides with that of cubic boron EPR line but 

their line width differs from each other: ∆HBppB(L) 

Fig. 3. The EPR spectrum temperature 
evolution in HPSI 4H SiC samples in 
the dark preliminary excited by UV 
light. 1 -26 h after the UV light is 

switched off. 
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= 1.65 G, ∆HBpp B(B) = 3.37 G. The subsequent rising of the temperature up to 145 K gave rise 

to the ionization of free carriers from L defect and when the temperature goes down EPR line 

of X defect appeared in EPR spectrum which can be easy recognized by its small width line: 

∆HBpp B(X) =1.26 G. 

Summary 

The EPR spectrum temperature evolution observed in HPSI 4H SiC sample indicates that 

at elevated temperature non-equilibrium electrons released from nitrogen energy level are 

recaptured by the other deep donor-like level due to the moving of the Fermi level down to 

the midgap with increasing the temperature. The free electrons are captured by the level at 

which the Fermi level is locked at given temperature. First stage of the heating up to 102 K 

locks the Fermi level at P defect level, the second stage of the heating up to 113 K locks the 

Fermi level at L defect level and the third stage of the heating up to 145 K locks the Fermi 

level at X defect level. As a result EPR spectrum of P, L and X defects appeared in the dark at 

elevated temperature after photoexcitation of the HPSI 4H SiC sample has terminated.  

The Fig. 4 shows the temperature induced intercenter charge transfer process occurring in 

HPSI 4H SiC material. The electrons released from nitrogen energy level located at EBC B-0.090 

eV [3] are subsequent recaptured by a series closely located energy levels due to P, L and X 

defects with the difference in energy of: ∆T = 140 K – 107 K = 33 K = 2.85 meV 

The holes are also released from boron energy level and can recaptured by boron or other 

nonparamagnetic energy level when the 

temperature is going down. As was seen 

from Fig. 3, after heating up to 107 K the 

non-equilibrium holes released from boron 

energy level are recaptured by boron 

energy level again when the temperature 

goes down. As result the EPR signal from 

cubic boron is restored in EPR spectrum. 

After second stage of the heating the boron 

EPR line is not appeared in EPR spectrum 

showing that the holes released from boron energy level are recaptured by other 

nonparamagnetic energy level. The temperature of around 100 K = 8 meV is too low for the 

ionization of the free holes from boron energy level with ionization energy of EBi B= 0.35 eV [4] 

into the valence band.  

Fig. 4. Temperature induced charge transfer 
process in 4H SiC HPSI material. 
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1. Introduction 

At very low doping of parent YBa B2BCuB3 BOB6 B compound with holes antiferromagnetism of 

CuOB2 B planes is rapidly destroyed giving way to conductivity and then superconductivity at 

hole concentration greater than pBshB=0.05 holes per Cu atom in the CuOB2 B sheet. The main 

results on the unusually efficient suppression of antiferromagnetism by doped holes were 

obtained predominantly in the muon spin rotation (µSR) experiments [1, 2] which revealed 

the freezing of the doped holes spin degrees of freedom in a form of spin glass at low 

temperatures. It is however evident that a detailed information on the processes of spin 

freezing can also be obtained with the help of nuclear quadrupole resonance (NQR) of chain 

copper, the probe located between two CuOB2 B planes and experiencing the hyperfine magnetic 

field from two adjacent antiferromagnetically coupled Cu(2) ions which is normally cancelled 

at Cu(1) position. Any disorder induced by doped holes in the CuOB2 B plane antiferromagnetic 

network should at least partly lift up this cancellation and inevitably influence spectroscopic 

and dynamic parameters of Cu(1) nuclei. 

2. Samples and experimental method 

2.1. Samples preparing. The samples were prepared by G. Collin in Laboratoire de Leon 

Brillouin, CE Saclay, CEA-CNRS, 91191 Gif-sur-Yvette, France. Two samples of 

YBa B2 BCuB3 BOB6 B were studied in which hole doping was obtained by heterovalent substitution of 

YP

3+
P ions by Ca P

2+
P (2% and 4%). Such substitution gives the doping level of p Bsh B=0.01 and 0.02 

holes per Cu(2) atom, respectively, both levels lying in the range at which antiferromagnetism 

is only partly suppressed. One more sample of YBaB2 BCuB3 BOB6+x B with oxygen content x ∼ 0.27 

(without impurities) was prepared in our laboratory. 

2.2. Experimental method. P

63,65
PCu(1) pulse NQR method was used for studying the 

samples. Longitudinal relaxation rate was measured by standard method of echo recovery 

after saturating pulse. The transverse relaxation rate was measured by standard technique also. 
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3. Results 

The temperature dependence of Cu(1) longitudinal and transverse nuclear relaxation rates 

together with Cu(1) NQR spectra led us to the following conclusions: 

1. At high temperatures mobile holes occupy the whole CuOB2 B plane and influence the 

relaxation of all Cu(1) nuclei. 

2. There are temperature regions, where transverse and longitudinal relaxation rate of 

Cu(1) nuclei separates into fast and slow relaxing parts. The temperature region for the 

longitudinal relaxation rates is located in the temperature scale higher than one for the 

transverse relaxation rate. Thus at T<TBS B the separation of the CuOB2 B plane into hole-rich and 

hole-poor phases takes place, the fact which was not noticed earlier in µSR experiments [1,2]. 

This separation is seen in both Cu(1) transverse and longitudinal nuclear relaxation rates as 

well as in NQR spectra in which there are two NQR lines: wide and narrow. The fraction of 

the hole-rich phase weakly depends on doping (Ca content) and is equal to about 2/3 of the 

plane. TBS B is also weakly doping-dependent and equals to about 18 K and 22 K for p Bsh B=0.01 

and 0.02 calcium samples, respectively. TBS B for YBaB2 BCuB3 BOB6.27 B equals about 33 K. 

3. The spin freezing at T=TBf B is felt in the experiments through the peaks in both 

longitudinal and transverse relaxation rates of Cu(1) nuclei belonging to hole-rich phase. The 

temperatures at which the peaks are observed are higher for longitudinal relaxation than for 

transverse one, either due to different fluctuation frequency scales influencing these two 

relaxation processes or different fluctuating magnetic field orientation in respect to the 

quantization axis. 
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Fig. 1. Calculated ESR spectra and ESR spectra derivative for radical with one magnetic 
nuclei I=1 at HB0 B >> a (a, b), HB0 B = 2a (c, d), HB0B = 0 (e, f). 
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Recently we have shown that the rate of spin relaxation induced by anisotropic HFI, 

isotropic HFI and spin-rotational interaction in low magnetic fields is significantly different in 

comparison with high magnetic field, and thus the use of high-field expressions for relaxation 

times is incorrect [1]. The consideration was done for a radical with one and two magnetic 

nucleus with spin I=1/2. In this work we extend this research to electron spin relaxation 

caused by electron spin exchange. The theoretical predictions have been compared with 

experimental EPR spectra of nitroxide radicals in low magnetic fields.  

The calculation of spin relaxation of radicals in solutions shows that the probabilities of 

relaxational transitions are different in low and high magnetic fields. The use of high-field 

expressions with the only the adjustment of eω  to the exact splitting between the energy 

terms is not correct. We have presented the analytical results for a radical with one magnetic 
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nucleus I=1/2 and I=1. Analysis of spin relaxation caused by electron spin exchange has been 

analysed at two different cases of slow and fast electron exchange rate. The results of this 

work are important for experimental study of ion-radical reactions in low magnetic fields. 
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Introduction 

The investigation of magnetic nanostructures has become a very active field of current 

research, which is driven for the most part by their practical applicability as the high-density 

data recording and storage medium. Composite materials containing single-domain 

nanoparticles evenly distributed in the substrate are considered to be one of the best because 

of their unique magnetic properties. Ion beam synthesis (IBS) based on the high-dose ion 

implantation offers a number of advantages in comparison to traditional methods of nano-

sized particle synthesis [1]. However, there’s still a need to master certain techniques that 

allow to control magnetic properties of nanostructured thin films. The goal of this research is 

to study the influence of external magnetic field on the process of IBS and to investigate 

magnetic properties of nanostructured ferromagnetic films obtained in 

polymethylmethacrylate (PMMA). 

Experiments 

Thin metal-polymer films were produced by high-dose implantation of single-charged FeP

+
P 

ions into PMMA. The samples were tightly fixed onto the self-made attachable sample 

holder, which allowed performing ion implantation in the presence of applied magnetic fields. 

Uniform magnetostatic field was generated by an electromagnet with a permalloy core. By 

varying both the field in the range of 0…127 Oe and its orientation to the film surface, a 

series of samples with various ion doses has been obtained. Commercial PMMA with the 

thickness of 1 mm and the starting decomposition temperature of ~72°C was used as a 

substrate for all samples. IBS was performed with the ILU-3 implanter. The ion energy was 

40 keV, the doses and ion current density varying in the range of Ф=10P

16
P…6*10P

17 
Pions/cmP

2
P 

and 1…6 µА/сmP

2
P, respectively. 

The magnetic properties have been investigated both by ferromagnetic resonance (FMR) 

and magneto-optical Kerr effect (MOKE). 
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FMR spectra of all the samples were recorded at room temperature with the use of the 

radiospectrometer “Varian E-12” operating at the frequency ω/2π=9.3GHz. Measurements 

were carried out for two orientations of the sample, the normal direction of the films being 

either parallel or perpendicular to the magnetic field. 

Hysteresis parameters, such as coercitivity and saturation magnetization, versus the 

implantation dose were recorded with the MOKE magnetometer at room temperature with in-

plane orientation. 

Results 

The FMR spectra of PMMA implanted with Fe P

+
P ions at doses above 10P

17
PсmP

-2 
Preveal the 

formation of a ferromagnetic phase [2]. The dependence of FMR spectra on the orientation 

has been measured for all samples. Measurements were carried out for two orientations of the 

sample, normal direction (n) of the films being either parallel or perpendicular to DC 

magnetic field (H). The values of the effective magnetization were calculated from the 

orientation dependence. 

  
Fig.1. FMR spectra of Fe P

+
P-implanted PMMA with a dose of 3*10P

17
PcmP

-2
P for two orientations: 

a) n⊥H, b)n||H 
 

To calculate the magnetic parameters in a case of uniaxial anisotropy, the Kittel’s 

equation is used [3] 

(ω/γ) P

2
P = (HB0Bcos(θ-θBHB) - HBeffBcos2θ)(HB0 Bcos(θ-θBHB) - HBeffBcosP

2
Pθ) (1) 

where θ and θBHB – the angles between the direction of the magnetization and the applied 

magnetic field to the normal direction of the films, respectively. HBeffB is an effective 

anisotropy field, which is given as 

 HBeffB = 4π∆DMBs B + HBi B.       (2) 
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Here MBs B is a saturation magnetization, HBi B – is the intrinsic anisotropy field, ∆D for 

oblate ellipsoids is given by Osborn as [4]. 

                           
( ) ( )

2
2/322

2
1arcsin

12
3

12
2 µ

µ

µ
µ
µ

−
−

−
−

+
=∆D  ,                        (3) 

where µ - parameter of ellipticity (ratio of short and long semiaxis). HBeffB and the 

gyromagnetic ratio γ were calculated by substituting the experimental data HB0 B for the 

perpendicular and parallel orientations of the samples into Eq.(1). The value of HBi B was 

estimated from the anisotropy of the resonance line at a sample rotation around the 

normal to the film (n⊥H). 

For the obtained samples no changes in the in-plane angular dependence were 

observed in FMR spectra. The absence of this anisotropy in the plane parallel to the 

sample surface is the evidence of a negligible contribution of the intrinsic field HBi B 

(including crystalline magnetic and magnetically induced uniaxial anisotropies) to the 

effective anisotropy field. In this case, HBeff B is determined mainly by the demagnetization 

factors. Therefore 

MBeff B= ∆DMBs B      (4) 

where MBeffB is an effective saturation magnetization calculated from the FMR data using 

Eqs.(1) and (2). Assuming that the saturation magnetization is equal to the value for α-

Fe (MBs B = 1700G) we can calculate ∆D from Eq.(4) and then determine µ using the 

Osborn`s equation (Eq.(3)). 

The specific saturation magnetization, relative saturation remanence mBrB=MBrB/MB∝ B and 

coercivity HBcB were taken from the hysteresis loops shown in Fig.2. The saturation 

magnetization rises with the increase of Fe content in the substrate. 

 
Fig.2 Hysteresis loops for FeP

+
P-implanted PMMA samples with doses of a)D=1,2х10P

17
P 

ион/смP

2
P, b)D = 2,5х10P

17
P ион/смP

2
P
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Discussion 

The FMR spectra of PMMA implanted with FeP

+
P ions did not show obvious influence of 

the magnetic field applied to the nanostructured metal-polymer films during the implantation. 

The resonance absorption lines of the films had a large width of about 500-1000 Oe, in 

contrast with that for samples obtained in crystalline substrate. It can be explained by a large 

dispersion of ferromagnetic nanoparticles in size and shape in amorphous polymers.  

Similar FMR studies and rf susceptibility measurements of Si implanted with FeP

+
P ions at 

the same conditions show distinct changes in magnetic parameters of the formed 

nanostructured films [5]. We assume that this difference is due to the influence of crystalline 

structure and lack of microcavities which serve as centers of nanoparticles’ nucleation and 

growth in PMMA.  

This comparative analysis suggests that for IBS of nanostructured magnetic films in 

polymers with enhanced and controlled properties substrates with better crystallinity are much 

more preferable.  
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Hydrogenases are enzymes found in microorganisms, which catalyze the simple redox 

reaction: HB2 B�2HP

+
P+2eP

-
P. The potential use of these microorganisms for HB2 B production as fuel 

makes hydrogen metabolism a fascinating and very relevant field of research [1]. 

The active center in [Fe]hydrogenase (the so-called H-cluster) contains a six-iron cluster 

consisting of a classical cubane connected to a binuclear iron cluster coordinated by CO and 

CN ligands [2]. The oxidized state of the cluster shows an axial EPR spectrum corresponding 

to an effective spin one half. The enzyme is inhibited under CO atmosphere. In this case a 

rhombic EPR spectrum is observed. Upon light excitation at temperatures between 20 and 

70K the external CO ligand can be (reversibly) removed [3] and the original axial EPR 

spectrum is restored. Since form theoretical investigation of model complexes the CO ligand 

geometry is assumed to change during the reaction cycle [4, 5] it is quite relevant to 

investigate this process in more detail. 

We present the first wavelength dependent studies on the photo-dissociation of the 

external CO ligand. It turns out that a species which most probably has lost its bridging CO 

ligand acts as intermediate in this process.  

Another important question concerns the redox states of the iron atoms in the bi-nuclear 

subcluster during the catalytic cycle. The spin distribution over the H-cluster was studied 

using ENDOR and HYSCORE experiments on P

57
PFe enriched hydrogenase at X- and Q-band 

frequencies. In this context we present the first Q-band P

57
PFe HYSCORE study on an Iron-

Sulfur cluster. In total, at least four different P

57
PFe couplings could be distinguished pointing to 

a strong delocalization of the unpaired electron over the H-cluster. 
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Abstract 

The properties of high-mineralized biological tissues (cow and rat bones) as Mineral-

Organic Nano-Associated Systems and their synthetic analogue (hydroxyapatite) were 

studied. Information about their structure, anisotropy and mechanisms of interaction between 

components was obtained by using paramagnetic markers COB2 PB

-
P. The correlation between EPR 

parameters of biological and synthetic apatite was established. The advantages and 

disadvantages of EPR measurements at 9 and 37 GHz for Mineral-Organic Nano-Associated 

system are discussed. 

Introduction 

The synthetic apatite is used for various kinds of implants manufacturing, which are 

applied for bone and teeth treatment. The information about structure and properties of 

biogenic and synthetic apatite is important for bone tissue disease mechanism determination 

and for respective counter-measure and treatment methods development. [1, 2]. Moreover, 

information about bone internal structure and other mineralized tissues can open a new 

possibilities for new devices creation, which diagnose bone state in live organisms, as well as 

for technical devices creation, using in their work the principles of internal structure and 

functioning of biological tissues. Biominerals should be considered as mineral-organic nano-

associated (MONA) systems [1, 2]. The organic and barrier layers that are between mineral 

and organic subsystem are the base units in MONA systems. All these subsystems have sizes 

within the limits of nanometers and bond with joint MONA matter. Since the bones and 

another mineralized biological tissues involve nanoscale solid-state particles (hydrohyapatite), 

then it open the wide possibilities for solid state physics methods application, including 

electron paramagnetic resonance (EPR). 
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Experimental Details 

It were carried out the investigations by EPR method of synthetic hydrohyapatite powders 

(HAP) and bone plates from rat and bull. The samples of HAP were obtained by technology 

described in [3, 4] and annealed by 1000°С. The plates were extracted and dried. All samples 

were irradiated on cobalt unit (dose≈15 Мrad). The coordinate axis determination for these 

plates was in that way [1]: horizontal axis (h), perpendicular (p) and vertical (v). The 

directions of these axes coincide with corresponding directions by natural bone positions in 

animal organism. EPR spectra were registered by room temperature on 9 GHz and 37 GHz 

with etalon which constitutes CrP

3+
P ions in MgO powder. 

EPR Results 

On Fig. 1a there is an EPR spectra of  HAP measured on 9 GHz. The EPR spectra there 

are two unsolved lines: I B12B and I B3 B. The comparing of EPR spectra general form with [1, 3] 

allows to conclude that this spectrum is appear to be a spectrum from polycrystalline sample 

with axial symmetry g-factor (gB⊥ B=2,0027 and IB2B gB||B=1,9973), electron spin S=1/2, nuclear spin 

I=0 and belongs to СОB2 BBPB

-
P. 

 

а 
 

b 

Fig. 1. The HAP EPR spectra. a - measured on 9 GHz, b - measured on 37 GHz. 

The EPR spectra of the same sample measured on 37 GHz is shown on Fig. 1b. The EPR 

spectra consists of three lines: IB1B, I B2 B and I B3 B. I B1B and I B3 B spectra with axial-symmetric g-factor 

belongs to СОB2 PB

-
P radical. The single line IB2 B with isotropic g-factor (g=2,0008) also belongs to 

СОB2 PB

-
P. Thus, the EPR spectra of polycrystalline synthetic HAP sample belongs to СОB2 PB

-
P
 

The measurements on 37 GHz allow to solve I B12B spectrum and evolve two EPR lines I B1B 
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and IB2 B which belong to СОB2 PB

-
P radical with isotropic g-factor and СОB2 PB

-
P with axial symmetry g-

factor. This fact demonstrates the obvious advantage of investigations on higher microwave 

(MW) frequency which allow to detect, separate and identically interpret EPR spectra that 

appear to be a several EPR signals superposition. There are differences in EPR signal 

behavior which are concerned with СОB2 PB

- 
Pwith isotropic g-factor and СОB2 PB

-
P with axial symmetry 

g-factor depending on MW power level. 

Fig. 2a shows the HAP EPR spectra measured on 37 GHz by different MW power 

attenuation levels. As it seen from Fig. 2a the MW power change results in EPR spectra 

components intensity change. Each of three EPR spectrum components: IB1B, I B2 B, and I B3 Bhas 

different intensity dependences from MW power level. Fig. 2b shows the EPR spectra 

intensity IB1 B, IB2 B, and IB3 B dependences from MW power attenuation value. The EPR spectrum 

intensity of СОB2 BBPB

-
P radical with axial-symmetry g-factor, which has low-field component I B1 Band 

high-field component IB3 B, is proportional to MW power level in interval of 42-18 dB. By lower 

attenuation (<18 dB) there is a saturation of EPR signal form СОB2 BBPB

-
P radical with axial-

symmetry g-factor. 

 

а 
 

b 

Fig. 2. a - The HAP EPR spectra measured on 37 GHz by different MW power attenuation 

levels. b - Intensity dependence of calcium HAP IB1 B, IB2 B, and IB3 B EPR spectra measured on 37 

GHz from attenuation MW power value. The intensity unit is an IB1 B spectra intensity. 

The EPR spectra concerned with СОB2 PB

- 
Pwith isotropic g-factor is saturated by MW power 

in order of 24 dB. Thus, by varying of MW power level it is possible to simplify the general 

form of composite EPR signal, to evolve necessary components from general EPR spectrum, 

to determine the carbonate radical type by its EPR signal behavior and to obtain an 

information about spin- spin-lattice relaxation time.  
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With the purpose of texturing and anisotropy of bone tissue there were investigated EPR 

spectra of bull and rat bone. Fig. 3a shows EPR spectra of rat bone plates by different 

orientations in magnetic field Н measured on 37 GHz. These EPR spectra represents the EPR 

signals of biogenic apatite concerned with carbonate radicals СОB2 PB

-
P. The main contribution in 

these spectra contributes the СОB2 PB

-
P radical with axial-symmetry g-factor: gB⊥ B=2,0025 and 

gB||B=1,9973. The typical bone EPR spectrum peaks IB⊥ B and I B|| Bhave gB1B=2,003 and gB2B=1,997. 

It is well known that the EPR spectrum of teeth enamel and bone is represented by two 

types of carbonate radicals СОB2 PB

-
P [5]. One of these has chaotic orientation in biomineral 

structure, another one is orientated by organic matrix and responsible for native bone tissue 

EPR signal anisotropy. The СОB2 PB

-
P radical with axial-symmetry g-factor oxygen-oxygen bond is 

corresponded to gB||B direction. The СОB2 PB

-
P radicals in apatite structure are localized so, that the 

bond oxygen-oxygen direction coincides with the direction of nanocrystal apatite main axis с.  

Thus, by signal IB||B intensity we can predetermine the orientation of apatite crystals in bone. 

From Fig. 3 b we can conclude that in bone the nanocrystals are orientated mainly along the 

vertical axis v (in rotation plane v- p). 

 
а 

 
b 

Fig. 3. a - Rat bone EPR spectrum by different plate orientations in magnetic field (rotation 

axis is h); b - Rat bone EPR signal intensities IB⊥ B and I B||B peaks dependence by magnetic field p 

axial rotation. Intensity unit is maximum IB1 B spectra intensity level. 

Summary 

The joint studying of synthetic and biogenic apatite methods development in centimeter 

and millimeter ranges as well as comparison of EPR method possibilities in these ranges are 
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actual for solving of many medico-biologic problems. Also it is actual for new generation of 

devices and apparatus development which allow to determine the teeth tissue structure and 

properties in live organisms. 
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Program for determine of the complexes parameters in the aqueous solution (formation 

constants, hyperfine coupling (HFC) constants, g-factors, relaxation parameters) by using 

method of analysis of spectrum lineshape was created. The main program units are the 

module for calculating the molar fractions of the system components by the standard 

procedure for solving the set of material balance equations [1]; the module for calculating the 

lineshape of the ESR spectrum; and the module for optimization of the parameters by the 

scanning and coordinate descent methods. 

The experimental ESR spectrum is usually described as a convolution of the Gaussian and 

Lorentz lines. The theoretical spectrum was constructed by a superposition of the Lorentz 

curves, and this method gave a satisfactory agreement in all the cases. The correction for 

nonuniform broadening of the experimental signal was made by introducing the unresolved 

HFS. The effect of anisotropy of the HFC of an unpaired electron with the metal nucleus on 

the line width was calculated by the Wilson-Kivelson equation [2].  

Copper(II) − L-histidine − D-ornitin and copper(II) − L(LD)-threonine equilibrium 

systems were studied in the aqueous solution in the wide pH range. The data for linewidths, 

the g factor, the HFC constant, and stability constant of the each complexes were varied, until 

the sum of the squares of differences between the calculated and measured intensities (SSQD) 

reached its minimum. 

Simultaneous calculation of many independent parameters is a complicated task. 

Therefore, we solved the problem by several steps. To enhance an accuracy of the parameters 

under estimation, we processed simultaneously up to four spectra recorded at different pH and 

the component ratios. 

At the first step, four experimental spectra recorded at the same ratio CBMB:CBLB and close pH 

values were optimized and the parameters of at most three compounds prevailing in the 

equilibrium system were calculated. The scanning method, which allows one to avoid falling 

into the local minimum of the SSQD function, was used as the optimization procedure at this 

step. 
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At the next step, the obtained values were refined by processing the spectra recorded at 

different pH and compositions of solutions, which can contain greater number of species. This 

calculation procedure imposes no restrictions on the number of complexes, whose parameters 

can be estimated simultaneously. The minimization process was stopped when the further 

variation of the parameters did not decrease the SSQD function and the theoretical and 

experimental spectra coincided visually. The reliability of the results was provided by the 

great number of the experimental points and by the low value of SSQD function. 
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Combination of conductivity and magnetic activity in counter ion sub-lattices draw new 

interest to quasi-two dimensional charge-transfer salts based on bis-[ethylenedithiolo 

(tetrathiofulvalene)]–BEDT-TTF and its analogs. Linkage between spin state of local moment 

in anion complex and delocalized charge carriers in cation layer would lead to new 

polyfunctional materials. It is important at the first step to understand structural aspects of the 

influence of simple tetrahedral anions on conducting properties. EPR is a useful tool to 

analyze these interactions [1].  

In this work we study 2 salts with diamagnetic tetrahedral metal-complex anions (BEDT-

TTF) B2 BDy(NOB3 B) B4B (1) and (BEDO-TTF) B2BReOB4 B⋅HB2 BO (2). BEDO is full BEDT analog, where S 

atoms in outer ring are replaced with O. Ground state of both compounds depends on metal-

complex packing stabilized at higher temperatures. Compound (1) is a semiconductor 

revealing irreversible transport properties with metallic 

segment at heating while (2) shows metallic behavior 

down to helium temperatures and superconductivity at 

2,5 K [2, 3]. 

Both salts demonstrate irreversible behavior of EPR 

parameters in the vicinity of 200 K. Linewidth for (1) 

drops from 11 to 8,2 G at cooling around T B0 B=197 K, 

within ∆T=20K (see Fig. 1). For (2) ∆B increases from 

32 to 37,5 G at T B0 B=203 K, within ∆T=25 K. Spin 

susceptibility behavior demonstrate transformation from 

Pauli-like to Curie type for (1) and weak temperature 
-4
 
Fig. 1. ∆B(T), A(T) for (ET)B2BDy(NOB3B)
106 

dependence for (2). Meanwhile, absolute values, ~10P
P 

emu/mol, at 300 K are noticeable higher than Pauli susceptibility for non-interacting gas with 

S=1/2. SQUID measurements are in good agreement with EPR data.  

Taking into account X-ray structural data resolved at 300 K and 77 K [3] we conclude 

that metastable tetrahedron orientations induce disorder through O…H bonds between oxygen 
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of metal-complex and ethylene groups of cation layer. For (1) at cooling we observe 

localization effect and narrowing of EPR line. At heating no more metastable orientations 

exist and “metal” segment is observed. Thus for (1) metal-insulator transition is detected at 

197 K. This is consistent with low temperature increase of g-factor from 2,004 to 2,009. For 

(2) tetrahedron re-arrangement is less effective because of absence of short S-S contacts for 

outer rings. Mainly, lattice shrink modifies the conduction band, which is observed as Me-

Me’ transition in the same temperatures. Respectively, integrated EPR intensity is less 

sensitive than the linewidth. Here cooling rate is critical for low temperature state because at 

faster cooling residual anion disorder may induce AFM clusters. 

This work was supported by Netherlands-Russian program (grant NWO 047.008.020). 
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Last time interest is growing among biochemists to different enzymes, containing 

transition metal atom in active center, copper, for example. Typical sample is a copper-

containing oxidases, which catalyze direct electron transfer from substrate to oxygen without 

a mediator. Active center of such enzymes contain cluster consisting of several  paramagnetic 

copper atoms, so the EPR method is applicable to them. For such investigations it is often 

necessary to simulate EPR spectra, but deficiency and inaccessibility of most computer 

programs for this simulation, their direction to people qualified in magnetic resonance 

spectroscopy strongly limits using of EPR simulation in biochemist’s environment. Besides 

that, many of these programs are written under 16-bit platforms like DOS or MS Windows 

3.1, and this makes impossible usage of full computation power of modern machines. 

Program now presented uses friendly user interface of 32-bit operating systems of Microsoft 

Windows family, which may be easily understood by enzymologists and does not require 

special knowledge and long training. Current version carries out spectra simulation of 

paramagnetic copper(II) species in powder (at liquid nitrogen temperature, 77K) or dynamic 

(solution at room temperature) computational models. It use main values of diagonalized A 

and g magnetic tensors as initial parameters. Simulations, performed with this program give 

satisfactory coincidence with experimental results. So further development of this program 

and it’s distribution among enzymologists may promote wider EPR method applications in 

biochemistry.  
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The processes of degenerate electron exchange (charge transfer reaction) play an 
important role in the study of primary radical ionic reactions in solutions under ionizing 
irradiation. In some cases these processes may proceed with different rates for the radical 
cation and the radical anion of the same compound. In this work, spin chemistry techniques 
(MARY spectroscopy and OD ESR) were used to study the peculiarities of the charge transfer 
reaction of biphenyl and other linearly condensed aromatic systems (para-terphenyl, 
quaterphenyl). These systems were chosen because their neutral molecules and radical cations 
and anions all have different structures, and so the charge transfer reactions of the radical 
cation and the radical anion could be expected to proceed with different rates. 

As the MARY experiments for hexane solutions of biphenyl at various concentrations 
have shown, increasing the acceptor concentration up to 0.1 M makes the widths of the EPR 
spectra of the partners considerably different, while the parameters of the EPR spectra of the 
biphenyl radical ions are similar. Such a behavior of the EPR spectrum widths of the partners 
can be due to the fact that only one of the partners is involved in charge transfer reaction (or at 
least, the partners are in different charge exchange modes). Simulation of the OD ESR spectra 
of biphenyl in hexane also suggests that the spectrum widths of the partners at high 
concentration are considerably different. Similar results were obtained for other linearly 
condensed systems. 

Calculated MARY spectra for the pairs biphenylP

+
P/biphenyl P

-
P in the case of degenerate 

electron exchange are also discussed, which allows for estimation of the charge exchange rate 
of each partner. An attempt was made to register individually the spectrum of the biphenyl 
radical cation, with a negative charge acceptor (CB6 BFB6 PB

-
P) as the counterion, which shows that it 

is the radical cation of biphenyl that is in the fast charge exchange mode. This result is 
indirectly supported by quantum chemical calculations available in literature showing that the 
radical cation and the neutral molecule of biphenyl have similar (non-planar) structure but the 
radical anion is planar. 

The work was supported by RFBR (grant 03-03-32331) and Minvuz (project Е02-5.0-49). 
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In the standard model of quantum computer several spins 1/2, coupled by exchange 

interaction, are used to encode the qubits according to the rule «one qubit - one real spin 1/2». 

To enlarge the possibilities of the quantum computations it is desirable to encode qubits on 

the arbitrary quantum systems with the large number of discrete energy levels, in particular, 

on the states of large spins. It is possible to realize this idea using virtual spin representation 

[1, 2] and new principle of qubit encoding «one qubit – one virtual spin 1/2». 

We shall consider a quadrupole nucleus with spin 7/2 in an axially symmetric crystalline 

electric field and in a constant magnetic field parallel to the symmetric axis as a basis for 

quantum computer. The Hamiltonian of such a system is given by 

]3/)1([ 2 +−+−= IIIIH zqzz ωω hh ,    (1) 

where zω  and qω  are Zeeman and quadrupole frequencies. We assume that qz ωω > , so the 

nucleus have eight non-equidistant energy levels mεh  and eigenfunctions mΨ (m = -7/2, -

5/2, …, 7/2), which are eigenfunctions of z-component of the nuclear spin. 

The evolution operator of the spin state under the influence of the selective pulse of the 

resonance magnetic field, which is oriented along the y-axis and exciting resonance 

transitions only between levels mεh  and nεh  ( nm εε hh > ), has the form 

)2/sin()()1)2/)(cos((),( ϕϕϕ if
mn

if
nmmmnnmn ePePPPEfY −+−++= − ,  (2) 

where mnP  is a projective operator with the properties msnrrsmn PPP δ=  and mnkkmnP Ψ=Ψ δ ; 

∑=
m

mmPE , ||||1 nymi ItH ΨΨ= γϕ , 1H , f and tBi B – amplitude, phase of the magnetic field 

and pulse duration. 

When magnetic field is polarized along the x-axis or when the phase in (2) is shifted 

2/π+→ ff  the evolution operator assume the form 

)2/sin()()1)2/)(cos((),( ϕϕϕ if
mn

if
nmmmnnmn ePePiPPEfX +−−++= − . (3) 
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The essence of the virtual spin representation is to associate each eigenstate mΨ  of the 

real physical system with the direct product γβα ζξχ ⊗⊗  ( 2/1,2/1,, −=γβα ) of the 

states of three virtual spins 1/2 

0000 ζξχ ⊗⊗=Ψ , 1001 ζξχ ⊗⊗=Ψ , 

0102 ζξχ ⊗⊗=Ψ , 1103 ζξχ ⊗⊗=Ψ , 

0014 ζξχ ⊗⊗=Ψ , 1015 ζξχ ⊗⊗=Ψ ,  

0116 ζξχ ⊗⊗=Ψ , 1117 ζξχ ⊗⊗=Ψ , 

where indices 0,1, …, 7 are used instead of indices -7/2, -5/2, …, 7/2 for real spin 7/2 and 0,1 

instead of -1/2,1/2 for virtual spins 1/2. 

It is well known [3-5], that there are universal sets of one- and two-qubit quantum gates, 

which are sufficient for constructing a quantum algorithm of any complexity. One possible 

universal set of quantum gates consists of only two gates - rotation of the single qubit and 

two-qubit controlled-NOT gate. 

The rotation of the single qubit by the angle ϕ  around the y-axis 

)0,()0,()0,()0,()( 37261504 ϕϕϕϕϕ YYYYYa = , 

)0,()0,()0,()0,()( 57461302 ϕϕϕϕϕ YYYYYb = , 

)0,()0,()0,()0,()( 67452301 ϕϕϕϕϕ YYYYYc = .   (4) 

The order of the operators in the sequence is important and the sequence should be read from 

right to left. The similar implementation schemes can be obtained for the rotation of the single 

qubit by the angle ϕ  around the x-axis 

)0,()0,()0,()0,()( 37261504 ϕϕϕϕϕ XXXXX a = , 

)0,()0,()0,()0,()( 57461302 ϕϕϕϕϕ XXXXX b = , 

)0,()0,()0,()0,()( 67452301 ϕϕϕϕϕ XXXXX c = .   (5) 

Note, that the most easily the transitions between the states with 1=− nm , which form the 

operator )(ϕcY , are excited. At enough intensity of the alternating field are allowed all 

transitions. The transitions with 2=− nm  were used for preparation of so-called pseudo pure 

states [6], which are necessary for the beginning of the quantum computations. 

In particular, one-qubit gates, NOT and pseudo Hadamard operator, can be obtained from 

(5) at πϕ =  and from (4) at 2/πϕ = , respectively. 
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One-qubit Hadamard operator are 

)0,2()0,2()2/( 6745 πππ XXYH aa = , 

)0,2()0,2()2/( 6723 πππ XXYH bb = , 

)0,2()0,2()2/( 5713 πππ XXYH cc = . 

Two-qubit controlled-NOT gate, that inverts the state of qubit b, if the qubit a is in the 

state 1  and leaves the qubit b unchanged if the qubit a is in the state 0  

)0,()0,()0,2( 574656 πππ YYYCNOT ba −=→ , )0,()0,()0,2( 674556 πππ YYYCNOT ca −=→ , 

)0,()0,()0,2( 372636 πππ YYYCNOT ab −=→ , )0,()0,()0,2( 672336 πππ YYYCNOT cb −=→ , 

)0,()0,()0,2( 371535 πππ YYYCNOT ac −=→ , )0,()0,()0,2( 571335 πππ YYYCNOT bc −=→ , (6) 

Real transition operators have either imaginary, or negative non-diagonal matrix 

elements, while the real positive elements are required for gates realization. There are two 

ways to solve this problem: (i) take into account these differences during the whole sequence 

of the operators, constituting the algorithm (in this case the result of the computations will be 

presented in some modified form), (ii) to use more complicated pulse sequence to bring into 

correspondence the form of the influence of the experimental operators with the requirements 

of the theory of algorithms as was suggested in (6). 

Two-qubit SWAP gate that interchanges the states of the two 

)0,()0,()0,( 352434 πππ YYYSWAP ba −−=↔ , 

)0,()0,()0,( 361434 πππ YYYSWAP ca −−=↔ , 

)0,()0,()0,( 561225 πππ YYYSWAP cb −−=↔ . 

Three-qubit Toffoli gate or the controlled-controlled-NOT gate that inverts the state of the 

qubit c, if the first two qubits a and b are in the state 11  

)0,(676
8/

),( ππ YeCCNOT i
cba Π= −

→ , 

)0,(575
8/

),( ππ YeCCNOT i
bca Π= −

→ , 

)0,(373
8/

),( ππ YeCCNOT i
acb Π= −

→ . 

Simpler implementation schemes of the controlled-controlled-NOT gate can be achieved, 

if one agrees with the presence of imaginary non-diagonal matrix elements 

)0,(67
*

),( πYCCNOT cba =→ , )0,(57
*

),( πYCCNOT bca =→ , )0,(37
*

),( πYCCNOT acb =→ . 

Three-qubit Fredkin gate or controlled-SWAP interchanges the states of the qubits b and 

c, if qubit a is in the state 1  
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)0,(565
8/

)( ππ YeCSWAP i
cba Π= −

↔→ , 

)0,(363
8/

)( ππ YeCSWAP i
cab Π= −

↔→ , 

)0,(353
8/

)( ππ YeCSWAP i
bac Π= −

↔→ . 

Three-qubit it gate iΠ  that changes the sign of the state iΨ  

)8/,()8/,()8/,()8/,()8/,()8/,()8/,(
)0,()0,()0,()0,()0,()0,()0,(

01122334455667

767656545434323212101

ππππππππππππππ
πηπηπηπηπηπηπη

YYYYYYY
YYYYYYYi

×
×=Π

, 

where 1=jη , when ij =  and 1−=jη , when ij ≠ . 

This work was supported by NIOKR RT (grant 06-6.1-158) and RFFI (grant 03-01-

00789). 
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1. Introduction 

The idea to use dynamic polarization method to obtain hyperpolarized noble gazes (P

3
PHe 

and P

129
PXe) was published in [1]. Carbon-based chars [2] can be used in this method. They 

have well-developed surface and a lot of paramagnetic centres (PC) allocated on the surface 

[3]. The EPR-measurements showed that EPR-line of paramagnetic centres is narrow because 

of exchange interaction and is very sensitive to presence of different gases. Magnetic coupling 

between paramagnetic centres and P

3
PHe nuclei was detected by changes of EPR-line in 

presence of P

4
PHe and P

3
PHe. Calculations show that NMR signal enhancement up to 430 can be 

obtained by dynamic polarization. Nevertheless attempts of polarizing P

3
PHe in such systems 

were not successful [4]. 

2. Samples and method 

2.1. Samples preparing. Chars used in the investigations were produced by a thermal 

treatment of fructose in vacuum. After desintegration the powder consisted of fine flakes. The 

powder was separated by particle size and powder with size 150-250 mkm was used in further 

experiments. 

The powder was placed to quartz ampoule and pumped down. Then the ampoule was 

filled with P

3
PHe (0.9 atm.) and sealed. 

2.2. Experimental method. Longitudinal relaxation time was measured by standard 

method of echo recovery after saturating pulse. NMR-signals of three nuclei types were 

studied: 

• The P

13
PC nuclei that are distributed in the char (natural abundance 1.108%) 

• The protons situated on the surface of char 

• The P

3
PHe situated outside the char 
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3. Results and discussion 

Since the relaxation times were rather short we can assume that the major process was 

relaxation through the paramagnetic centres of char. 

The longitudinal relaxation rate of P

13
PC nuclei rises with temperature increase. It can be 

explained by increase of amplitude of local magnetic fields created by paramagnetic centres. 

But large local magnetic fields impeded the magnetization transfer so above 10 K relaxation 

rate did not depend on temperature. 

The relaxation time of protons was very short because they were situated near the 

paramagnetic centres on the surface. The atoms of P

3
PHe were situated outside the char but over 

fast diffusion could relax through paramagnetic centres almost without obstacles. So there is 

some similarity between relaxations of these two types of nuclei. 

 
Fig. 1. Frequency dependence of longitudinal relaxation rates for P

3
PHe nuclei and protons. 

Frequency dependences of longitudinal relaxation rates for P

3
PHe nuclei and protons 

(Fig. 1) could be fitted with exponential decay. That can be explained as suppressing of 

exchange interaction inside paramagnetic clusters of char. 

It is reasonable to assume that both the isolated PCs and the clusters of exchange-coupled 

PCs exist at the surface of char particles. In the model suggested, the NSLR rate of protons 

and P

3
PHe spins is given by 

TB1 PB

-1
P = TB1 PB

-1
PBis B + TB1 PB

-1
PBclusB (1) 

NSLR through isolated PCs accounts for the second-type scalar relaxation, so TB1 PB

-1
PBis B ~ ν P

-2
P. 

Assuming that the exchange interaction between the paramagnetic centers is caused by a 

partial and rather weak overlap of electron shells, TB1PB

-1
PBclusB ~ exp(-Kν). Since the parameter K 
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includes only the properties of electron shells and should be independent of the types of 

relaxing nuclei, its values obtained by approximating the frequency dependences are the same 

for the P

3
PHe and P

1
PH NSLRs. 

The NSLR model suggested above is in agreement with the experimentally measured 

temperature dependence of the proton relaxation rate in different magnetic fields (Fig. 2). The 

increase in the slope of temperature curve and the decrease in the relaxation rate in a higher 

magnetic field correspond to the increase in the relative contribution of the first term in 

Eq. (1) as a result of the field-induced suppression of exchange interaction in clusters. 

 
Fig 2. Temperature dependence of longitudinal relaxation rates of protons. 

4. Future works 

Hypothesis about suppressing of exchange interaction of paramagnetic centres can be 

verified by EPR-measurements in different magnetic fields. We suppose to provide them in 

the nearest future. 

The main barrier in dynamic polarization with the char is magnetization leakage through 

protons that have the shortest relaxation time. So it is necessary to develop method of 

producing chars without protons impurities. 
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Since the phase transition into a spin-gapped (SG) phase in α’-NaVB2 BOB5 B was reported [1], 

a lot of experimental efforts have been devoted to understand the nature of this transition. 

Although it was initially identified as a spin-Peierls transition, a room-temperature structural 

study questioned this interpretation: it concluded that all V ions are in a uniform oxidation 

state of VP

4.5+
P and form a quarter-filled trellis lattice composed of two-leg ladders. After that, 

NMR measurements revealed charge ordering of VP

4+
P and VP

5+
P states below 34K≅CT . 

Different models for the CO phase, which account for SG formation, have been proposed. At 

present the “zig-zag” type of CO is considered as the most probable CO pattern [2], however 

recently Clay [3] has argued in favour of a formation of local dimers in α’-NaVB2 BOB5 B. 

It has also been pointed out that the ~1eV features of the observed optical conductivity [4] 

cannot be interpreted without assuming the system to be charge disproportionated even above 

TBC B. Nishimoto and Ohta [5] have argued that a rapid charge oscillation should exist in the 

system above TBC B to be reconciled with the picture of the uniform valence of V ions. They 

have summarized optical conductivity data and concluded that the coherent fluctuations start 

to develop in a temperature range of 50 150 K−T  [6]. It should be noted also that the 

uniform susceptibility has significant deviations from the Bonner-Fisher law already at T 

below 250 K [7]. 

Here we report the values of anisotropic exchange interaction parameters which we have 

extracted from the angular and temperature dependence of the ESR linewidth (∆H) in α’-

NaVB2 BOB5 B [8]. Their values shed a new light on the charge and orbital ordering picture in this 

compound. 

There are three characteristic features of ∆H in α’-NaVB2 BOB5 B: the π/2-periodic modulations 

in the bc-planeTP

*
PT at TBC B < T < 60 K, the π-periodic angular dependence of ∆H at high 

temperatures with , 2∆ ∆ ≈c a bH H , and a peculiarity of the temperature dependence of ∆H is 

observed at TBC B < T < 60 K, where ∆H a  exceeds ∆H c . 

                                                 
TP

*
PT We have used crystallographic coordinates. Thus {x, y, z} are equal to {a, b, c}.  
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There is only one possible source [9, 10] of a π/2-periodic angular dependence – 

symmetric anisotropic exchange (SAE) with the spectral density functions not equal to each 

other. It means nonzero 

nondiagonal components of 

the anisotropic exchange 

tensor JBbcB and corresponds to 

exchange via yz  and 

2 2−x y  orbitals. Thus, it is 

most likely the interladder 

exchange (Fig. 1). 

The next point is that in 

the temperature range 

CT T  according [10] , 2∆ ∆ ≈c a bH H . This is a strong evidence for SAE, since the 

Dzyaloshinskii-Moriya (DM) interaction exhibits only a small component 
r
d a  at CT T . 

Therefore, there is only a single 

nonzero component of the 

anisotropic exchange tensor − JBccB 

which originates from intraladder 

exchange via 2 2−x y -orbitals 

(Fig. 2). It is essential to note that at 

560 K< ≈T J  in the presence of an 

exchange anisotropy the linewidth is 

not simply proportional to 2
ijJ J  but 

has an additional temperature 

dependent factor which is linear 

( )T J  at temperatures far below the 

exchange constant and far above any 

phase transition [10]. Thus JBccB is 

nearly temperature independent at T > 200 K. 

The interesting peculiarity in the temperature dependence of ∆H is observed at 

TBC B < T < 60 K, where ∆H a  exceeds ∆H c . Most likely it is a hint of charge fluctuations, 

Fig. 1. The model of interladder exchange in NaVB2 BOB5 B via 
yz  and 2 2−x y  orbitals. 

Fig. 2. The model of high-temperature intraladder 
exchange in NaVB2 BOB5 B via 2 2−x y  orbitals. 
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which start to develop in α’-NaVB2 BOB5B 

far above TBC B, since this effect is 

absent in the samples with inhibited 

phase transition (e.g., 

Na B0.987BLi B0.013BVB2 BOB5 B [11]). This feature 

has several possible explanations, 

each of them is related to a certain 

picture of charge and orbital order in 

the compound. 

This effect can be produced by a 

strong DM interaction with
r
d a . 

The large component 
r
d a  arises 

by a chain-like CO [10], however 

the existence of this CO-pattern 

is questionable [12], in particular 

due to the Coulomb repulsion. 

The most plausible CO patterns 

are a “zig-zag” distribution and 

“dimers” [5]. In the case of a 

“dimers”-CO pattern the largest 

component of the DM vector is 
r
d b  which is not in accord with 

the ESR data. In the case of a 

“zig-zag” pattern the component 
r
d b  arises too, but it is 

alternated along the ladder, and 

according to Oshikawa and 

Affleck [13] does not give an 

appreciable contribution to the 

ESR linewidth. Thus, the ESR 

data can be explained in terms of 

Fig. 3. The model of low-temperature intraladder 
exchange in NaVB2 BOB5 B via xz  orbitals. 

Fig. 4. The temperature dependence of the 
superexchange parameters in NaVB2BOB5 B. 
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a “zig-zag”-CO pattern with a strong SAE and a weak DM interaction with dBaB. dBa B must be 

temperature independent at T > 250 K and in a temperature range TBC B < T < 250 K it is 

submitted to the influence of a few factors. The decrease of dBa B on approaching TBC B is caused by 

the increase of the distance between interacting electrons, the increase of dBa B is determined by 

the lifting of the electron density over the oxygen plane. 

One more explanation of the crossing of ∆H a  and ∆H c  at TBC B < T < 60 K is possible 

in terms of the influence of SAE only. It means that the JBaaB-element of the anisotropic 

exchange tensor exceeds the JBccB in this temperature range. This indicates the preferred 

exchange via xz -orbitals and, hence, excludes the chain-CO pattern. In this case the “zig-

zag”-CO pattern is improbable too because of weak overlap of the xz -orbitals of diagonal 

V-ions. But the picture of superexchange over xz -orbitals in the CO phase agrees nicely 

with a model of “local dimers” with double occupancy of the rungs.  

In conclusion, from the ESR data we have deduced the superexchange parameters for the 

two most probable charge-ordering patterns in α’-NaVB2BOB5 B: “zig-zag” and “dimers”. The 

temperature dependences of all exchange parameters are shown in the Fig. 4. 

The work was supported by the RFFI (Grant № 03-02-17430) and CRDF (BRHE REC-

007). 
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EPR OF Ni P
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P IMPURITY JAHN-TELLER CENTERS IN SrF B2 B CRYSTAL 
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Departament of radiospectroscopy of insulators, Zavoisky Physical-Technical Institute, Kazan, Russia 

e-mail: evg@kfti.kcn.ru 

In the SrFB2B fluorite type crystals activated by Ni impurity ions the EPR spectra of rhombic 

paramagnetic centers were observed at the temperature 4.2K and frequency 9.3 GHz. The 

angular dependencies of the resonance magnetic fields in these EPR spectra are shown in 

Fig.1. In this figure positive angles correspond to rotations of the magnetic field vector BB0 B in a 

[110] plane of the SrFB2 B:Ni crystal while the negative angles to [001] rotation plane. In the first 

case the direction of the radiofrequency magnetic field BBrf B acting on the the SrFB2 B:Ni sample 

remains to be perpendicular to the [110] plane all the time of rotation. In the second case BBrf B is 

perpendicular to the [001] plane. Experimental points and theoretical curves labeled by the 

figures 1 and 2 represent the doubly degenerated EPR lines. The points and curves labeled by 

the figure 3 correspond to the non-degenerated EPR lines. The resonance positions of the EPR 

line arisen due to the paramagnetic centers of another type are denoted by the black triangles.  

An orientation BB0 B⎟⎢<001> associates with the angle ϑ = 0P

0
P. The angle ϑ = 90P

0
P corresponds to 

the orientation BB0 B⎟⎢<110> and ϑ = -45P

0
P to BB0B⎟⎢<001>. Centers of two groups of the EPR lines 

observed at ϑ = 0P

0
P with the various orientations of the vector BBrf B (namely, BBrfB⎟⎢<001> and 

BBrf B⎟⎢<110>) correspond to two values of an effective g-factor, g(1) = 11.05 and g(3) = 9.55.  

As it can be seen in 

Fig.1 the probabilities of 

the EPR transitions strongly 

depend on an orientation of 

the vector BBrf B. This implies 

that the EPR lines observed 

in our experiment arise due 

to the resonance transitions 

between two electronic spin 

levels characterised by 

integer M’BS B and M’’BS B with 

∆MBS B = M’ BS B - M’’BS B > 1.  
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Reasons of unusual features of the observed EPR spectra are the following. Substituting 

for basic cation of SrFB2 B an impurity NiP

2+
P ion finds itself in a cubical crystal field. The ground 

electronic state of Ni P

2+
P(3dP

8
P) in a cubical co-ordination is the P

3
PTB1 B orbital state. This is the 

situation well known as Jahn-Teller one. Usually Jahn-Teller effect leads to a static 

deformation of the cubical nuclear configuration of an impurity center. It was found that in 

the case of cubical complexes with a triply degenerated ground orbital state the Jahn-Teller 

static deformation can be very large. The result is a multiwell ground adiabatic potential sheet 

of such a center. There are some possible schemes of vibronical interactions of an orbital 

triplet P

(2S+1)
PT with the crystal lattice vibrations (T⊗(aB1gB+eBg B), T⊗(aB1gB+t B2g B) or T⊗(aB1gB+eBgB+t B2gB)). 

Sometimes the Jahn-Teller pseudo-effect is possible. Experimental results obtained in this 

work were described by the model of dynamical Jahn-Teller effect on the grond P

3
PTB2gB orbital 

state of the Ni P

2+
P impurity center.  

The work is supported by the Russian Foundation of Basic Research (grant 04-02-16616) 

and by BRHE REC-007. 
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EPR STUDY OF MIXED CRYSTALS BaF B2 B(1-x)+LaFB3B(x) DOPED WITH Ce P

3+
P IONS 

L.K. Aminov, R.Yu. Abdulsabirov, S.L. Korableva, I.N. Kurkin, S.P. Kurzin, UA.G. ZiganshinU 

Kazan State University, 420008, Kremlevskaya 18, Kazan, Russia 

e-mail: zairat@inbox.ru 

The direct observation by EPR methods of rare earth ions clusterization in paramagnetic 

mixed crystals (MeFB2 B)B1-x B(REFB3 B) BxB is practically impossible due to strong broadening of 

resonance lines at concentrations higher than x ≈ 0.1%. In this respect the binary solutions 

(MeFB2 B) B1-x-yB(RFB3 B) Bx B(REFB3 B)ByB with diamagnetic R (La, Lu, Y) and small concentrations y of the 

paramagnetic rare earth component seem to be more convenient. Observing optically 

detectable EPR spectra in a number of such compounds, Kazanskii [1] has concluded that the 

process of clusters formation is determined by the summary concentration x + y of 

trifluorides, and EPR spectra of REP

3+
P ions at concentrations x + y ≥ 0.001 reflect the 

tetragonal symmetry of R ions positions in RB6 BFB37 B clusters. For more complete clarification of 

EPR potentialities it seems useful to investigate usual EPR spectra of different mixed crystals 

(MeFB2 B) B1-x-yB(RFB3 B) Bx B(REFB3 B)ByB in as wide as possible range of concentrations x,y. 

Recently we have investigated mixed crystals BaFB2 B(1-x)+LaFB3 B(x) doped with 0.1% YbP

3+ 
P 

ions by EPR methods [2]. It was established that even at small x = 0.001 extra EPR lines arise 

due to formation of trigonal clusters involving two rare earth ions and two compensating 

fluorine ions (of La P

3+
P - FP

−
P - YbP

3+
P - FP

−
P type). Analysis of these lines was complicated by 

hyperfine structure of the original (for x = 0) EPR spectra due to P

171
PYb and P

173
PYb isotopes, 

however no tetragonal spectra which could be  assigned to Yb P

3+ 
Pions within clusters LaB6 BFB37B 

was observed. 

In the present work we have again studied the same mixed crystals BaFB2 B(1-x)+LaFB3 B(x), 

however, Ce P

3+
P ion has been used as a paramagnetic probe. This ion has no magnetic isotopes 

and consequently hyperfine structure of the EPR spectra.  

Samples with x = 0, 0.001, 0.002, 0.005, 0.01, 0.02 doped with 0.1 at. % of Ce P

3+
P were 

investigated. EPR spectra were measured at frequency of ∼ 9.5 GHz and temperature of ∼ 15 

K. For “pure” BaFB2B (x = 0) only one EPR center with tetragonal symmetry (gB||B =2.601, gB⊥ B = 

1.555; cf. [3])  is observed ( Fig.1).  

At x = 0.001 intensity of tetragonal center decreases and extra EPR lines are observed 

rather clearly. Further increase of concentration x brings to essential decrease of original 
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tetragonal spectrum (∼ by two 

orders of magnitude at x = 

0.02) and not so notable 

change of extra lines intensity. 

The preliminary analysis 

of angular dependence shows 

that additional lines also 

belong to centers with the 

tetragonal symmetry and g-

values: gB||B =0.75; gB⊥B = 2.4. 

EPR spectrum for the 

sample BaFB2 B(1-x)+LaFB3 B(x) + 

0.1% Ce P

3+
P with х=0.02 and the 

magnetic field orientation 

close to H||CB3 B is shown in the 

Fig.2. 

These centers are possibly 

connected to clusters of LaB6 BFB37 B 

type [1], which is corroborated 

by the closeness of the 

corresponding g factors to 

those in KYB3 BFB10 B: CeP

3+
P system 

(gB||B =0.77, gB⊥ B=2.46; see [4]). 

We conclude that cubo-

octahedral complexes of RB6 BFB36 B 

type in mixed crystals BaFB2 B(1-

x)+LaFB3B(x) can be registered 

by direct EPR measurements. 
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Fig.1. EPR spectrum of BaFB2 B+0.1%CeP

3+
P ( x=0 ) at 

H||CB4 B. The single line at H=2603G and the double 
line at H=4355G are due to the main tetragonal 

centers of Ce P

3+
P ions. 

Fig.2. EPR spectrum of the sample BaB1-хBLaBх BFB2+х B + 0.1% 
CeP

3+
P for х=0.02. Applied magnetic field is oriented 

approximately along trigonal axis. At precise orientation 
H||CB3 B one “ triple” EPR line would be observed. 
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