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Vadim Aleksandrovich Atsarkin

(to 70™ anniversary)
(27 ] '9 '.

*

June, 13. 2006 is the 700 anniversary of Vadim Aleksandrovich Azarkin, Doctor of
Science (in physics and mathematics), Professor, talented scientist whose name is world-wide
known in Radiospectroscopy. His contribution to the development of the spin
thermodynamics in solid electron and nuclear paramagnets turned to be fundamental.

Vadim A. Atsarkin graduated with excellent diploma from the Semiconductor Physics
Department of the Moscow State University; however, his scientific research activities started
in Quantum Electronics Laboratory headed by Doctor of Science, Prof. M.E. Zhabotinskii in
the Radio Engineering and Electronics Institute of the Academy of Sciences of USSR.
Initially, he searched and investigated materials for masers with improved parameters, i.e.,
recently discovered and put into foundation of Quantum Radio Engineering and Electronics
supersensitive quantum amplifiers. The investigation method was Electronic Paramagnetic
Resonance (EPR) discovered by Ye.K. Zavoiskii in 1944 in Kazan. This method made it
possible to investigate efficiently various phenomena related to resonance absorption of radio
waves by electron and nuclear paramagnets, which became a basis of masers’ construction. In
a domain yet unknown for him, V.A. Atsarkin quickly achieved a significant progress,
successfully defended his candidate of science thesis, and started research in the spin
thermodynamics in solid electron and nuclear paramagnets, that came into being during 60s
and 70s of 20™ Century. By that time, B.N. Provotorov already created a two-temperature
theory of magnetic resonance which introduced into Physics the concept of a dipole order
characterizing mutual orientations of spins in each other local fields, its experimental
confirmation was obtained in NMR. However, some specialists were skeptical with respect to
applicability in EPR of this two-temperature theory due to a chaotic distribution of
paramagnetic impurities in magnetically diluted paramagnetic crystals and an
inhomogeneous broadening of EPR lines. M.I. Rodak, a colleague of V.A. Atsarkin by the
laboratory, proved that the two-temperature theory leads to a new effect, i.e., an induced
irradiation under saturation on the wing of resonance line of spin system. A series of original
experiments carried out by V.A. Atsarkin confirmed this prediction and turned in a
“touchstone” for verifying the applicability of the two-temperature theory to EPR.

In further investigations V.A. Atsarkin along with colleagues discovered a direct heat
contact between the electron dipole-dipole subsystem and the nuclear Zeeman subsystem,
which generated the relaxation of nuclei via an electron dipole reservoir and now is serving as
one of the basic mechanisms of Dynamic Nuclear Polarization (DNP). The cross-relaxation
method of DNP, which is realized under cross-relaxation between EPR lines and does not
require a saturation of forbidden electron-nuclear transitions, was also discovered at the same
time. These outstanding results were put into foundation of his doctor of science thesis
defended in 1971; later, in 1988, these results were recognized as a discovery. V.A. Atsarkin
generalized an extensive cycle of works dedicated to DNP problems actual in those years in



his monograph “Dynamic Nuclear Polarization in Solid Dielectrics” (Moscow, “Nauka”
Publishers, 1980) which up to now serves as one of fundamental handbooks in this field.

In 1973, V.A. Atsarkin predicted and proved together with O.A. Ryabushkin the effect of
enhanced longitudinal susceptibility. The longitudinal susceptibility was measured first by
Gorter as far back as in 30s; however, this important technique had a limited application in
view of its low sensitivity. V.A. Atsarkin suggested that investigations should be carried out
in the conditions of ERP line’s saturation providing strong cooling of the electron dipole
reservoir; this enhances the sensitivity by several orders (“Atsarkin effect”). The posterior
development of this method by V.A. Atsarkin and his colleagues led to the direct observation
of Nuclear Magnetic Resonance (NMR) in rotating coordinate systems. Under these
conditions, a strong narrowing of NMR line is possible with which ordinary two-particle
dipole-dipole interactions of nuclei disappear and the main role passes to significantly more
weak multispin interactions, while the relaxation measurements can be carried out in small
effective fields. This led to the development of a new method for detecting slow (at velocities
10> - 10* ¢") molecular movements (V.A. Atsarkin, T.N. Khazanovich, A.Ye. Mefed).

The new methods developed for ERP spectroscopy were successfully applied by V.A.
Atsarkin and his colleagues to solving important problems of Solid State Physics, e.g., the
question of the shape of hole burned out in dipole EPR spectrum, the investigation of
regularities of spectral transition in non-ordered paramagnets, direct measurement of the time
of spin-lattice relaxation of paramagnetic centers in High-Temperature Superconductors, the
analysis of metal-dielectric translation in fullerids, the dipole broadening and exchange
narrowing of EPR lines of paramagnetic centers on the solid body surface and concentration
dependences of EPR spectra in manganites.

The outstanding scientific results, encyclopedic knowledge, professionalism, wide scope
of interests, benevolence and readiness to discuss scientific problems with any person asking
for help — all these virtues conciliated a universal respect to V.A. Atsarkin. He is member of
Program Committees of many conferences and scientific schools on Magnetic Resonance and
he is always in the focus of discussions on new scientific problems. On conferences, this is a
rule to observe “live queues” of theorists and experimentalists desiring to discuss with V.A.
Atsarkin a wide set of questions from various fields of Magnetic Resonance’s physics’
problems. Being a professional experimentalist, V.A. Atsarkin at the same time deeply knows
the theory of phenomena under investigation. An evidence to this virtue was provided by a
theoretical article concerning quasi-equilibrium stabilization in spin system of solid
paramagnet (1985), where he constructed a clear physical picture of the process and gave an
adequate mathematical apparatus, and thus solved long disputes among some theorists. A
monthly All-Russia seminar on Magnetic Resonance under his supervision, known also as
“Atsarkin’ Seminar”, works already more than 25 years in the Radio Engineering and
Electronics Institute of the RAS. The characteristic style of this seminar is a detailed
discussion with a reporter of the theme of his/her report before its placement into agenda and
always bright, benevolent concluding words with the deep analysis of the reported work. This
seminar became a real scientific school for many future candidates and doctors of science.

The colleagues, disciples, and friends of Vadim A. Atsarkin use this way to congratulate
him with this significant date and wish strong health and new creative successes in all fields.

V.V. Demidov, F.S.Dzheparov, E.B.Feldman, N.P.Fokina, B.I. Kochelayev,
T.N. Khazanovich, Ye.K. Khenner, A.A. Lundin, A.Ye. Mefed, N.Ye. Noginova,
M.I. Rodak, O.A. Ryabushkin, K.M. Salikhov, M.S. Tagirov, V.A. Zhikharev,
V.Ye. Zobov.
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ESEEM study of dipole-dipole interaction in nitroxide biradicals
R.B. Zaripov', K.M. Salikhov', L.V. Kulik?, S.A. Dzuba’

'Zavoisky Physical-Technical Institute, Russian Academy of Sciences, 420029, Sibirsky tract
10/7, Kazan, Russia.

’Institute of Chemical Kinetics and Combustion, Russian Academy of Sciences, 630090,
Institutskaya-3, Novosibirsk, Russia.

e-mail: aspirantrus2005@rambler.ru

The spin labels are widely utilized to study the structure and dynamic features of polymers
and biological samples. EPR spectroscopy has good potentials in these studies. However, CW
(continues wave) spectroscopy does not allow to get information about weak spin-spin
interactions like the weak dipole-dipole interaction between two paramagnetic species
separated more than about 1 nm distances. At larger distances the contribution of the dipole-
dipole interaction is masked by inhomogeneous broadening of the EPR lines and by the
contribution of the hyperfine interaction with nuclei. This masking effect can be avoided
using pulse EPR methods [1]. In pulse EPR experiments the dipole-dipole interaction can
produce the echo signal modulation. Note there is another important source for the echo
modulation, namely, hyperfine interactions. The electron spins interacts with the nuclear spins
of their neighbours and this interaction causes a periodic oscillation in the echo height
superimposed on the normal echo decay. Fortunately, by varying the protocol of the pulse
experiment we can suppress the contribution of the hyperfine interaction to the ESEEM and
highlight the contribution of the weak dipole-dipole interaction between paramagnetic
centers.

In this report we have compared the potentials of the two-pulse, three-pulse and four-
pulse ESEEM methods for studying the weak dipole-dipole interaction between two unpaired
electrons of imidazoline biradical (fig. 1)

H, HG GH,
L W S
6_N b — N —HN—= C_—_MN—HN— ) =

> A : " e,

HE™ CH, CH,

Fig.1. Chemical structure of imidazoline biradical. (Adapted from [2])

The investigations were carried out on the EPR spectrometer ELEXSYS ES580 at the
liquid nitrogen temperature.

In the two-pulse ESEEM we used primary echo sequence m/2-t- m-t-echo, where 7 is
variable (fig.2).

The three-pulse stimulated echo sequence n/2-t- w/2-T- m/2-t-echo is used with fixed T
and variable t (Fig. 3).

And the four-pulse sequence which we have used in our experiment consists of m/2-1;-
n/2-T- m/2-15- m - 11-echo, where T is fixed and t,, 1, are variable (Fig. 4). This four-pulse
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t

Fig. 2. Schematic representation of the two-pulse ESEEM

e mm 4

Fig.4. Schematic representation of the four-pulse ESEEM experiment.

sequence with time spacing 1,> 1, and T>>T), creates refocused stimulated echo after m pulse
[3].

The results obtained demonstrate that the four-pulse ESEEM has definite advantage
compared to two-pulse and three-pulse ESEEM for extracting relatively weak dipole-dipole

interaction between two paramagnetic centers. The distance between spins in this sample is
~2 nm.

This work is supported by the Russian Foundation of Basic Research grants Ne 06-03 -
32175 and Scientific School 6213.2006.2.
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EPR investigation of spin architectures built on a basis of chromium dimers
R. Galeevl, L. Mingalieval, A. Sukhanovl, V. Voronkoval, Gh. Novitchiz, V. Ciornea®

'Zavoisky Physical-Technical Institute, Russian Academy of Sciences, Kazan, Russian
Federation

*Institute of Chemistry, Academy of Sciences of Moldova, Chisinau

*Moldova State University, Chisinau

e-mail: korobchenko@kfti.knc.ru, klyuda@yandex.ru

Design of new spin architectures with pre-established properties is currently of interest in
molecular magnetism and quantum informatics. The dimer fragment can be successfully used
as building blocks in constructing multinuclear clusters and extended structures with useful
properties. We report EPR study of new heteronuclear systems built up of Cr-Cr dimer
fragments: [Me;(bpy)2(H20):][Cro(OH),(nta),]-7H,O (where Me; = Zn(II), Ni(Il), Co(Il)),
[Me,(H20)6][Cro(OH),(nta), ]-4H,O (where Me?2 = Mg(ID), Ca(Il)),
[Mn(H,0),(bpy)Cr2(OH)»(nta),] (bpy) SH,0O. These compounds contain the chromium dimer
fragment and mononuclear complexes with transition metal ions. EPR investigations were
carried out on polycrystalline samples in X-and Q-bands (Figs.1 and 2).

[MC 1 (bpy)z(HQO)z] [Crz(OH)z(nta)z] ‘TH,0 and [Mez(Hzo)ﬁ] [Crz(OH)z(l’lta)z] ‘4H,0
compounds with diamagnetic metal ions in mononuclear complexes are chosen for detailed
research of the exchange interaction in dimer fragments. Isotropic exchange interaction JS;S;
between ions chromium results in the formation of spin states with a total spin S=0, 1, 2, 3.
Anisotropic spin-spin interaction causes splitting of spin multiplets into sublevels and the fine
structure of EPR spectra due to transitions between sublevels in multiplets.

(a) (b)

T=2K
T=11k
THBXK

T=173K

i

1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
HCe HCe

Fig.1. Temperature dependence of EPR spectra of [Me;(bpy)2(H20),][Cry(OH),(nta),] -
7H,0 in X-band, where: Me;=Zn -(a) and Me;= Co - (b).

The spectra of chromium dimers (Fig.la) are a superposition of spectra from spin
multiplets with S=1, S=2, S=3 and the temperature dependence of EPR spectra is determined
by the change of the ratio of intensities of spectra from different multiplets. The detailed
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analysis of the temperature dependence of EPR spectra has allowed us to attribute spectral
lines to transitions in definite multiplets.

The analysis of the experimental temperature dependence of the EPR spectrum of
[Me;(bpy)2(H,0),][Cr2(OH),(nta),] 7H,O (where Me; = Zn(Il)) (Fig.1a) has shown that the
interaction between chromium ions in dimer has an antiferromagnetic character and J¢;i cr2 =
25 cm™. For [Mey(H,0)6][Cr2(OH),(nta),]-4H,0 compounds the antiferromagnetic exchange
interaction between chromium ions also is realized.

(a) (b)

0 2000 4000 6000 8000 4000 8000 12000 16000
H, Oe H, Oe

Fig.2. Temperature dependence of EPR spectra of [Mn(H,0),(bpy)Cr,(OH),(nta),] (bpy)
5H,0 in X-(a) and Q-band (b).

It was established that the exchange interaction between chromium dimers and
mononuclear complexes is realized only for [Mn(H,O),(bpy)Cr,(OH),(nta),] (bpy) SH,O
compound. Analysis of temperature dependences of magnetic susceptibility indicates the
ferromagnetic interaction between the manganese and chromium ions.

This work is supported by the Russian Foundation for Basic Research grants Ne(04-02-
17163, Ne 06-03 -32175 and Scientific School 6213.2006.2.
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Monte Carlo simulations of the EPR spectra of charge separated states in
photosynthetic reaction centers

A.R. Mursalimov', S.K. Chernikov', Yu.V. Sadchikov', Yu.E. Kandrashkin'*?,
K.M. Salikhov'

'Kazan Physical Technical Institute, 420029, Sibirsky tract 10/7, Kazan, Russia.
*Department of Chemistry, Brock University, St. Catharines, Ontario, Canada.

e-mail: spin@alien.intat.ru

Photosynthetic reaction centers represent the large theoretical and practical interest. This
interest is caused by desire to create artificial systems which will effectively transform light
energy into chemical energy. Quantum yield of an electron in such systems is close to 100 %.
Such high performance of transformation of light energy is achieved because of the specific
structure of single molecules and protein complexes involved in photoreaction. The strictly
ordered rigid structure of the reaction center as a whole is also very important for high
efficiency. To obtain information about the structure of the photosynthetic reaction center and
the intramolecular processes it is necessary to interpret correctly experimental EPR spectra of
the electron-hole pairs.

The EPR spectrum of the electron-hole pair reflects non-equilibrium processes that take
place in photoreaction center.

There are many factors which influence on the shape of the EPR spectrum of the
electron-hole pairs. The hyperfine interaction of the electron spin with the magnetic nuclei is
one of the important factors. In experimental EPR spectra of the electron - hole pairs the
inhomogeneous broadening of resonant spectral lines is observed as result of unresolved
hyperfine structure.

Previously the influence of the magnetic nuclei was introduced in spectra simulations by
convolution procedure [1]. It was done as follows.

Let’s consider the photosynthesis reaction center to be in the strong magnetic field. Then
the local magnetic fields created by nuclei are much less than an external magnetic field. For
each orientation of the reaction center relative to an external magnetic field the effective g-
factor and the corresponding Zeeman frequency are calculated. With the spin-spin interaction
taking into account the spin polarization and the shape of EPR spectrum of the sub-ensemble
of the reaction centers are calculated for a given orientation. Thus, we obtain the EPR
spectrum in a form of Jo(By, 2), where B is the induction of an external magnetic field, and
Q is parameter, which defines a sub-ensemble of the reaction centers.

At a convolution procedure the unresolved hyperfine structure of lines EPR is supposed
to have Gaussian distribution of the local magnetic fields:

1 , _<Bo—Bz(;)2 ’
J(BO,Q)zﬁjJ(BO,Q)e " (B .
o

The convolution procedure for the equilibrium systems might be good approach. But the
convolution procedure for charge separated states in reaction center can lead to serious
mistakes. Let’s see the reasons for these mistakes to occur. Suppose that resonance
frequencies of donor w(1) and acceptor ®(2) are close to each other and their difference is
positive ®(1)- ®(2)>0. Let’s assume that due to chemical polarization of electron - hole pair
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the EPR spectrum of type A/E/A/E is formed. Local magnetic fields from nuclei will shift of
resonance frequencies of donor ' (1)=w(1)+ d(1) and acceptor ® (2)=w(2)+ 5(2). In this case
the difference of resonance frequencies ®'(1)- ®'(2) can become negative that will lead to
formation of EPR spectrum of type E/A/E/A. However, when convolution procedure is
applying, this replacement of EPR spectrum of type A/E/A/E by EPR spectrum of type
E/A/E/A is not considered.

In this work hyperfine interaction with magnetic nuclei was considered at a stage of
formation of chemical polarization of electron-hole pair. The distribution of resonance
frequencies of the donor and an acceptor due to hyperfine interaction with nuclei was
simulated by means of a Monte Carlo method for each orientation of the reaction center
relative to external magnetic field. We suppose the Gaussian distribution. The kinetic
equation for spin density matrix of electron-hole pairs was solved for each random value of
resonance frequency of the donor and the acceptor. By averaging of all orientations of the
reaction center and random values of resonance frequencies of the donor and the acceptor,
EPR spectrum of the charge separated states in the photosynthetic reaction center was
calculated.

On a personal computer, using the convolution procedure, EPR spectrum of the charge
separated states is calculated about ten hours. The suggested sequential account of interaction
with magnetic nuclei demands on the orders of magnitude large time at calculation of EPR
spectra of the charge separated states, than at a convolution procedure. As for obtaining of
comprehensible accuracy of each point of calculated EPR spectrum it is necessary to consider
not less than 1000 orientations of the reaction centres relative to an external magnetic field
and more than 100 000 random values of resonance frequencies of the donor and the acceptor.

EPR RP

T T T T T T T T T T T T
#50 3455 3HA60 HS5 M0 A5 HA80 HA85

EPR P"

T T T T T T T T T T T T
3450 3465 360 3H6S H470 A5 3480  3H4B85

EPR Q

T T T T T T T T T T T T
3450 55 H#A60 3465 3470 3A75 3480 3485

BO, mT

Fig.1. Simulated EPR spectra of RP state, donor P™ and acceptor Q- with taking into
account an unresolved hyperfine structure by convolution procedure (solid line) and
Monte-Carlo method (dotted line).
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This problem can be solved if one uses multiprocessing computers and parallel algorithms
and programs which efficiently work on these devices. It increases productivity of
calculations and has made possible to calculate spectra by the suggested method.

Results

Figure 1 shows simulated EPR spectra of RP state, donor P™ and acceptor Q- with taking into
account an unresolved hyperfine structure by convolution procedure and Monte-Carlo
method. The simulation parameters, collected in table 1, have been obtained from several
independent sources [1-3].

Table 1. Simulation parameters.

g-tensors
4 &x gy gz
P 2.00308 2.00264 2.00226
Q 2.00622 2.00507 2.00218
A-tensors (in MHz)
Ax A, A,
Q 9.0 12.8 9.0
Spin-spin-coupling
D J
P'Q -170 mT 1.0 mT
Geometrical parameters'
. Up Pp Yp
g(P") 171° 107° 215°
A Ba YA
A(CH3) -25° 0° 0°
: Op ¢
z™ 101° 177°

' The Euler angles describe the relative orientation of g(P") to g(Q).
The polar and azimuthal angles, 6 and o, respectively,

describe the orientation of Zp, relative to g(Q):

Zp=(-sin O cos @, sin 6 sin @, cos 0).

Ref. [1-3].

Conclusion

Monte Carlo method is to be used when analyzing the effect of the unresolved hyperfine
structure on the electron spin polarization pattern of the charge separated states in
photosynthetic reaction centres.

This work was supported by RFBR grant 06-03-32175, NIOKR RT 06-6.3-349.
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Magnetism of the molecular complexes including ions of iron group (3d ions) and rare-earth
ions (f ions), is an object of research of last years since the mixed compounds with rare-earth
ions can be perspective for creation of new functional materials with operated properties for
molecular electronics and information systems. The most part of researches is fulfilled for
compounds in which interaction between copper and gadolinium ions is realized but EPR
investigations of clusters constructed of these ions are absent. We present the first example of
experimental EPR study of Cu-Gd dimer fragments and analysis of the polycrystalline EPR
spectra of these dimers. Main aim of this report to establish the possibilities of EPR study to
obtain the information about spin-spin interaction in the Cu-Gd dimer fragments.

EPR investigations are carried on polycrystalline sample of [LCu(OH,)Gd(NOs3)s] built
up of Cu-Gd dimmers in the temperature range of 293-4.2 K in the X-band and at T=293 and
4,2 K in the Q-band (Figs. 1, 2).

x2
l T=275K
T=84K
TH1K TeD%k :
T=12K V=08 BVH y
x10
i
X05
0 a» 40 @m &0 0 2D 40 &0 &0 100D @D WID AT &0
He Hee
Fig.1. Temperature dependence of EPR Fig.2. EPR spectrum of
spectrum of [LCu(OH,)Gd(NO3)s] in [LCu(OH,)Gd(NOs3);] in Q-band at room
X-band. temperature.

The spin states of Cu-Gd dimer can be characterized total spins S=3,4 due to exchange
interaction between copper (S;=1/2) and gadolinium (S,=7/2) ions. The spin Hamiltonian
described the interactions in the Cu-Gd fragment can be written in a form:

H=SB(H-g-8))+ B 24(g-S1)(g - Sp)=3r (911G, Sy M} +(Sy-Jyp-S,)+DIS, —%31<s1 )]+

2 Q2
+EISY, 57, ]
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where J;; — tensor of the exchange interaction which include isotropic and anisotropic
contributions, r-radius-vector between ions, D,E- fine structure parameters of a gadolinium
ion [2].

Xy plane

M 12 plane

i 1000 2000 3000 4000 5000 000 7000 @i o 1000 2000 3000 4000 5000 £000 7000 2000

H,0e H,Ce
Fig.3. Angular dependenceof single Fig.4. Angular dependenceof single crystal
crystal EPR spectra of Cu-Gd dimer EPR spectra of Cu-Gd dimer for xz plane,
for xy plane. D=0.07 cm™. E = 0.04 D=0.07 cm™. E = 0,04 cm™.

It is necessary to note several facts in result of which investigation of this system by EPR
method can be ineffective: the spectrum is the sum of spectra from two spin multiplets with
S=3 and S=4, and polycrystalline samples were investigated.

Program of simulation of EPR spectra of single crystal and polycrystalline samples of the
given dimer has been created. Numerical experiment of EPR spectra has been made to
analysis frequency, temperature dependences of EPR spectra and dependence on the values
of exchange and fine structure parameters.

Comparison of calculated
angular dependence of single
crystal EPR spectra of Cu-Gd

polycrystal dimmer concerning a magnetic
monocrystal(e=0, 6=20) field (fig.3,4, principal direction
-~ monocrystal(p=0, 6=0)

of {gcuj, {ga} and {Dga}-
tensors are coincided, 0-angel
between the z axis and direction
of the magnetic field,
¢-angel between the x axis and
magnetic field) and
polycrystalline spectra (fig.5) to
show that in polycrystalline EPR
spectra the basic contribution is
brought  with  perpendicular
Fig.5. Simulated EPR spectra of Cu-Gd dimer, D=0,07 orientation.
cm’! ,E=-0,04 cm’! J=-10 em™ .

T T T T T T 4 T
0 2000 4000 6000 8000
H,Oe

20



Calculations of polycrystalline EPR spectra at various parameters Hamiltonian (fig.6,7)
have shown, that the form of a spectrum for the dimer with S;=1/2 and S,=7/2 depends not
only on parameters of a crystal field of the nearest environment, but also from of sign of
exchange interaction.

J=-10cm

J=-10 cm
T:4'2 H J=10 cm
—D=005 o
-----D=0,09 crn!
!
IJI : HIJ:.IIJ d qu:ju - |‘5.|:|I:I|:I : uu:j" IIII I il:I::ll:l I Il:ll::l:ll:l I Iil::l:ll:l I Jl:Il:lll:ll:l
H ,0e H,Qe
Fig.6. Simulated polycrystalline EPR Fig.7. Simulated polycrystalline EPR
spectra in X-band. spectra in X-band. E=-0,04 cm'l, D=0,07
J=-10 cm™, E=-0,04 cm™, T=293K. cm” T=4,2K. (J=-10cm™, J=10 cm™)

Research of the form of the spectrum of such compounds it is very complicated, but it is
possible to receive the necessary information. In particular by consideration of temperature
dependence of EPR spectra in Q-band(fig. 8) we have established, that small change of signal
intensity in zero fields specifies ferromagnetic character of interaction in dimer.

Fit of experimental and calculated spectra allows to estimate the parameter of fine
structure of the Gd center. The result of calculation EPR spectra at temperature T=275K with
these parameters is shown in fig. 9.

——— T=2300k
— T=4,2K
T=275K
experiment
---- theory
(I) 20I00 ' 4OIOO ' GOIOO ' 80IOO :: . a:u::-:- . |-:-::u:-:| . |a:lu:-:| . :-:-:Iu:-:-
H,Oe H,ae
Fig.8. EPR spectra in X-band at Fig.9. Simulated polycrystalline EPR spectra
temperature 275K in Q-band.

D=0,07 cm™” E=-0,04 cm™ J=-10 cm™ .

This research shows that analysis of the temperature and frequency dependences of fine
structure of polycrystalline spectrum for Cu-Gd dimer in detail allows to determine
ferromagnetic interaction between the centres and parameters of a crystal field.
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Recently, a Griffith phase was observed in crystals La;SrxMnOs [1]. Within the context of
quenched disorder scenarios, the existence of a Griffiths-like [2] temperature scale 7 above the
magnetic ordering temperature 7¢ has been predicted and linked to CMR [3-5]. Moreover, the
competition between charge-ordered antiferromagnetic (AFM) and metallic ferromagnetic (FM)
phases appears to be a significant factor for the rich phase diagrams of these systems [4], and the
persistence of nanoscale inhomogeneities in the paramagnetic (PM) regime has been reported
early on [6].

Below T¢, the quenched disordered system is in between the completely disordered PM
high-temperature regime and the magnetically ordered state. This phase regime is usually referred
to as the Griffiths phase (GP) [7], based on Griffiths’ seminal treatment of the effects of
quenched randomness on the magnetization of a dilute Ising ferromagnet [2]. Griffiths showed
that essential singularities would develop in a temperature region T¢(p)<T <Tg, where p denotes
the disorder parameter, 7¢(p) the disorder-dependent FM ordering temperature [Fig. 1(a)], and T
a new temperature scale corresponding to 7¢(7), the Curie temperature of the undiluted system

with p=1.

(8) percolation (b) percolation Further studies showed the importance of
thresqfld Pe fhrestiold . correlated disorder in generating and enhancing the
new singularities [8§—10], but a systematic study of
the Griffiths phenomenon in a competing 3D two-
phase situation (e.g., AFM/FM) is still not
available at present. To date, however, an entire
0 Probabilityp 1 O Probabiltyp 1 GP, i.e., a globally PM regime characterized by the
temperature boundaries 7¢ and T¢ and a well-

Fig.1. (a) T-p diagram for the dilute FM  defined disorder parameter p, has not been

PR
To(p) =0

Temperature

Ising model [2]. (b) Conjectured identified experimentally.
schematic T-p diagram of the GP arising Here we report the discovery of an entire GP in
mnaJ raqdpm Ising model due to the single crystals of the paradigm system La;Ba,MnOs
competition of FM/AFM clusters. (LBMO), demonstrating the impact of quenched

disorder in manganites. Using electron spin resonance
(ESR) and magnetic susceptibility measurements, we clearly identify a triangular phase regime limited by
the Ba concentration x, ~ (.1, the Griffiths temperature scale 75~340 K, and the FM transition temperature
up to a maximal Ba concentration xma~0.20. Furthermore, we propose that the appearance of Griffiths-
phase regimes can be expected for many other manganite systems and mapped out by ESR, which is a
local magnetic probe and particularly sensitive in the PM regime.
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ESR measurements were performed with a Bruker and Varian E-12 spectrometers at 9.4 and
34 GHz. Susceptibilities were measured with a SQUID magnetometer (Quantum Design).

ESR spectra in La;4BayMnOs in the PM regime above 7c=200 K not only consist of a PM
signal due to the majority of Mn®" and Mn** spins [11] but also exhibit an intriguing FM
resonance (FMR) signal at lower resonance fields. A rough estimate obtained by comparing the
FMR and PM signals shows that the fraction of spins contributing to the FMR is < 1%. The PM
resonance signal and its anisotropy in the orbitally ordered phase have been analyzed in detail
previously [12, 13]. Here the focus is on the FMR signal, which emerges from the signal of the
PM Mn’"/Mn*" background (g=2) at 7290 K, far above T=200 K [14], and then shifts towards
lower resonance fields, indicating an increase of the local magnetic fields in the sample. This
shift corresponds to the 7 dependence of the FM magnetization [15]. Concomitantly, the intensity
of the FMR (estimated via its peak-to-peak linewidth AH,, and its amplitude 4 as AH",,4) first
clearly increases and then saturates with decreasing temperatures. This behavior excludes a
superparamagnetic origin of the signal, which would result in a 7" dependence according to the
Langevin function [for temperatures under consideration, a Curie-Weiss (CW)-like increase]
instead of a saturation.

These FMR signals were observed in the PM regime above 7¢ in single crystals with Ba
concentrations x=0.1, 0.12, 0.15, and 0.2. They all separate from the PM signal below 340 K,
indicating a temperature scale 7 above T¢ which is almost independent of x, and they all exhibit
the same anisotropy ~ 6000 Oe. Remarkably, no such additional FMR signals could be identified
above T¢ for samples with x>0.2, which already exhibit a FM metallic ground state. Moreover,

for x<0.05 no FMR was observed in the PM regime.

La,,Ba, ,MnO, In Fig. 2, we show susceptibility data for a sample with
AN x=0.1. For a large applied magnetic field (3 kOe), the FM
component is hidden in the PM contribution and a CW law

M, = 241.680 g/mol]

3 gg m=13.42mg 1 is found throughout the PM regime, while in small magnetic

% 15} ] fields (10 Oe), clear deviations from a CW behavior are

5 12 3 S ; observed below T5=340 K [Fig. 2].

= o} Having identified the new phase regime in low doped
= - LBMO, we will now discuss its interpretation in the context
op H=3000 Oe 7§ ] of quenched disorder as an enhanced GP becoming
40 e H=10 Oe ) observable due to the competition of two ordering phases
30+ [3]. The source of disorder is the random substitution of La®"

by ions with different size and valence, such as Ba or Sr.
The probability p(x) for the existence of a FM bond
increases with x, because the increasing number of Mn®'-
0 100 200 300 400 Mn** pairs enhances the double-exchange (DE) driven FM

interaction. Because of the static Jahn-Teller (JT) distortion
Fig.2. T dependence of the of the Mn®" ions, the non-JT active Mn*" ions and the FM

magnetic susceptibility and the  ponds can be regarded as fixed within the lattice (quenched
inverse susceptibility at 10 Oe  disorder).

and 1 kOe in Lag¢Bay MnOs.
The external magnetic field was
applied within the easy ac
plane.

=
o
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The lower bound 7y for the nonanalyticity of the
magnetization is identified with the appearance of the FMR
signals at 7=340 K. From the intersection of the 7¢
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boundary with the magnetic ordering boundary, the regular ferromagnet corresponding to p=1 is
found to be at x~0.2. In Bray’s generalization of Griffiths’ concept to FM systems with an
arbitrary distribution of bond strengths, the Griffiths temperature scale 7 is no longer the critical
temperature of the pure FM system with p=1 but the maximal critical temperature among all
configurations compatible with the static nature of disorder [17].

Keeping in mind that the disorder in LBMO is quenched within the JT-distorted structure, it
becomes clear that the disorder must be of a correlated nature as assumed in the argument above.
In the case of theoretical models which include correlated disorder, it was found that Griffiths
effects are enhanced [8,10]. Additionally, the existence of AFM bonds in the system and the
resulting two-phase competition have to be considered and, indeed, Burgy et al. [3] argue on
theoretical grounds that the existence of competing phases stabilizes and enhances FM
Griffithslike effects. In the presence of AFM clusters, the GP should be confined to a restricted
region of the 7-p phase diagram.

The existence of such a novel phase regime characterized by the FMR features is not restricted
to weakly doped LBMO but rather represents a generic feature of manganite systems where the
structural distortions are sufficiently strong to allow for the bond disorder to be completely quenched:
The coexistence of PM and FMR signals above 7¢ has already been reported for some samples of the
layered Lay,Sr;12,MnyO7 [31,32] manganites and La; xSt,MnOs[1].

In conclusion, we have experimentally identified, to the best of our knowledge, for the first
time an entire Griffiths phase in the 7-x phase diagram of LBMO by means of ESR and
susceptibility measurements. This phase regime arises as a result of the strong quenching of the
randomly diluted locations of the FM bonds in the cooperatively JT-distorted structure and can be
expected to be a generic feature in manganites.

This work was supported by RFBR 06-02-17401.
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Sample preparation and research method

Methane hydrate [1] was prepared in a quartz glass cell filled with water approximately up to
50% vol. Then the cell was cooled down to the desired temperature (7+0.1°C in our
experiments), it was purged with methane gas at pressure 100 bar. Two samples of methane
hydrate were prepared: for the first sample distilled normal water was used, for the second
one — deuterated water was used. Experimental studies of methane hydrate formation kinetics
were performed on 'H NMR spectrometer with resonance frequency 19.08 MHz, duration of
90° RF pulse — 2 us and receiver dead time — 8 ps.

Results and discussion

Typical transverse relaxation decays in solid-echo experiment are shown on fig. 1.1 and 1.2.
Fig.1.1 presents relaxation decays of sample with normal water and fig.1.2 — sample with
deuterated water. Data set before methane hydrate formation occurs is marked as 1, data set
after methane hydrate appeared — as 2.
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Fig.1.1. A typical shape of solid-echo Fig.1.2. A typical shape of solid-echo decays

decays (sample with normal water) before ~ (sample with deuterated water) before hydrate
hydrate formation (curve 1) and after 130 formation (curve 1) and after 130 hours of

hours of hydrate growth (curve 2). hydrate growth (curve 2).

Relaxation decay of sample with normal water during the process of methane hydrate
formation is characterized by 3 relaxation times. The slow relaxing component corresponds to
protons of methane gas, and the fast relaxing components correspond to protons of methane
and water in hydrate state. Transverse relaxation times of methane and water in hydrate state
are 65+£15pus and 13+4ps and their amplitudes related to overall signal (so called populations)
are 0.3+0.1 and 0.7£0.1. Fast relaxing component of sample with deuterated water has
transverse relaxation time 70+15 ps and corresponds to protons of methane in hydrate state,
that proves our components’ decomposition in the first sample.

It should be noted that theoretical value for relaxation time of methane solid lattice is
about 9 us [2]. Thus our results could be an evidence of significant rotation motion of
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methane molecules in solid lattice of methane hydrate. Correlation time of methane molecule
rotation motion can be evaluated at 107 s.

Fast component’s population is directly proportional to amount of formed methane
hydrate. Therefore in order to obtain the methane hydrate formation kinetic behavior time
dependence of fast component’s population was investigated.

Obtained kinetic curves are shown in figs. 1.3, 1.4 at three characteristic periods. During
first period (induction time, lasts about 7-12 hours) any signal of methane hydrate wasn’t
registered by NMR. Next period is a period when intensive methane hydrate growth begins.
This period lasts 11-12 hours and after that period the growth rate of methane hydrate
decreases. Populations of fast components for studied samples were equal 5-6% of overall
signal at this period.
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Fig.1.3. Population of methane hydrate Fig.1.4. Population of methane hydrate
(normal water) depending on time. (deuterated water) depending on time.

As it seen from fig.1.3 and fig.1.4 growth rate of methane hydrate was decreased with
time. Apparently it’s concerned with formation of hydrate film at liquid — gas interface.
Hydrate film hinders infiltration of gas molecules to liquid water in the area where hydrate
growth can occur and hence slows down further hydrate formation. To be convinced of this
version after 90 hours from the beginning of hydrate formation the cell with a sample with
normal water has been subjected to easy mechanical stirring. On fig. 1.3 it is visible, that after
destruction of hydrate film, growth rate was increased again.

Fig.1.4 presents kinetic of hydrate growth obtained for system deuterated water —
methane within 160 hours. From comparison of the data on fig. 1.3 and 1.4 it is obvious, that
for not destroyed film by time about 160 hours appreciably smaller amount of a hydrate is
achieved in comparison with a situation shown on fig.1.3. Thus, the film at liquid — gas
interface substantially limits growth rate. This implies that hydrate permeability for molecules
of methane is not high. Now if one accept, that hydrate was formed as a film, from the
geometrical sizes of the cell (internal diameter of 5 mm) thickness of a film d can be
calculated. Then the estimation of diffusion coefficient of methane through hydrate can be
made using a kinetic curve data. Considering value of a hydrate amount at time about 100
hours from the beginning of hydrate formation thickness of a film is estimated at a level 0.3
mm, and diffusion coefficient — about 10" m?/s.

On the example of sample 2 we made a try to study hydrate stability. After 160 hours
from the beginning of growth process we made following: at the pressure 100 atm.
Temperature was decreased to -18”C. Then at the constant temperature pressure was dropped
off by steps. As one can see from Fig.1.5, decreasing of hydrate content was insufficient up to
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pressure about 20 atm. Subsequent decreasing of the pressure leaded to more intensive
hydrate degradation. In the pressure interval from 20 atm. to 1 atm. the hydrate contend
decreased in two times. Note that under that step-by-step pressure change hydrate riches the
equilibrium state quite fast (some tens of minutes).

It was unexpectedly found also the relaxation time of methane in hydrate sufficiently
decreases (twice!) with hydrate degradation. Note that it happened in agreement with hydrate
amount in the sample.
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Fig.1.5. Signal intensity and transverse relaxation time
dependences on applied pressure for methane in hydrate.

This not trivial result could indicate about presence of different types of hydrate crystal
structures in which methane molecule has different relaxation times. Note that we didn’t
observe any direct change of methane relaxation in hydrate during hydrate formation.
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Introduction

1,1-Dimethyl-3-hydroxybutyl phosphonic acid ethers synthesized at the A. E. Arbuzov Institute
of Organic and Physical Chemistry (Kazan Research Center) are organophosphorus compounds
with a variety of pharmacological effects.

The dimethyl ether of 3- hydroxybutyl phosphonic acid (dimephosphon, fig.1) like a
majority of drugs is an amphiphile one, with octanol — water partition coefficient of 1.09+0.09
[1]. It is widely used in metabolic therapy with wide application spectrum, but the molecular
mechanism of its medical effect is not clear yet.

TH3 Recent investigations of effect of dimephosphon and other

0 acid derivatives on synaptic transmission in neuromuscular

junction [1] suggest dual-effect model (blockade and modulation)

of channel-blocking action. The modulation model of protein

H,C—— C——CH, blocking is also associated with interactions through lipid bilayer.

\ It’s well recognized that action of membrane proteins, transporters

CHs //C_ and enzymes is strongly affected by their local environment,

o including membrane lipid bilayer. Therefore it seems interesting to

Fig.1. Structural formula  study the effect of 1,1-Dimethyl-3-hydroxybutyl phosphonic acid

of dimephosphon derivatives (dimethyl, diethyl, diproyl and dibytil ethers) on
biological membranes properties.

O=——=P——0—CH,

CHj

The red blood cell (RBC) suits ideally for investigating of many physiological processes in
cells including water transport across cell membranes because of its simple structure (no internal
membranes) and availability. As there are two water transport pathways: across the lipid bilayer
and through transmembrane specific water-channels aquaporins, effect of pharmacological
reagents on the water exchange rate in RBCs can provide more information about molecular
mechanisms of water transport and drug — membrane interaction.

Materials and methods

Venous blood was drawn from healthy male volunteers into sample tubes with heparin (15
IU/ml). The RBCs were isolated by centrifugation and washed three times in medium S (150
mM NacCl, 5.5 mM glucose, 5 mm HEPES (4-(2-hydroxyethyl)-1-piperazine ethanesulphonic
acid), pH 7.4. Samples for NMR measurements were prepared by carefully mixing 0.2 ml RBC
suspension, 0.1 ml doping solution (30 mM MnCl1, , 110 mM NaCl, pH 7.4) and 0.1 ml of
medium S or pharmacological agent solution of appropriate concentration.

Studies of proton T, relaxation in paramagnetically doped RBC suspensions is focused on
extracting the intracellular water residence time t, [2]. Fitting experimental relaxation data from
doped cell suspensions to biexponential functions supplies the parameters from which 1, is
calculated using expression (1):

(A% +B? +2ABC)

1
(A’ -B?)(B+AC) )

Tq =
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where Azl(L—L);B=L—1(L+L);C=l—2Pa "T,.Tp,Py' - apparent relaxation times and
2T Ty T, 2T" Ty

relative populations of intra- and extracellular water, measured in doped RBC suspension. The

intrinsic relaxation time of the intracellular water T, measurements were carried out on packed

cell samples (whole blood centrifuged at 5000 g for 30 min.)

NMR relaxation data were obtained with home-built NMR spectrometer at a Larmor
frequency of 19 MHz with Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. All
experiments, including drug exposure were performed at 37° C on samples with 26-28 %
hematocrit in medium S.

Results and discussion

No significant erythrocyte volume changes were observed. Intrinsic relaxation time of
intracellular water without or with dimephosphon was typically within 140-150 ms.

All used concentrations of dimephosphon (0.0015 — 2 % v/v) caused an increase of mean
residence time of intracellular water molecules 1, above the control value 9.2 =+ 0.4 ms in a
concentration-dependent manner.

_ The relative increase of t, for

45 different concentrations is represented on

J‘ fig.2. As one can see from the figure,

residence time increases with the

dimephosphon concentration increasing.

30- } It indicates that one (or both) of the

s water transport pathways are inhibited. It

i is significant to note that aquaporin

. water channels can be specifically

15 blocked by organomercuric SH-reagents,

. > . . . . especially pCMB and pCMBS, reaching
1E-3 0.01 0.1 1 10 . . g e,

C, % (VIv) the maximal inhibition of water transport

(increasing of 1, at 50 %) in =60 min [3].
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Fig.2. Relative increase of intracellular water

It should be noted that exposure of
residence time in human RBC by dimephosphon. " xpost

dimephosphon to RBC suspension
produced  faster = water  transport
inhibition (in =5 min), but less efficient than pCMB. Further experiments will be held in order to
get detail understanding of the molecular mechanism of the found effect.

The work was supported by RFBR projects No 04-03-32861, Ne 06-04-48160, RNP
2.1.1.3222.
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Abstract

For dynamic polarization of liquid *He nuclei in our previous researches we suggested using of
dielectric Van Vleck paramagnet PrFs. In present work the magnetic properties of PrFs; single
crystal and crystal powders were studied in details to clarify this proposal.

Experimental magnetic susceptibility data of PrF; shows unusual temperature dependence
(in temperature region 2-14 K and 20-65K) in comparison with the majority of other Van Vleck
paramagnets. Such anomalous dependence at 20-65K comes from the peculiar structure of wave
functions and needs the detailed experimental investigation.

The magnetic susceptibility in the PrFs single crystal was measured by use dc-SQUID
magnetometer MPSM-2 (Quantum design) at temperatures 2+300 K for two directions of the
applied magnetic field 0.01 T (along and perpendicular to c-axis). Experimental results allowed
us to find out crystal field parameters in the framework of the crystal field theory. A rather good
agreement between observed temperature dependence of magnetic susceptibility and the
calculated one was obtained. The calculated structure of the Stark energy levels for ground
multiplet *Hy describes experimental data much better than any previous proposed structures.
Using obtained crystal field parameters we calculated the magnetic field dependences of Stark
energy levels. Such dependencies should help us to find an optimal condition for dynamic
polarization and to predict the behaviour of PrF; in ultra low temperatures.

Introduction

We suggested using dielectric Van Vleck paramagnet PrF; for dynamic polarization of liquid *He
nuclei in our previous investigations [1]. Therefore, studying of magnetic properties both PrF;
single crystal and PrF; fine-dispersed crystal powders attracts great interest.

Earlier, dielectric Van Vleck paramagnet magnetic properties research was carried out in
case of single crystals and crystal powders which was in contact with liquid *He. For example,
systems contains LiTmF4 and TmES Van Vleck paramagnets was investigated extensively [2,3].
But on practice surface quality of crystal powder particles doesn’t allow the nuclear dynamic
polarization of *He, or experiments are not reproduced. During single crystal grinding mechanical
stress arises and leads to nanocavities on the powder particles surface. As a result, defect
paramagnetic centers appear on this surface. That is why magnetization transfer from Van Vleck
paramagnet nuclei to nuclei liquid *He becomes complicated because of strong local
heterogeneous magnetic fields on nuclei “He. Cleavage plains are present at PrF3 and, therefore,
atomic-smooth surface of crystal powders is quite possible. This fact favorably distinguishes PrF;
from other Van Vleck paramagnets. Another remarcable feature of this cristal is that according to
Bleaney [5] the temperature at which the nuclei of the single stable isotope '*'Pr, I=5/2, enter an
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ordered state is estimated to be 0.1 mK, smaller than the overall nuclear electric quadrupole
splitting 1.2 mK.

In the present work the magnetic properties of PrFs; single crystal and fine-dispersed crystal
powders were studied in details.

Magnetic properties of PrF;

The PrF; single crystal was grown by the Bridgman-Stockbarger method from the PrF; powder at
the melting temperature of 1400 °C. The EPR measurements have shown that the paramagnetic
admixture content (Er’", Dy3+, Nd**, Gd** and Sm®* ions) totally is much less than 0.01% from
the number of Pr’* ions.

The magnetic susceptibility in the PrFs single crystal was measured by use dc-SQUID
magnetometer MPSM (Quantum design) at temperatures 2+300 K for two directions of the
applied magnetic field 0.01 T (along and perpendicular to c-axis). Also was measured magnetic
susceptibility in the PrF; crystal powder with character size of particles about 45-75 mkm as
function of temperature (see fig. 1).

PrF3 single crystal, H=100 G
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Fig.1. Magnetic susceptibilities of PrF; measured in the external magnetic field 0.01T
directed across (solid circles) and along (open circles) the c-axis. Solid curves represent
results of simulations.

Peculiar structure of wave functions leads to unusual temperature dependence of magnetic
susceptibility of PrF; among the majority of Van Vleck paramagnets. Susceptibility arises with
temperature at 20-65 K when external magnetic field direction is along symmetry C-axis.
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Also unusual result at the temperatures 2-14 K attracts great interest. This anomalous Curie-
like behavior exists along with temperature independent Van Vleck contribution into
susceptibility. Experiment showed that this effect doesn’t depend on orientation of single crystal
in external magnetic field and become weaker at high fields above 5 T. So we suggest that this
anomaly arises from intrinsic lattice defects in PrF3. Local crystal fields in the region of the
defects differ from the crystal field in the “bulk”. As a result, a quasi-doublet crystal field state
may appear as the ground state of a Pr’” ion. The resembling behaviour was observed by Bucher
[4] on monocrystal Rb,NaHoF.

Received experimental results allow us to find out crystal field parameters in the framework
of the crystal field theory.

The magnetic susceptibility of the paramagnetic crystal PrF; was computed in the same
framework. The Hamiltonian of the Pr’" ion in the external magnetic field Ho, acting within the
space of 91 states of the ground 4f* electronic configuration,

H=Hsi+ Hs+ Hz (1)

contains the free ion Hamiltonian Hgi which involves energies of electrostatic and spin-orbit
interactions, the crystal-field Hamiltonian Hcr and the Zeeman Hamiltonian Hz. In the local
coordinate system with the z-axis parallel to the corresponding symmetry axis of monoclinic site
symmetry, the crystal-field Hamiltonian is given by an expression

HCf - Z quckq ; k:2,4,6; q:‘k,..,k (2)
k.q

where Cyq are the components of a spherical tensor of rank Kk, Byy are the complex crystal-field
parameters which describe the effect of the crystal field on the free-ion energy levels.
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Fig.2. Magnetic susceptibilities of PrF; crystal powder measured in the external magnetic
field 0.01 T. Solid curves represent results of simulations.
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The calculated structure of the Stark energy levels for ground multiplet *Hy describes
experimental data much better than any previous proposed structure. Using obtained crystal field
parameters we calculated the magnetic field dependences of Stark energy levels.

Magnetic susceptibility of undirected PrF; crystal powder was calculated by using averaging
method of any directions of crystal particles in external magnetic field. In this case we obtained
rather good agreement between observed temperature dependence of magnetic susceptibility and
the calculated one (see fig. 2).

Conclusion

Experimental and theoretical investigations of PrFs; magnetic susceptibility were carried out.
Obtained wave functions are in good agreement with all measurement data both PrF; single
crystal and PrF; fine-dispersed crystal powders.

Investigations of magnetic properties of PrF; in this work and recent NMR investigations of
magnetic coupling between the '*'Pr and *He in the system of “solid PrFs; — liquid “He” and
studies of surface quality of PrF; particles with different size in powders suggest this Van Vleck
paramagnet as a perspective material for the dynamic polarization of *He nuclei.
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The double fluoride LiTmF, is the Van Vleck dielectric paramagnet with singlet Stark ground
state of Tm*". This crystal has a scheelite structure with the space group cS,. The Tm**
positions have the S, point symmetry. The Tm** ground electron configuration is 4", the

ground multiplet *H, . Giant magnetostriction in LiTmF, in (001) plane was first observed in
[1]. As has been reported there, the lattice deformations in magnetic field of 30 kOe oriented

in the basal plane achieve the values of -1.1-10°. The effect of magnetostriction on magnetic
properties of LiTmF, in (001) plane is the subject of present work.

The experiments on ***Tm NMR in LiTmF, have been performed on specially designed
high frequency magnetic resonance spectrometer [2, 3] and rotary device of sample in the
superconducting solenoid at frequencies 372.7 MHz at 15 kOe and 653 MHz at 25 kOe at
temperature 4.2 K. Spherical-shaped 4 mm in diameter oriented crystal of LiTmF, has been
used as a sample. The resonance field dependences on magnetic field direction in basal plane
(001) have been measured (figure 1).
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Fig.1. The calculated (lines) and experimental Fig.2. The measured dependences of the
(circles) dependences of the ***Tm NMR magnetization on the magnetic field strength
normalized fields on the resonance frequency and direction (circles). Dashed lines are fits
and magnetic field direction. The value of using equation (1) and table 1. Sample has been
absolute angle of experimental dependences  deeply embedded in epoxy glass. HL[001],
has been defined from experiments on T=4.2K. The increments of H are 4 kOe
magnetization. HL[001], T=4.2K. everywhere.

In ¥ Tm NMR experiment we have failed to determine the absolute value of the angle
between magnetic field direction and crystallographic axis [100] of the sample, but it can be
determined from the experimental dependences on magnetization. Since the paramagnetic
shift of ***Tm NMR line in LiTmF, is greatly exceeds 1, the variation of **Tm effective
gyromagnetic ratio is reproduced by the LiTmF, magnetization dependence rather precisely.
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Experimental results give mean value of ¢,=12.5° for the angle of a maximum magnetization

(see table 1 and figure 3). This value should correspond to the direction of minimum
resonance magnetic field of ***Tm. Figure 1 shows the ***Tm NMR field dependences where
the absolute angle values were defined by this way. The value of ¢, is in good agreement

with the corresponding value defined in [4] as 11° as a direction of the maximum effective
gyromagnetic ratio of ***Tm in LiTmF, at 160 MHz.

The experiments on LiTmF, magnetization have been performed on Quantum Design
SQUID MPMS setup. The magnetic field strength and direction dependences in basal plane
(001) have been measured at magnetic fields up to 55 kOe at temperature 4.2 K (figures 2, 3).
The sample has been oriented relative to (100) axis by means of X-ray diffractometer and
shaped as a parallelepiped of 1.5x1.5x0.9 mm in size with the faces parallel to
crystallographic axes (c axis was normal to larger face). The magnetization in (001) plane was
substantially anisotropic, therefore it was necessary to fix the sample reliably as the torque of

value as much as ~4-10 N-m was supposed to act on sample on some directions in 55 kOe
magnetic field. Two types of experiments have been performed: first, with sample, deeply
embedded into low temperature epoxy glass (Stycast 1266) (figure 2) and second with sample
only glued by epoxy glass to the capsule bottom (figure 3). It has been clearly seen that the
variation of magnetization in first case, when the sample couldn’t change its size freely under
the action of magnetic field, was about two times smaller than in second case (see table 1).
The experimental dependences of magnetization A can be fitted by the expression

Mz[azH2 +b?H* (1+ cos4((p—(p0))]l/2, (1)

where parameters a and b are constant at small magnetic fields (below ~20 kOe), though at
high magnetic fields they tend to decrease (see table 1).
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Fig.3. The calculated (solid lines) and experimental (circles) dependences of the
magnetization on the magnetic field strength and direction. HL[001], 7=4.2K. H=31 kOe for
(@) and H=55 kOe for (b). Dashed lines are fits using equation (1) and table 1. About a quarter
of sample has been embedded in epoxy glass.
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Table 1. Parameters of the equation (1) to fit the LiTmF, magnetization dependences.
H_L[001], 7=4.2K.

emu 2 €emu 3
H, kOe @ KOs b, x10 3 -KOE? 0.
Theory 55 1.30 1.67 8.1
31 1.48 2.27 7.9
Experiment on 55 1.39+0.02 1.66%0.05 13.6+0.8
figure 3 31 1.61+0.01 2.26+0.09 114+1.1
55 1.37+0.01 1.20+0.04 -
Experiment on 31 1.60+0.01 1.55+0.07 -
figure 2 19 1.69+0.01 1.68+0.17 -
15 1.71+0.01 1.70+0.27 -

According to [5, 6], the energy levels and wave functions of Tm*" in LiTmF, can be
determined by the single ion Hamiltonian

He:Hcr+HeZ+He7d’ (2)
where
0,0 010 , pdrd , p-dpoh 010 , pdrd | pto
H, =aB;0; +ﬁ(3404 +B,04 + By 94)+7(3606 +BsOp + Bg Qe)v Hoy=g;ugHl.  (3)

a, B, y are the Stevens coefficients, O, Qlﬁ — Stevens operators and ij are the crystal
field parameters published in [7] and corrected in [5, 6]:

B, B; B B/ B B B/
184 -90 -4.06 -669 -578 -328 -284

g, =716 is the Lande factor, sy is the Bohr magneton and J is the operator of total angular
momentum. The third term in (2) equals to

H,_; =Ve(H)+V"Aw(H). 4)

These two terms define linear interactions of rare earth ions with the homogeneous
macro— (deformations of whole crystal) and microdeformations (sublattice displacements),
respectively. e(H) is characterizing the crystal deformations of rhombic symmetry defined by

irreducible representation B, of the Tm** point group Cy,,, AW(H) is the vector, which
components equal to linear combinations of sublattice displacements. V and V" are the
vectors of linear combinations of Stevens operators.

The final Hamiltonian has been calculated by the manner reported in [5], eigenvectors of
the Hamiltonian matrix was obtained by its numerical diagonalization in the *Hg manifold,
the magnetic field strength and orientation dependences of LiTmF, crystal magnetization
have been calculated (figure 1). Calculated dependences are in good agreement with
experimental ones when the LiTmF, sample was fixed so that it could change its shape freely
due to magnetostriction.

At rather high magnetic fields (7>30 kOe), the energy of electron Zeeman interaction
become comparable with the values of Stark splittings. For Tm** in LiTmF, in lowest 73, 1'%,
and I} states the energy shifts approximately equal to 1.5 cm™ at 30 kOe and 5 cm™ at 55
kOe, while the initial energy gaps between these states are about 30 cm™. Thus, in order to
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calculate the splitting of electron-nuclear sublevels of ground F§(3H6) state it is necessary to

do an exact diagonalization of Hamiltonian by numerical means the same way as it has been
performed for thulium ethyl sulphate (TmES) in [8, 2 and 3]. The following modification has
been introduced to Hamiltonian to take into account the interactions with **Tm nucleus:

where y, =—27x352 Hz/Oe is the %*Tm nucleus gyromagnetic ratio, A;1h=-393.5 MHz is

the hyperfine interaction constant. As an initial basis for the wave functions 26 wave
functions were taken in the form of a direct product of the electronic and nuclear wave
functions:

[J.M ) |1.M ). (6)
The energies of electron-nuclear states were obtained by numerical diagonalization of
Hamiltonian (5), NMR frequencies of ***Tm in ground state of Tm** were found. Calculated
by this manner ***Tm NMR field dependences on magnetic field orientation and resonance
frequency are shown on figure 3 and agree well with experimental dependences.
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Abstract

The binding energy of a Cooper pairs has been calculated for the case of d-wave symmetry of
the superconducting gap in layered cuprate structures. If one assumes that Cooper pairs are
formed by short range potential then the binding energy is given by
A(K,Q)=Ax(q)coskat+Ay(q)cosk,a+Qy(q)sinka+€,(q)sink,a where q is a total momentum of
the pair. Numerical solutions of the self-consistent system of the integral equations for
quantities A«(Q), Ay(q) and €Q,(q), Q,(q) along different lines in g, g, plane have been
obtained. The origin of the high order harmonics in energy gap function, discovered recently
experimentally, will be discussed.

Main text

The binding energy of a Cooper pairs has been calculated for the case of d- wave symmetry
superconducting gap in layered structures. If one assumes that Cooper pairs are formed by
short range potential then the binding energy is given by

A(k,q) =A (q)cosk.a+A (g)cosk a+Q (q)sink.a+Q (q)sink,a (1)

where q is total momentum of the pair. Numerical solutions of the self-consistent system of
the integral equations for quantities Ax(g), Ay(¢q), x(q) and ,(q) along different lines in the
dx gy plane have been obtained. The problem of the binding energy of a Cooper pair in the
BCS model (phonon pairing mechanism) was discussed by Cooper in his pioneering paper [1]
and later on by Casas at al. [2]. It was founded that A(q)=A(0)-cq, i.e. cooper pairs are
distorted very fast when they start to move. This future in strong contrast with respect to usual
bosons behavior.

In our calculations we start from integral equation for the binding energy

AR f B = F(E,)
Mlkoq) =~ 2 (k=) q[E - ]

lk'q 2k'q

(2)

where q is total momentum of cooper pair,

f(E)=1/(1+exp(E/k,T))
is Fermi function, k is relative momentum of quasiparticles in pair. Energy of Bogoliubov
type quasiparticles are given by

Elkq :%(gk _g—k+q)+%\/(8k +8_k+q _2/1)2 +4‘A(kaQ)‘2

3)
2 2
E,, = %(‘9/( — & kg ) _%\/(gk T g ™ 2/”) + 4‘A(k,q)‘
The energy dispersion of quasiparticles we take in the form
& =21, (cos k.a+cos kya) +4t, cosk acosk,a+... 4)
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where hopping integrals #;, t,... and chemical potential x are taken according experiment data
based on photoemission [3] for layered cuprates. The Fourier-transform of the pairing
potential is written as:

J(k—k') =2J[cos(k, —k,)a+cos(k, —k,)a)]=2J, cosk,acosk.a+.. (5)

This form is valid for any short-range interaction. As an example one may assume the
superexchange interaction between of copper spin, then J;=I/00meV. The case with g=0 was
described earlier [4].

Equation (2) is belonging to the separable type of integral equations. It is easily seen that
its general solution may be written in the form (1).

After substitution (1) in the equation (2) one arrives to the systems:

A(k',q)cosk,
(Epy = Ery)
A(k',q)cosk,
(B = Ery)
A(k',q)sink,

M@ =25 B~ S Ei,)]

M@ = ZE S B~ S (E,)]
y ' (©6)
Q,(q) = X[ ()= [ (B,

(E]k'q _Ezk'q)
_2J, ~ A(k',q)sin kjv
Qy (9) —T C |:f(E2k'q) f(Elk'q):I (E]k'q _EZk'q)

This equation system is solved numerically. Resulting dependence of a binding energy
on total momentum ¢ (with ¢,=q,) is shown in Fig.1 at 7=/K. Dependences A, Ay, Q,, Qy
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Fig.1. Dependences Ay, Ay, Qx, Qy on total momentum ¢ along axis g,=q, with 7=IK.
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versus ¢, and g, are presented in Fig. 2 and 3.
Fig. 4 gives an idea about parameters changes with temperature change.
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One of the main problems in medicine today is diagnostic of human lungs illnesses at the
early stage of their evolution. When the NMR tomography is used, lungs cavities are filled up
with noble gas (usually *He or '*Xe) mixtured with oxygen. But for good resolution of NMR-
image the gas should be hyperpolarized. There are several methods of hyperpolarized noble
gas production (laser-pumping, brute-force polarization). The first method have low
efficiency, the second one is high expensive.

One of the perspective methods of noble gas production can be the dynamic polarization
of the noble gas. Solid substance with developed surface and big quantity of absorbed noble
gas atoms need for the realization of the method. In this case the polarization can transfer
from the electron subsystem of the solid substance to the nuclear subsystem of the gas. The
main problem now is finding of solid substance with best properties to the method of dynamic
polarization of the gas.

The sample prepared from the tree called «astronium» has been studied. This tree wood
characterize high porous structure. The wood transformed to the coal by pyrolysis and the
coal was mill for increasing of area of the surface interacting with the gas. In previous works,
the behaviors of paramagnetic centers on the coal surface from dimension of powder particle
were established[1-4].

125-150 um 50-75 pm less 10 pm
Fig.1 Images of powder surfaces of carbonizate “astronium” with three different characteristic particle
dimensions.

The images of the surfaces of samples with three characteristic dimensions were obtained
by electron scanning microscope Philips XL30ESEM (Fig.1). One can see, that the samples
with particle dimensions 50-75 um and 125-150 um have porous structure, while pores are
destroyed in the sample with particle dimensions less then 10 um. The rate between pore’s
surfaces and common surface’s areas differ for each sample and the behaviors of surface’s
paramagnetic centers can be change.

The behaviors of paramagnetic centers were investigated by EPR. All measurements
were made on the X-band commercial spectrometer ESP-300 Bruker at room temperature.
Samples are pumping for remove oxygen molecules from surface (the residual pressure less
10" torr). Asymmetric EPR signal with g-factor 2.0023 was observed in each sample (Fig.2).

44



The EPR line is narrow and linewidth is near 0.4 gauss. The line narrowing is caused by
exchange interaction between paramagnetic centers on the surfaces of coal [4,5]. The shape of
line can be approximated by two Lorentz lines with different intensities, linewidths and g-
factors. Linewidths of both lines are nearly similar for all three samples. But the ratio of line’s
intensities and consequently the ratio of concentrations of paramagnetic centers is different
for samples with different dimension of powder particle. Accordingly two kinds of
paramagnetic centers were observed on the surfaces of such coal. Also the ratio of areas of
two types of surface is estimated on the images. There is the good correlation between these
parameters (Fig.3). Hence the types of paramagnetic centers can be attached to types of
surfaces. The narrow line correspond to paramagnetic centers on the pores surface, while wide
line correspond to paramagnetic centers on surface of break powder particle.

T=300 K . N
vo,,=9.4 GHz —— experimen _
- two lorentzian

—— one lorentziar

1=0.66 1=0.33
AH=0.042 mT
g=2.0031

b)
3485 3486 348.7 3488 348.9 3490 3491 3492 349.3
B (mT)

Fig.2 Approximation EPR spectra by two Lorentz curve

spectrum line components
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Fig.3 Correlation of two line intensities rate and two surface
types areas: the area of break (s;) and the area of pores(s,)

The concentrations of paramagnetic centers were measured for each sample by the
comparison EPR signal intensities of investigated sample to signal of the calibrated sample
(DFPQ). In all measured samples this concentrations of paramagnetic centers is near 1% of all
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carbon’s atoms. The largest concentration has been obtained from the sample with the
particle’s dimension 50-75 pm.

Y0 15 20 25 3o 5 40 45 50 55
N*1021 (spin/mol)
Fig.4 Correlation of *He nuclei spin-relaxation time and
concentration of surface paramagnetic centers

The obtained values are in agreement with the *He NMR relaxation, when *He gas filled
carbonizate powder. The correlation of spin-lattice relaxation time of *He nuclei and
concentration of paramagnetic centers on the coal’s surface (Fig.4) show, that the
paramagnetic centers on the surface of such coal are the main channel of *He nuclear
relaxation.
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Abstract

Temperature and magnetic field dependences of the magnetization of LiHoF4 and LiDyF,
single crystals were measured with a dc-SQUID magnetometer MPSM-2 (Quantum Design)
with the magnetic field applied along and perpendicular to the ¢ axis. Experimental data are
well reproduced by simulations based on the microscopic model of the crystal field and
magnetoelastic interactions.

Introduction

Double lithium-rare earth fluorides which crystallize in the tetragonal scheelite Cé?h structure

attract much interest as model objects in physics of dipolar magnets and quantum phase
transitions [1]. The unit cell of LiRF, contains two magnetically equivalent lanthanide R**
ions at sites with the S4 point symmetry. LiDyF, is a dipolar antiferromagnet with Dy’
magnetic moments normal to the crystal symmetry axis (Tx=0.62 K), LiHoF4 is a dipolar
Ising-like ferromagnet with T,=1.53 K [1]. The main goal of the present study was to
elucidate the role of magnetoelastic interactions in formation of the magnetization and the
energy level pattern of LiRF, crystals in the external magnetic fields.

Experimental results and discussion

Single crystals of LiDyF4 and LiHoF4 were grown by Bridgeman-Stockbarger method. After
X-Rays orientation they were shaped as spheres to acquire a definite demagnetizing factor. To
prevent the samples from rotation in the strong magnetic field, they were fixed in Stycast
1266 epoxy resin. The temperature dependences of the magnetization of all single crystals in
the temperature range of 2-300 K and the dependences of the magnetization on the magnetic
field in the interval 0-5 T applied along and perpendicular to the ¢ axis were measured with a
de-SQUID.

In the presence of an applied magnetic field B (below a direction of B relative to the
[001] and [100] axes is specified by spherical coordinates 0 and ¢), we write the Hamiltonian
of a single R*" ion in the following form (the nuclear Zeeman energy is neglected):

H=Hy —grugBJ + AT+ V' ogeqp + D V' y (sIwy (s). (1)
aff a,s
Here the first term is the crystal field Hamiltonian:
H,, =aB)0) + B(BO, + B,O; + B;*Q}) + y(BJO, + B{O; + B/ () (2)

determined in the crystallographic system of coordinates by the set of seven crystal field
parameters Bpk (Opk and ka are the Stevens operators, a, f, y are the reduced matrix
elements). The second term in Eq. (1) is the electronic Zeeman energy (up is the Bohr
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magneton, g, is the Lande factor, J is the total angular momentum). The third term represents
the magnetic hyperfine interaction, and the last two terms define linear interactions of rare
earth ions with the homogeneous macro- and microdeformations, respectively, where e is the
deformation tensor, and w(s) is the vector of the s-sublattice displacement. The electronic
operators V45 and V”’,(s) can be presented, similar to the crystal field energy, through the
linear combinations of Stevens operators with the parameters which have been calculated
earlier in the framework of the exchange charge model [2,3].

Taking into account a linear coupling between the lattice macro- and micro-deformations
and the equilibrium conditions for the coupled paramagnetic ions and the elastic lattice, we
obtain the lattice macrodeformation induced by the magnetic field

n
e(B)=——=S[V)p = (Vo] 3)
0
and the sublattice displacements, which define the internal magnetostriction,
no _
w(B)=——a ' [("") 5~ (V"] )
0

Here n = 2 is the number of rare earth ions in the unit cell, S is the compliance tensor of the
lattice, vy is the volume of the unit cell, a is the dynamic matrix of the lattice at the Brillouin
zone centre, and angular brackets <...>p, <...> indicate thermal averages over the eigenstates
of the rare earth ion Hamiltonian (1) for B#0 and B=0, respectively. Operators V in Eq.(3)
equal to operators V"’ renormalized due to linear coupling of macro- and microdeformations.

To take into account magnetic dipole-dipole interactions between the rare earth ions, we
use the mean field approximation. The local field Bj,.=B+(Q-N)M in the spherical sample (Q
is the tensor of dipole lattice sums, N=47/3, M is the magnetization) is substituted for B in the
Hamiltonian (1), and the expressions (3) and (4) are substituted for e and w, respectively.
Thus we obtain the effective self-consistent single-ion Hamiltonian parametrically dependent
on the magnetization. When studying magnetic properties of the system, it is enough to
consider the matrix of this Hamiltonian in the subspace of states of the ground multiplet of a
rare earth ion. The magnetic moment of an ion satisfies to the self-consistent equations

S grup <ilJy |ive FiMIIAT

1
Ma= S o Ei(M /KT ’ )

i
where E;(M) are the energy levels of a rare earth ion (eigenvalues of the Hamiltonian (1)), 7 —
temperature, £ is the Boltzman constant. To obtain energies of sublevels of the ground
multiplet and the magnetization M = nm /vy, the following actions are performed: the matrix

of the effective Hamiltonian with M=e=w=0 is diagonalized, and the macro- (e(B)) and
microdeformations (w(B)), and the magnetic moment (5) are calculated. At the next step the
obtained values of M, e, w are substituted into the Hamiltonian, and the procedure is repeated
(up to five times) to get a steady solution.

The calculations are essentially simplified when making use of symmetry properties of a
system. Really we worked with linear combinations of the deformation tensor and the
sublattice displacements corresponding to irreducible representations A, B, E, of the lattice
factor group Cap. In particular, the magnetic field directed along the crystal symmetry axis ¢
brings about only totally symmetric 4, deformations, and the field in the basal plane induces
only 4, and rthombic (B,) deformations. The corresponding internal 4, and B, deformations
are described by three and five independent linear combinations of sublattice displacements,
respectively. We used in calculations the low-temperature compliance constants of LiErF,
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(10"m*H):  S(4,11)=7.79; S(412)=-2.5; S(A22)=3.26; S(By11)=63.2; S(B,12)=24.2;
S(B422)=29.4; and the parameters of a rigid ion model of the lattice dynamics [1-3].
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Fig.1. Magnetic field dependences of LiHoF4 magnetization.
Solid lines — theory, points— experiment.
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Fig.2. Temperature dependences of LiHoF4 magnetization.
Solid lines — theory (6=83°, ¢=—15"), points — experiment.

The measured temperature and field dependences of the magnetization in LiHoF, and
LiDyF, single-crystals are compared with results of simulations in Figs.1-3. The calculated
angular dependences of the magnetization in the basal plane of LiDyF, are shown in Fig. 4.
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Fig.3. Field dependences of LiDyF, magnetization.
Solid lines — theory (6=90°, ¢=-5), points — experiment.

Mixing of the ground multiplet with the excited multiplets of a rare earth ion due to spin-
orbit coupling was taken into account by making use of slightly renormalized matrix elements
of Stevens operators and values of Lande factors gy (1.22 and 1.3133 instead of 5/4 and 4/3
for pure °Is and °H,s;, multiplets of Ho’" and Dy’", respectively). From fitting the calculated
dependences to the experimental data, small corrections for the published earlier crystal field
parameters in diluted isomorphic crystals LiYF4:Dy and LiYFs:Ho were determined
(Table 1).
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Fig.4. Angular dependences of magnetization in the basal plane of LiDyF4 (T=2 K).
The dashed curves correspond to zero magneto-elastic coupling.
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Table 1. Crystal field parameters Bpk (cm™) for LiHoF, and LiDyF, single-crystals

Dy’" (4f) °H,sp Ho* (4f'%) °I3
p k - -

\?;18( Ref. [4] VTVSE( Ref. [5]
2 0| 170 165 | 219.7 | 190.35
4 0| -8 88 873 | -78.25
6 0| -42 44 | 355 | 325
4 4| 721 980 | -710 | -6572
4 4| -66 0 612 | -568.6
6 4| -390 | 427 | 387 | -364
6 4| -248 65 | -253.7 | 2223

Conclusion

As it is seen in Figs.1-3, simulated temperature and magnetic field dependences of the
magnetization are in good agreement with experimental results. It follows from calculations
that magnetoelastic interactions in double lithium-rare earth fluorides bring about essential
contributions to the magnetization in external magnetic fields at liquid helium temperatures.
In particular, theory predicts a large anisotropy of the magnetization in the basal plane of
LiDyF, (see Fig.4) at temperatures lower than 5 K in magnetic fields larger than 0.7 T.

A possible reason for some discrepancies between the calculated and experimental data is
the neglect of dependences of compliance constants on temperature and magnetic field and of
the interaction between the paramagnetic ions induced by the phonon exchange.

Results of this work are very important for the correct interpretation of the magnetization
measurements in very large pulsed magnetic fields [6].
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At the present time, because of light oil reserve depletion rising attention to production of
heavy hydrocarbon raw materials — heavy oil and bitumen. However, size of it production as
now remain low all over the world. Few reason of this: high costs on the production and
transportation, imperfection of hardware and technological difficulties of such oilfield
development. That mainly determined by high viscosity of heavy hydrocarbon raw materials.
It’s considered to be the case, that oil content of high-molecular asphaltenes [1] and paraffin
due to oil viscosity. At the same time, molecules of asphaltenes can be able to aggregate with
each other to form supramolecular structures [2], which have characteristics of crystalline
state. Also it is well known, that paraffin molecules can be able to form steady
supramolecular crystalline structures in the oil.

Since '"H NMR signals of solids and liquids differ in form of free induction decay (FID)
and spin-spin relaxation times T, it’s possible to determinate part Ps of 'H NMR signal
related to oil solids.

It can be assume, that correlation between content of solids in the oil and oil viscosity be
exist. The purpose of present work is examination of this assumption.

Samples and experimental methods

The investigations of density p, “zero” viscosity 779, content of asphaltenes and part Ps of
'H NMR signal of solid was performed for row of Tatarstan and Vietnamese heavy oil
samples. The oil viscosity was measured by capillary viscosimeter under temperature 303 K.
Value of “zero” viscosity 77p was determined by approximation of dynamic viscosity value on
the zero value of displacement velocity. The content of asphaltenes in the oil was determined
by using method of asphaltenes precipitation from oil solution in heptane, in this method we
had thirty part of heptane on the one part of oil.

The part Ps of '"H NMR signal of solid in the oil was measured by pulse NMR-
relaxometer with resonance frequency /9,08 MHz and dead time 7,=13us reception channel.
It was found that for the all studied oil samples short relaxation time component (“short

90° 90° component” further) with the
FID signal shape of solid
exists. This component has
t relaxation time about 10 pus
Z and could not be registered by
classical liquid-state NMR
approaches and by logging. In
ﬂ N t order to study this component
U Vi we use Solid-Echo two-pulse
sequence [3] (see Fig.1.). The
aim was to determine the
population of solid component
Py for different oils.

RF sequence

A(27)

NMR signal

Fig.1. Two-pulse sequence Solid-Echo
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In the Table 1 T, values and the populations Ps of the solid component are shown for
Tatarstan and Vietnamese oils. As one can see from the table, solid component was found in
the all oils. Relaxation time varies in the range from 10 to 30 us. This is a sufficient difference
that could mean different origin of the solid component in the different oils.

Table 1. Density p, “zero” viscosity 1o of investigated oil samples. Relative population Pg
and transverse relaxation times T of solid component for this oils

Ao well (ﬁ’:l;gs»/sm;o Asgsig | s % | Tess
Well 3509 (Tatarstan oil) 904,9 0,105 0,6+0,4 23,9+3
Well 3205 (Tatarstan oil) 923,11 0,108 0,95+0,3 | 30,2+4
Well 435 (Tatarstan oil) 931,71 0,103 1,4+0,5 13,6+2
Well 3196 (Tatarstan oil) 921,89 0,135 1,65+0,3 | 12,1+2
Well 3473 (Tatarstan oil) 926,03 0,359 1,9+0,3 | 17,143
Well 3195 (Tatarstan oil) 919,87 0,149 2,1+0,2 25,9+4
Well 4612 (Tatarstan oil) 937,59 0,278 2,4+0,5 13,243
Well 3609 (Tatarstan oil) 928,42 0,188 3,4+0,3 | 31,2£5
Well 4290 (Tatarstan oil) 939,55 0,343 3,9+0,5 14,6+4
Well 69 (Tatarstan oil) 966,44 1,39 5,3+0,5 19,8+4
"White tiger", well 136 (Vietnamese oil) 898,64 >3 6,6+0,8 | 12,143
“Safonov oil” (Vietnamese oil) 9238 >>10 45,9+5 9 .8+2

50

Light Oils Heavy Oils
404Vietnamese oilé/l

30 +

0,
Psolid’ /0

20 +

104

Tatarstan oils

- T
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T T 1
960 980

Fig. 2. Correlation between density p and Pg
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Since part Ps of 'H
NMR  signal of solid
characterize =~ amount  of
crystalline formations in the
oil, which mainly containing
hydrocarbon compound. But
it’s well known, that most of
crystals have more compact
packing of molecules in
compare with liquid in the
nature, and as sequense,
more high density. Then we
can assume  correlation
between part Ps of 'H NMR
signal of solid and density p.
The data on the Fig.2
confirms correlation between
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density p and Ps for
all samples of
Tatarstan heavy oil.

One could
assume  correlation
between population
of solid component Py
and both with
viscosity and the
amount of asphaltene
(fraction with the
highest density) in
the oil. One can see
in Figure 3 that there

is no correlation
between asphaltene
content and  Ps.
(Note: asphaltene
amount was
determined as

heptane-insoluble
fraction). Figure 4
shows that there is no
direct correlation
between asphaltene

amount and viscosity.
Hence, we can assert,
that asphaltenes are
not single molecules,
that can be able to
form crystalline

supramolecular
structures., Although,
it’s presence in the
oil have an essential
influence on the oil
viscosity, other solid-
state formations have

a strong influence on the oil viscosity. In particular, oils with a high content of paraffin have a
high viscosity under room temperature. For example, Vietnamese oil (well 136), which
containing a large amount of crystalline paraffin (up to 6-7%). For this oil, part Ps of 'H
NMR signal of solid in the oil due to mainly crystalline paraffin and not asphaltenes, it was
confirmed by NMR investigations of deasphaltened oils.

At the same time it was found that Ps correlate quite strong with “zero” viscosity of oil
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(Fig. 5). This well correlation bringing us to the conclusion that viscosity of heavy oil, which
being a colloidal system, mainly determined by content of solid-state formations, independent
from nature — asphaltenes or paraffins.
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Fig.5. Correlation of “zero” viscosity 1y and population Pg of solid component in the oils

Summary

Thus, we found correlation between oil viscosity and the amount of the solid-like
structures in it. At the same time, absence of the correlation between Ps and asphaltene
amount forces us to assume that solid component is determined by the presence of other oil
components, more likely paraffin.

Note that the shape of Solid Echo signal and T, values were different for different oils,
but we are not able to discuss this differences on this stage of the study, because they are
small and the signal shape is very complicated. Nevertheless we can say that even small
amount of solid component leads to the viscosity change.

Work performed by support of projects CRDF GAP Ne RUP 1331, PLIKIT KT'Y and
IIBHIII-108.
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Annotation

The attention to the dispersed nanomagnets is constantly growing due to its possible
applications in biotechnology including usage as drug supports. Application of dispersed
nanomagnets in medicine requires a strict set of properties: luck of toxicity, chemical and
magnetic stability, monodispersion and nanosize of the particles. The layered double
hydroxides (LDH) with intercalated particles of Ni and Co can be used as an appropriate
biocompatible material.

In the present work the peculiarities of the behavior of the Ni, Co nanoparticles in
layered double hydroxides were investigated using ferromagnetic resonance (FMR) method in
the in situ regime under reduction conditions.

Theoretical and experimental background

Much of the current study in the field of "physics and chemistry of a solid state" is focused on
studying the structure and properties of the magnetic lowsized and nanostructured
heterogeneous materials. The trend has clear fundamental and applied motivation as the
electronic and magnetic properties of such systems essentially differs from those of massive
substance and that allows the creation of new systems for prospective use in high technology
fields such as tool making, microelectronics and the chemical industry. Highly dispersed
ferromagnetic systems consisting of nanoparticles of ferromagnetic substances are of a great
interest either as
Biocompatible Functional Blood catalyst, _special
material vessel magnetic materials, or
groups . :

magnetic carriers for

therapeutic products etc.

Ferromagnetic

particle The surface of a

biocompatible material
— | has special functional

)7. Magnetic field | groups, which  are
capable of binding

Fig.1 Diagrammatic Properties of the dispersed therapeutic molecules of
representation of the nanomagnets: me;d1ca1 PYOQUCtS
functional e Nontoxic; (Fig.1). The relatively

low active surface area
of the existing systems
' leads to the low binding
the particles. capacity of the carriers.
This results in the

ferromagnetic particle e Chemical and magnetic stability;
e Monodispersion and nanosize of
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binding of larger amounts of such carrier material to the medical product being required in
order to achieve the desired therapeutic effects in the human body. Therefore, the
development of new systems to carry therapeutic molecules not only on the surface of the
biocompatible material, but also in its entire volume would allow the total amount of the
ferromagnetic carrier introduced into the organism to be minimized. One such biocompatible
material could be layered double hydroxides (LDH).

Layered double hydroxides represent a wide group of inorganic compounds. Quite a
large number of LDH contain lithium and aluminium in their structure with a common
formula [LiAl,(OH)¢],A-mH,O. The structure of the compounds consists of positively
charged bidimentional metal hydroxide layers [M*'(.xyM’'x(OH),]"" or [LiAly(OH)]"
separated with the layers containing both anions A" and molecules of water. The layered
structure of these compounds is large enough to allow the introduction of both inorganic and
organic molecules into the interlayer space. The mass fraction of the interlayered molecules in
such compounds can reach over ten percent. It gives an opportunity to use double hydroxides
as effective carriers, which allow the binding of therapeutic molecules not only to the surface
of a firm body, but also within its entire volume.

During the thermolysis [LiAl,(OH)¢n[M(edta)]-mH,O, where [M(edta)]* (M = Ni, Co)
is transition metal complex with ethylenediamminetetraacetic acid (edta), the transition
metallic nanoparticles is formed. The metal hydroxide layers transformed to the amorphous
lithium aluminate and aluminate oxide.

The Hydroxide matrix [LiAl,(OH)g] restores the layered structure, whose interlayer
space can contain various anions after treatment with water solutions. Nitrate ions, which
enter the interlayer space during the interaction of the spread out sample with lithium nitrate
(LiNOs), could be easily substituted with organic ions (in this case on phtalat ions). There is a
high probability, that nickel particles will remain stable after all these procedures.

15

Ni(400)

10 initial

Sl magnetic field, G
Sboveoboeoebeerere b birrnrs b b b 1
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Fig.2 FMR spectrum of [LiAl,(OH)s],[Niedta]-4H,O

after interaction with LiNO;

To study the conditions of nickel ferromagnetic particles during the interaction of the
thermolyse products with lithium nitrate, we carried out in-situ experiments using the
resonator cavity of a EPR spectrometer. For this purpose, the product of the thermal
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decomposition of Li-Al-Niedta obtained at 400°C, was placed in a quartz ampoule in the
resonator of the EPR spectrometer followed by the addition of a small amount of a
concentrated solution of lithium nitrate.

Fig. 2 shows that the FMR spectrum of nickel for the initial composite represents a
symmetric lane with a width of ~ 910G. The addition of a lithium nitrate solution to the
substance results in a quick shift (within 1-2 minutes) of the resonant frequency by 250 G
aside the strong fields, and also in the decrease of the lane width by 90 G. Increasing the
interaction time leads to further changes in both the resonant frequency and the width of the
lane. After 15-20 minutes of interaction the changes in the parameters of FMR spectrum are
insignificant (Fig.3). The changes in FMR spectrum, most likely, indicate that during this
time the restoration of the hydroxide matrixes layered structure is completed. However, it is
notable, that the most significant changes in FMR spectrum occur within the ~ 1-5 minutes,
indicating that the restoration of a major portion of the hydroxide matrixes occurs during this
interval of time.
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Fig.3 Position and width of the resonance absorption line
as a function of interaction of initial sample with LiNO;

It was also shown that the influence of water solutions leads to a formation of a
hydroxide form of layered double hydroxide [LiAl,(OH)s](OH), and followed by (OH)-group
being substituted with the nitrate ions.
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Alkali metals are often used for the modification of alumina catalysts, and also of Al,Os-
based catalysts [1-2]. Their presence on the surface could strongly affect on the acid-base
properties and, hence, the catalytic properties. The main goal of this work was to study how a
modifying with alkali Li", Na", K* cations can influence the electron-acceptor sites on the
surface of alumina. We applied the method of paramagnetic complexes of probe molecules
for investigation. As a probe molecule we chose 9,10-anthraquinone.

After the adsorption of anthraquinone on the surface of studied samples the EPR spectra
appeared (Fig. 1). Three different types of spectra have been found:

1. The I1l-component spectrum with line intensities 1:2:3:4:5:6:5:4:3:2:1, g=2.0036,

a=7.440.2 G. This spectrum was analogous to those observed previously on the alumina

[3] and alumina modified by LiAlsOg, MgAl,O4 and boric acid [4, 5], and corresponded

‘5(7) the paramagnetic anthraquinone complex with two equivalent aluminum ions (spin of
Alis 5/2).

2. The 6-component spectrum with equal intensities, g=2.0036, a=9.0+0.2 G. This
spectrum was analogous to those observed previously on the various aluminas [3, 4],
AL, O3-ZrO, system [6], and corresponded to the paramagnetic anthraquinone complex
with one aluminum ion.

3. The narrow spectrum, g =2.0036, peak to peak line width 8.0+0.2 G. The nature of this
spectrum was not clear before because of the absence of hyperfine splitting (h.f.s). In the
present investigation the nature of this spectrum for the studied samples is discussed.

In the raw of modifying cations Li", Na", K" in the equal concentration (0.9 mmol/g
AlLO;) the shape of the spectra noticeably changed. The contribution of 11-component
spectrum decreased in this raw, when the contribution of narrow spectrum increased. Thus,
the spectra of complexes on the surface of y- Al,O3 and of Li-modified samples were mainly
similar and exhibit h.f.s. of 11-component, for a samples with Na the contribution of the 6-
component spectrum and of narrow spectrum in the middle appeared, and for K-modified
samples these two spectra became dominate. The same changes in the spectra shapes took
place, when the Li" concentration increased to the 4 mmol/g [7]. Taking into account the
mechanism of formation of the paramagnetic anthraquinone complex [4], the appearance of
the 6-component EPR spectrum is explained, most likely by a considerable enhancement of
the basicity of alkali metal modified alumina. In this case, it can be assumed that the
interaction of anthraquinone with Lewis acid sites (LAS) affords only a complex with one
coordinatively unsaturated AI*" cation, because the strength of electron-acceptor sites is not
strong enough for this complex to react with an additional AI’" cation. The decrease of the
strength of the LAS is also responsible, most likely, for the appearance of a narrow spectrum,
which should be attributed to anthrasemiquinone weakly bound with the LAS.

The ENDOR spectra of the anthraquinone complexes of the samples, modified with ions
of alkali metals were in good agreement with EPR spectra (Fig. 2). The two broad lines,
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denoted by *’Al,, split by twice the *’Al Zeeman frequency 2v; = 7.8 MHz in the applied
magnetic field and centered at 10.5 MHz, attributed to the 11-line EPR spectra and were
observed for complexes with y-Al,03 and with Li"/AL,O;. In the same raw of modifiers (Li",
Na', K") the intensity of lines corresponded to the large proton coupling (8-9 MHz) of the
anthraquinone protons (two broad lines centered at 14,9 MHz — Zeeman frequency of 'H)
increased. As it was shown early [5] this pair of lines attributed to the anthraquinone radical,
which gave narrow spectrum. According to the obtained data it has been shown that
modification with alkali metal led to decrease of the strength of electron-acceptor sites
because of their inductive effect (electronic influence) and did not block the acid centers.

VH

9=2.0036

20G
3 5 7 9 11 13 15 17 19 21 23
MHz
Fig.1. EPR spectra of anthraquinone Fig.2. ENDOR spectra of anthraquinone
adsorbed on the surface of the: 1-y-Al,O3; adsorbed on the surface of the: 1-y-Al,Os;
2-Li"/AL,03; 3-Na'/ALO3; 4-K'/ALOs. 2-Li'/AL,O3; 3-Na'/ALO3; 4-K'/ALO;.

For the more detailed investigation of the alkali metal influence on the electron-acceptor
centers we studied aluminates LiAlsOg and a-LiAlO,, as a model compounds with desired
structure. LiAlsOg has a spinel-like structure with aluminum ions distributed between
octahedral and tetrahedral positions. The three-coordinated aluminum ions formation is
possible after the removal of the terminal OH-groups from tetrahedral coordinated aluminum
ions (they seems to play a role of Lewis acid Sites on the alumina surface). In the structure of
a-LiAlO; there are no three-coordinated aluminum ions, there are only octahedral ions. The
spectra of the complexes with the systems with big concentration of lithium (4 mmol/g) were
similar to the spectra of the complexes on the surface with aluminates and consisted of 6-
component spectrum and of a narrow spectrum (Fig. 3). When the temperature of
anthraquinone adsorption increased from 120°C to 200°C the concentration of single line
decreased and the contribution of 6-component spectrum rose. This fact means that narrow
spectrum is less stable, than the spectrum from complex with one aluminum. In the ENDOR
spectra of aluminates (Fig. 4) a matrix line from lithium revealed. The intensity of this line
was higher for the complexes with a-LiAlO, samples due to higher lithium content. With the
help of Q-band EPR it was shown, that narrow spectrum on aluminates was a superposition of

60



two spectra, one of them should be attributed to anthrasemiquinone weakly bound with the
LAS and another was supposed to be concerned with anthrasemiquinone ion pair with lithium
cation.

9=2.0036
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Fig.3.EPR spectra of anthraquinone adsorbed Fig.4.ENDOR spectra of anthraquinone

on the surface of the: adsorbed on the surface of the:

1 - LiAlsOg at 120°C; 1 - LiAlsO5 at 120°C;

2 - LiAlsOg at 200°C; 3- a-LiAlO; at 120°C; 2 - LiAlsOg at 200°C; 3- a-LiAlO; at
4- a-LiAlO, at 200°C. 120°C;

4- a-LiAlO; at 200°C.

We managed to obtain distinct HYSCORE spectra of anthraquinone complexes on the
surface of lithium aluminates. The HYSCORE spectra of anthraquinone adsorbed on a-
LiAlO, are depicted on the Fig. 5-6. They both clearly showed the presence of the pair of
cross-peaks, centered on the Zeeman frequency of 'Li, equal 5.7 MHz in the field of 3450 G).
Thus with the help of HYSCORE technique we showed the presence of h.f.s. from the lithium
in the spectra, that was not revealed in the X-band EPR. Thus in the case of aluminates one of
the narrow spectra could be also attributed to the anthrasemiquinone ion pair with lithium.

It has been shown that alkali metal ions decreased the strength of electron-acceptor
centers due to the inductive effect. As a result the concentration of anthraquinone complex
with two Lewis acid sites (LAS) decreased, when the concentration of complex with one LAS
increased with the increasing of alkali metal content. At large alkali metal concentration other
kind of anthraquinone paramagnetic complexes are formed, that are anthrasemiquinone
weakly bonded with LAS as well as anthrasemiquinone ion pair with alkali metal cation
(lithium).
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Fig.5. HYSCORE spectra of
anthraquinone adsorbed on a-LiAlO,,
obtained at the maximum of the EPR

signal at =180 ns.
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Fig.6. HYSCORE spectra of
anthraquinone adsorbed on a-LiAlOs,
obtained at the maximum of the EPR
signal at =200 ns.
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At present there is again a great interest in the relaxation processes in spin systems since it is
connected with developing of spintronics and perspectives of building quantum computers on
the basis of *Si:P or GaAs quantum dots [1]. Silicon differs advantageously from GaAs by
the fact that the enrichment of silicon by the g isotopes makes it a spinless material.
Therefore in case of silicon quantum computer models the condition of spin coherency at
quantum operations can be realized easier than for GaAs which is caused by a significant
increasing of spin relaxation time and spin dephasing time at the isotopic enrichment. An
appearance of opportunity to work with the isotopicaly enriched crystals give us a possibility
to investigate a series of new effects in relaxation processes. One of them is a predicted by us
[2] linear dependence of the superhyperfine interaction contribution of the electron localized
on the intrinsic vacancy defect (V') and the iron impurity (Fe") in silicon to the EPR line
width on the concentration of *’Si nuclei having nonzero spin. It is well known that
interaction of electron spins with nuclear spins gives most significant contribution to the spin
relaxation rate at low temperatures. The enrichment of silicon by isotopes with zero nuclear
spin and taking into account the linear contribution of superhyperfine interaction to the line
width will give less contribution to the spin relaxation rate compared to other relaxation
processes.

There is an opinion in the literature that the contribution of the ligand superhyperfine
interactions to the line width for paramagnetic centers in solids has a square- root behavior. In
Ref. [3] we suggest such a behavior for phosphorus shallow donors in silicon in contradiction
to deep centers reported in Ref. [2]. Using the methods described in Ref. [2] we calculated the
contribution of the ligand superhyperfine interactions to the line width for the phosphorus
donor electron in silicon. For calculations the superhyperfine constants for the phosphorus
center in silicon obtained by electron-nuclear double resonance (ENDOR) in Ref. [4] were
used. For improvement of the results we have taken into account the changing of the line
shape with changing of nuclei concentration by applying the deconvolution methods for
finding the inhomogeneous contribution of the superhyperfine interaction to the calculated
line shape. As can be seen from Fig.1 the calculated dependence become linear at
concentrations of magnetic nuclei below 3%. Hence, in case of shallow donor center the
deviation from square root law can be also obtained, but at a lower concentration in
comparison with the deep centers. More rapid linear behavior of this dependence leads to
longer times of spin system dephasing at isotopic enrichment with zero spin isotope of silicon.
The line widths so far measured for phosphorus in monoisotopic silicon-28 samples have a
great dispersion of values (0.022 mT [4], 0.008 mT [5], 0.045 mT [3]). It means that
measured values depend on the history of samples and therefore on the action of additional
relaxation mechanisms. Among them could be combined spin-spin and spin-lattice relaxation
with participation of other defects. We studied spin-lattice relaxation processes in chromium
doped silicon samples enriched by *Si isotope and with natural isotopic abundances.
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Fig.1. Dependence of the full width at half maximum (FWHM) of EPR lines of P
and Fe' centers in silicon on magnetic nuclear *’Si concentration.

From the temperature dependencies of the EPR line width and continuous saturation
experiments we obtained spin-lattice relaxation rates in the wide temperature range for silicon
samples with different isotopic composition doped by chromium. We investigated samples of
monoisotopic silicon (**Si-99.873%, FZ-grown) doped by chromium at the range of
concentrations 2.5-10" — 1.5-10" cm™, and samples of natural silicon (Chohralsky grown)
with chromium ions concentration 2-10"° — 810> cm™. The dependences of spin-lattice
relaxation rate (T, (T)) are shown in Fig.2.
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Fig.2. Dependencies of spin-lattice relaxation rate for chromium ions Cr' on
temperature in silicon with different isotopic composition.

To explain the obtained temperature dependencies of the spin-lattice relaxation rate for
silicon doped by chromium we have considered spin-relaxation model represented in Fig.3.
For monoisotopic silicon-28 sample for investigated temperature range the obtained
dependence can be described by Bloum-Orbach relaxation process [6] (Fig. 3a). In this case it
is enough to take in account only the relaxation channel “Spin A — phonons — thermostat” and
neglect “phonons — thermostat” energy transfer time to fit the dependence (T, (T)). But for
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Spin A T, , samples with natural isotopic

T . .
Cr"' |1 fphomons] 1 TO composition  the  dependencies
couldn’t be correctly described by

only one relaxation process. For
Te less chemically and isotopically
purified samples one need to

consider  additional  relaxation

XC phonons channels, such as “Spin A — Spin B
:(> — ')

T T — phonons — thermostat”. The

second channel may be more
effective than the first one only if
spins “B” transfer their energy to
the phonon subsystem faster than
“A” spins. However, as the “Spin A
— Spin B” interaction is a dipolar one and has characteristic time of interaction, the mentioned
relaxation channel is effective only in definite temperature range, when dipole-dipole
interaction time is shorter than “Spin B — phonons” energy transfer time. In this case, the spin-
lattice relaxation rate can be expressed as:

! AS! !
(T,)" = (,le +2T12) R — 1 | H@HT)T
7' (2r) Avy, (T, +T5)

where (75", (I;)"' ~ aT — phonons transfer rates, (7;;)", (I;)" — spin-phonon energy
transfer rate, y — gyro-magnetic ratio, szd,-p — dipole-dipole contribution to the line width.For
the samples of natural isotopic composition for which dependence of spin-lattice relaxation
rate at T higher than 77 K has a linear behavior. The relaxation rate at high temperatures is
defined mostly by phonons transfer rate and in the quasidiffusion regime leads to linear law
[7]. The results of fitting are shown in Fig.3b. For low temperature range the parallel channel
of relaxation via dipole interaction with spins “B” becomes more effective. To explain the
value of relaxation rate at 10K it was necessary to take in account Orbach processes that can
be evidence of complicated multilevel electronic structure of center B.

Spin B

Fig.3. Model of spin relaxation processes in silicon.
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Fig.4. Dependencies of spin-lattice relaxation rate for chromium ions Cr' on temperature
in isotopicaly enriched (a) and natural (b) silicon. The solid line represents the results of
fitting.
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One can believe that parallel channel of relaxation could be a cause of obtained spin-
lattice relaxation rate dependence on the concentration of chromium ions in the monoisotopic
silicon samples (insert in Fig.2), for which the concentration of chromium ions is comparable
with that one of “B” spins. The interaction of chromium ions with these centers increases the
effectiveness of spin-lattice relaxation. In that case when concentration of “B” spins is lower
than that one of chromium ions only small part of them relaxes effectively that is negligible in
comparison with more durable spin-lattice relaxation of major part of ions which don’t
interact with impurity. Oxygen concentration in investigated sample of natural silicon is 10'®
cm”, and 10" ¢m™ in monoisotopic one, thus we suppose that “B” spin is a center bound with
oxygen, spin-lattice relaxation rate of which is higher than that one of chromium ions.

This work was supported in part by RFBR, grant Ne 05-02-16449.
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Diluted magnetic semiconductors (DMS) based on diamond-like crystals doped with 3d iron-
group impurities with ferromagnetic ordering of the spins of 3d ions are promising materials
for spintronics. Previously Danilov et al. [1, 2] demonstrated the possibility of the laser
synthesis of 30-100 nm in thickness epitaxial layers of DMS GaSb:Mn and InSb:Mn with the
Curie temperature 7¢ above 500 K and of InAs:Mn with T¢ no lower than 77 K. DMS based
on elementary Ge and Si semiconductors doped with 3d-impurities are of particular interest
for spintronics, due to compatibility with the most wide-spread silicon solid electronics.
Epitaxial Ge:Mn layers with 5% manganese were obtained by Park et al by the molecular-
beam epitaxy method [3]. The ferromagnetism was manifested in nonlinear and hysteresis
dependence of the magnetization and anomalous Hall effect (AHE) on the magnetic field up
to a temperature 116 K. In [4] the ferromagnetism in thin silicon layers with 0.8 at % of the
ion implanted manganese was observed up to temperature 400 K.

In the present work we report first successful application of laser deposition for synthesis
of 50-100 nm Ge and Si layers, supersaturated with manganese or iron. The iron and
manganese concentrations were up 10-15 at % and the samples manifested considerably more
high-temperature ferromagnetic spin ordering than previously reported. The ferromagnetism
of films has been confirmed by the observation AHE, ferromagnetic resonance (FMR) and
Magnitooptic Kerr effect (MOKE) at temperatures 77-500 K.

Iron and manganese as dopants were chosen on the basis of our previous investigation of
regularities in recharge levels of 3d-atoms in diamond-like semiconductors [5]. Analysis of
the similar regularities for the 3-d impurities in the A’B’ the semiconductors shows, that
GaSb, InSb and InAs are favorably over, e.g., GaAs as a base of the DMS, due to a lower
electron work function in the first case [2, 3]. Manganese substituted for Ga or In in these
compounds has high spin state favorable for ferromagnetism. It also have high acceptor
activity even at low temperatures and is efficient source of holes for valence band of a crystal.
It is important for the Ruderman-Kittel-Kasuya-Yosida (RKKY) ferromagnetic exchange
interaction between magnetic ions. According to the family of levels for 3d substitution ions
in Ge and Si, the most preferable situation for maximal spin $=5/2 and S=4 and ferromagnetic
spin ordering occurs for iron and manganese.

Ge:Mn, Si:Mn, and Si:Fe layers were deposited on single crystal wafers of semi-
insulating gallium arsenide or sapphire by laser sputtering. The substrate was heated to 200-
480°C. A pulsed AYG:Nd laser was used for sputtering of the semiconductor and metallic
(Mn or Fe) targets. The laser radiation wavelength is 1.06 um, a pulse energy is 0.2 J, and a
pulse duration is 12 ns. The DMS layer thickness was ranged from 30 to 200 nm. The content
of 3d-impurity was controlled by the x-ray spectrum analysis with electron excitation. A
He-Ne laser with a wavelength 0.63 pm was used for MOKE investigations at 293 K. The
FMR was studied at a frequency of 9.3 GHz in the temperature range 77-500 K for various
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orientations of the external magnetic field. Field value was up to 0.66 T. The differential Hall
effect was measured at 77-293 K in a weak alternating magnetic field with amplitude of
5-10” T and a frequency of 50 Hz in combination with a magnetic field slowly varying within
+0.4 T, both fields are perpendicularly oriented to a sample plane.

Both MOKE, and AHE, and FMR measurements have demonstrated the ferromagnetic
behavior of Si:Mn layers on GaAs substrate at room temperature. The films of Ge:Mn on
GaAs substrate revealed the ferromagnetism in AHE and FMR. In these two DMS the
introduction of a 3d-impurity leads to significantly high hole conductivity. The hysteresis of
AHE in Ge:Mn, Si:Mn and Si:Fe at 77 K, non-linear dependencies of Hall effect at room
temperature was observed in magnitotransport measurements. The concentration of holes p
and their mobility x at 293 K was determined by measurements of resistivity p and Hall factor
at the maximal field. We obtained the following data: for Ge:Mn (with the x-ray spectral
content of manganese Ny,=13 at %) p=6.6-10" cm™, u =23 cm?/V's, p=0.004 Q-cm, for
Si:Mn with Ny,=15 at % p=7.5-10*" cm™, u =33 cm?*/Vs, p=0.00025 Q-cm. Evidently in the
both cases manganese exhibits a surprising high electric activity as a shallow acceptor with an
inserted concentration of holes up to 10 % of Mn content. The acceptor action with low
activation energy is consistent with the expected behavior of manganese in substitution site of
Ge or Si. Hence, embedding of a 3d-impurity in a crystal lattice during laser deposition of
nanometer layers is significantly different from that in the case of bulk crystal doping.
Previously [6] it was established that in the case of silicon matrix such impurities is mainly
dissolved in the interstitial crystal positions with limiting solubility ~10'®cm™ and basically
shows the donor properties. In our Si:Mn films the concentration of holes (7.5-10%° cm™) is
particularly great, and their mobility is one and half time higher than in Ge:Mn films where p
is less by one order of value. In both cases the mobility of current carriers is much higher than
that in metals.

The observed strong anisotropy of the spectra FMR for Ge:Mn and Si:Mn films (Fig.1)
indicates the presence of an inner magnetic field comparable with external magnetic field and

Sihdn/Gats S0

I 0.2 04 0k
B, T
Fig.1. The first derivatives of FMR absorption spectra for Si:Mn 50 nm thick films and for

Ge:Mn 75 nm thick film at room temperature. The numbers above the lines are the angles
(in degrees) between the sample plane and the magnetic field.

caused by geometry of a flat sample. The spectra for normal orientation are shown in Fig.2 for
different temperatures. The single line with smooth temperature transition (up to =420 K)
from FMR to electronic paramagnetic resonance was observed in the case of Ge:Mn. Such
transition is a consequence of the thermal destruction of spin ordering of manganese magnetic
ions. As well as in the case of GaSb:Mn the shift FMR field is non-monotonic with the
temperature. It have a maximum at 256 K for the case of Ge:Mn. The line amplitude falls
down below 256 K.
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Fig.2 The FMR spectra of the samples Si:Mn and Ge:Mn (same as in Fig.1),
oriented perpendicularly to the magnetic field for different temperatures. The
numbers at the right are the temperature in K.

In the case of the Si:Mn the FMR spectrum consists of two or more resonant peaks. It is
not the of spin waves resonance spectrum, because in the case of spin wave resonance the
amplitudes of the lines have the opposite order with the increase of the external field. The
variation of the content of manganese and the thickness of a film lead to the change of the
ratio of amplitudes of peaks, but do not change their position. The peaks cannot be due to
ferromagnetic inclusions. Only one weak ferromagnetic manganese silicide with the Curie
point 29 K is known [7, 8] and metal Mn is antiferromagnet. So, most likely, the observable
FMR peaks in our Si:Mn samples are caused by the presence of domain structure in DMS
films. The FMR of Si:Mn layers take place up to temperatures =500 K. As in the case of
Ge:Mn, there is a temperature shift of FMR lines to smaller fields and a reduction of their
intensity. Supposing that each Mn ion has spin 5/2, one can calculate the manganese
concentration (N,,) using the data in Fig.2, as it had been done in [2]. So we estimate the
concentration of magnetic ions of manganese as 2.6-10°' cm™ or 5.9 at % in relation to
germanium in Ge:Mn at 256 K. That is that 45% of Mn atoms K show the magnetic activity at
293. Similar estimations for Si:Mn (Fig.3) give Ny,,=1.8-10*' cm™ for the first FMR peak and
2.8:10*' cm™ for the second one. The part of magnetically active manganese (=9 at %) is
much higher, than in layers Ge:Mn and constitutes 3/5 from x-ray spectral contents of this
impurity (15 at %). The shift of FMR lines to the right with a decrease of temperature shows,
that, practically all manganese is probably magnetically active (Fig.2).

Promising results were obtained for Ge:Fe and Si:Fe layers deposited on single crystal
sapphire substrates. AHE and FMR are pronounced at 77 K, the FMR of Si:Fe was observed
up to 220 K. The ferromagnetism of Si:Fe layers on the same substrates is stronger than that
for Ge:Fe layers. The amplitude of FMR spectrum for Si:Fe/Al,0; was five times more
intensive, than that for Ge:Mn/Al,Os at thickness about 50 nanometers. Fig.3 shows the
strong anisotropy of the spectrum for Si:Fe/Al,O3 at 77 K. The concentration of magnetically
active iron atoms in silicon is near 10*' cm™ at 77 K. The layers have a high hole
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Fig.3. The angle dependencies of FMR for the Si:Fe/Al,O; films at 77 K. The numbers

above the curves are the angles (in degrees) between the sample plane and the direction of
the magnetic field

conductivity, the resistivity of Si:Fe layers does not exceed the value 10° Q-cm at 77 and
300 K.

Thus, we demonstrated the possibility of laser synthesis of thin layers of elementary
semiconductors supersaturated by 3d-impurities Ge:Mn and Si:Mn with the Curie point much
higher than room temperature as well as Ge:Fe and Si:Fe with the Curie point not below 77 K
and 220 K, respectively. In the nonequilibrium thermodynamics terms laser formation of the
supersaturated solid solution of the 3d-impurity in Ge and Si elementary semiconductors is no
worse than the ion beam doping used in [4] to form Si:Mn ferromagnetic layers.

This work was supported by the State Program "Universities of Russia", grant No.513
(URO01.01.174), and the Russian Foundation for Basic Research, grant 05-02-17362, RAS
Program “Spin-dependent effects in solids and spintronics” and grant ISTC G1335.
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Pincer complexes consist of a metal center and a pincer skeleton. The pincer skeleton is a
tridentate ligand which is connected to the metal via a metal-carbon o-bond and two
coordinative bonds. The most common type of pincer skeleton is an aryl fragment having two
arms as substituents in aryl 2,6-positions. Due to the rigid chelating skeleton providing excess
electron density on the metal, this class of complexes determines its specific properties. First
discovered in the early 1970s, the chemistry of pincer complexes has been extensively
developed over the last ten years. This class of compounds has found application in wide
range of organic syntheses as catalysts [1, 2] and is fundamental to the creation of new
materials such as gas sensors, switches, self assembling dendrimers, etc.[3].

0-Semiquinone ligand is a radical anion of 0-quinone containing an unpaired electron in
m-aromatic system. It coordinates to metal through two oxygen atoms forming five-membered
chelate ring. It has already been used as a spin label for EPR spectroscopy [4]. In many cases
it has allowed us to study structural features and dynamic processes occurring in the inner
coordination sphere of complexes in solution [4, 5]. It is also a useful tool to investigate
thermodynamic and kinetic parameters of inner-sphere dynamics [6]. Tautomeric
interconversions of 0-semiquinonic complexes were studied as well [7].

Here we report a new five-coordinated spin-labeled  0-semiquinonic,
0-iminosemiquinonic, catecholate and di-halogen PCP- and NCN-pincer nickel complexes.

0-Semiquinonic and catecholate nickel complexes with different pincer ligands have
been obtained using exchange reaction of nickel organohalogenides with corresponding
thallium salts:

ER, ER,
' LSS
. TISQ) /
! 1-18
B -TIBr NT\\ .> | \/ ( )
o) N
ER, ER, :
Table 1. The notation of complexes 1-18.
Complex | ER, SQ Complex | ER, SQ Complex ER, SQ
1 PPh2 Bu' 7 PPh2 Bu' 13 Bu!
0 0 N > 0
0 O Bu o)
Bu' Bu!
2 Bu' 8 Bu' 14 C Bu!
PPh2 o u . PPh2 0) N O}
OD F 0: iBr “Bu! O Bu!
Bu'
3 PPh Bu' 9 PPh Bu' 15 : > Bu'
2 0) OMe 2 0) N, o g OMe
o > . .9
§] oM o Bu
Bu' ¢ NO2 © Bu'
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4 PPh2 Bu' 10 PPh2 Bu' 16 Bu!
0 OMe o N 0 NO,
) p — X0

O (@)
Bu! But
5 PPh, Bu' 11 PPh, Bu! 17 Bu!
o) F o) o N o) cl
3 S0 - 0
o] o} 0 o}
Bu! Bu! Bu!
6 PPh, Bu' 12 PPh, Bu! 18 NMe, Bu'
O ANO, 0 %f)
) ) N Bu'
O N Bu!

It was found using EPR spectroscopy and X-ray difractometry that complexes 1-17 have
a structure of square pyramid [8, 9]. Complexes 4, 5, 7 - 11, 14 with asymmetrical o-
semiquinones exist in solution in a form of two interconverting geometry isomers:

—

O\ g
"/ERZ ER2
@io @io\
ER
2 ERZO / \

Isomers equilibrium is controlled by entropy factor. For 7, 8, 10, 11 an activation
parameters (AH" and AS") have been estimated [9].

In the case of NCN complexes 13 — 17 [10] the spin density is shifted from o-
semiquinone to the metal fragment in a great extent that this one in 1, 7, 4, 6, 5. Also, the
mesomeric donor groups in 2 - 5, 15, 17 decrease such shift whereas withdrawal substituent in
6 and 16 increase this shift [8-10]. In complex 16 spin density is even localized on metal
forming catecholate of nickel(III) [10].

Complex 18 have a square plane structure with bidentate coordination mode of pincer
fragment. Most probably, it is caused by sterical reasons.

The mixed halogen NCN-pincer complexes 19 and 20 have been obtained by oxidation
of monohalogen precursor by appropriate compounds:

NR, X

i‘ CuCly or ', I /NRZ 2 ND
e » /Ni Br 19-X=Cl
T NR, 20-X=1
NR,

It was found by X-ray difractometry that complex 19 have a square pyramid structure. It
was shown by EPR that this complex exists in solution as a mixture of two isomers as the o-
semiquinonic complexes:

Br

|—NR2 NR,
N v
< :\_ﬁNI'—‘U == < : ; i/——NI Br
” ”
NRj NR, |

Cl

In opposite site, complex 20 exists in a form of only one of isomers, with apical iodine
atom. Most probably, it is caused by sterical reasons.
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Multipe-quantum (MQ) NMR spin dynamics in solids [1] is a powerful tool for the investigation
of structure and dynamical processes in solids, counting the number of spins in impurity clusters
[2] and the simplification of ordinary NMR spectra [3]. Although MQ NMR was successful in a
lot of applications and experimental methods of MQ NMR have been developed adequately, the
theoretical interpretation of many-spin MQ NMR dynamics is restricted by the phenomenological
approach [1]. A systematic quantum-mechanical approach was developed [4]-[6] only for one-
dimensional systems in the approximation of nearest neighbor dipolar interactions. Up to now the
thermodynamycal equilibrium density matrix in a strong external magnetic field has been
considered as the initial condition for these experiments and theoretical interpretations. Recently,
it has been suggested [7] to consider the dipolar ordered state as the initial state for such
experiments. It is well known that the dipolar ordered state can be prepared using the method of
adiabatic demagnetization in a rotating frame (ADRF) [8,9] or with the Jeener-Brokaert (JB) two-
pulse sequence [8,10]. As a result of such initial condition, many-spin correlations appear faster
than in the ordinary MQ NMR experiments in solids [1] and some peculiarities of MQ dynamics
can be investigated with these experiments. Of course, it is necessary to make some changes in
the scheme of the standard experiment in order to obtain non-zero signals of MQ coherences.

In the present work we consider MQ NMR dynamics when the initial condition is
determined by the dipolar ordered state. However, the observable is the longitudinal
magnetization as in the usual MQ experiments. MQ NMR dynamics in the suggested experiment
is strongly different from the standard one [1]. In particular, the sum of intensities of MQ
coherences of arbitrary opposite orders equals zero in contrast to the usual MQ NMR
experiments where these intensities are equal. It is interesting to underline that the phases of
signals of MQ coherences are shifted over /2 in comparison with the signals of the standard
experiments [1]. Computer simulations of such experiments for linear chains containing up to
eight spins are presented in this paper.

We consider a system of nuclear spins (s = 1/2) coupled by the dipole-dipole interaction
(DDI]) in a strong external magnetic field. The secular part of the DDI Hamiltonian [8] has the
following form

1 - -+
Hdz:ZDik|:|jz|kz_Z(ljIk+|k|j):| (1)
j<k
where
y’h
3
ik

D, =

]

(1-3cos” 8,,)
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is the coupling constant between spins j and k, r, is the distance between spins j and k, y is the

gyromagnetic ratio, €, is the angle between the internuclear vector r; and the external

magnetic field m is directed along the axis z. | is the projection of the angular spin

ja

momentum operator on the axis a (a =x,y, z); |; and | ; are the raising and lowering operators

j
of spin j.

The basics scheme of MQ NMR experiments consists of four distinct periods: the
preparation, free evolution, mixing and detection [1]. MQ coherences are created by the
multipulse sequence consisting of eight-pulse cycles on the preparation period [1]. In the rotating
reference frame [8] the average Hamiltonian, describing spin dynamics in the preparation period
can be written as [1]:

Hyo =H® +H™, (2)

H® :_%Zkijk'ji'ki

The density matrix of the spin system at the end of the preparation period is

p(z) =U(0)p(0)U " (7),

U(r)=exp(-iz(H® + H™))

where

where

and p(0) is the initial density matrix of the system. Usually the thermodynamic equilibrium

density matrix is used as the initial one for MQ NMR experiments. Here we consider MQ NMR
dynamics with the initial dipolar ordered state when the Hamiltonian of the system is determined

by Eq.(1).
We introduce @, -pulse turning spins around the axis y on the angle /4 after the preparation

period. Without this additional pulse it is not possible to obtain a nonzero signal at the end of the
MQ NMR experiment. As a result, we have the following expression for the observable signal

| (z,t)=Tr {e‘i¢ YU )H LU (r)e? e U (r)I1,U *(r)e” } 3)

where O is the frequency offset on the evolution period of the duration t which is a result of
applying the TPPI method [1].

io |

Density matrix p,,,(7) at the end of the preparation period can be represented as follows:

Pue@)=U@LU@) = p. (7). (4)

The term p,(7) is responsible for MQ coherence of the n-th order. The observable signal can be
presented as

Lz, =>e "' (r)=>e""3"(r)=De "3 (7). (5)

The intensity, J,(7), of MQ coherence of the n-th order is
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3, (1) =Tr{A@)p, (2},
where
Ar)=e ?""U@)H U (r)e'".
From (5) follows that
J (@) =3, (v)

Expanding the density matrix, py,(7), in the Taylor series over the parameter t, one can prove
[11] that

J,(0)+J_(1)=0 ©

Eq.(6) allow us to conclude that J (z) is imaginary for all n# 0. Thus, the phases of the MQ

NMR coherences in this experiment are shifted by 11/2 from the signals of usual MQ NMR [1]. It
is well-known that in the usual MQ NMR experiments the sum of the intensities of all MQ
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Fig.1. (a) time dependence of the intensities of the sixth order MQ coherences in a linear
chain of six spins coupled by the DDI: the intensity of MQ coherence of the sixth order
(solid) for p(0)=1,; Im(J_,) (dash) for p(0)=H,,.

(b) time dependence of the intensities of the sixth order MQ coherences in a linear
chain of eight spins coupled by the DDI : the intensity of MQ coherence of the sixth order
(solid) for p(0) =1,; Im(J ;) (dash) for p(0) = H,,. The intensity of MQ coherence of

the eighth order is equal to 0. The insets show that the MQ coherence appears little earlier
than in the usual MQ NMR.

76



coherences does not depend on time [12]. Here this law has a specific form. According to Eq.(6)
the sum of intensities of orders —n and n is equal to zero for all n.

The numerical calculations are performed for MQ dynamics of linear chains consisting of 6
and 8 spins. The DDI constant of the nearest neighbors is chosen to be D=1¢™'. Then the DDI

constant of spins j and k is Dy =D/| -k > We introduce normalized intensities of MQ

coherences Im{Jn}/{T r(IZ)zTr(Hdz)z}l/z. The dependence of normalized intensities of MQ

coherences on dimensionless time in spin chains containing six and eight spins is presented in
Fig.1. It is clear that MQ coherence of the sixth order in a linear chain of six spins appears little
earlier than in the usual MQ NMR. This can be seen in the inset of Fig.la. An analogous
tendency takes place for the linear chain containing eight spins (Fig.1b). This peculiarity is
connected with the initial dipolar ordered state. The numerical calculations confirm the results
obtained in the previous section. In particular, the computer simulations yield the following: 1)
all intensities, J (n=#0), are imaginary, i) J,=0, J,+J ,=0. The growth of MQ

coherences in time occurs in accordance with the condition J, +J_, =0 forall n.

Thus, the growth of MQ coherences in the systems with dipolar ordered state has some
peculiarities which are related to the initial spin correlations. The spin-lattice dipolar relaxation in
such systems is slower than the Zeeman one and it does not hamper the investigations of the MQ
NMR coherences of high orders.

We are grateful for financial support for this work through a grant from the Russian
Foundation for Basic Research (grant no. 04-03-32528).
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Abstract

NMR investigation of magnetic structure and phase transitions in two isostructural quasi-one-
dimensional cuprates LiCu,O, and NaCu,O, has been performed. While LiCu,0, exhibits a
magnetic phase transition at T, = 24 K, NaCu,0, orders magnetically at around 13 K. ®’Li
and Na NMR spectra in LiCu,0, and NaCu,0,, respectively, provide an unambiguous
experimental evidence that below T, an incommensurate in-chain helical spin structure is
established in both compounds. However, the features of the observed low temperature NMR
are different pointing to different properties of the helical magnetic structure.

Introduction

The quasi-1D spin chain cuprate LiCu,0; exhibits a unique sequence of phase transitions at T
=24,22.5 and 9 K [1,2] resembling the “Devil’s staircase” type behaviour. Recently we have
obtained the first NMR evidence for a low temperature incommensurate (IC) in-chain spin
structure in LiCu,0O; [3]. It was shown that below the magnetic ordering temperature T, = 24
K the 'Li NMR lineshape is determined by a IC static modulation of the local magnetic field
caused by spin structure of Cu magnetic moments twisted along the chain axis [3]. This result
was confirmed by NMR spectra measurements on the °Li isotope as well as by neutron
diffraction study [4].

The larger ionic radius of Na'™ (0.97 A against 0.68 A of Li'") favors the higher degree
of in-chain crystallographic order and hence increasing one-dimensionality of magnetic
properties in NaCu,O,. This results in lower magnetic ordering temperature T, = 12.6 K [5]
and lower values of local magnetic fields in the ordered state. In this paper we report first
*Na NMR measurements which confirm the existence of incommensurate magnetic structure
in NaCu,0O; at 3 K also seen by puSR [5]. The unusual magnetic properties of 1D chain
cuprates LiCu,O; and NaCu,O, are discussed in terms of strong in-chain frustration and
intrinsic incommensurability.

Experiment

Single crystals of LiCu,0O, and NaCu,0, were synthesized according to the procedure
described in Ref. [4]. The quality of the new NaCu,0, crystal was much better than that used
in our preliminary NMR measurements reported in Ref. [3]. In contrast to LiCu,0,, the
NaCu,0; single crystal shows no twinning and has no deviation from the ideal stoichiometry
as confirmed by X-ray. Na and 'Li NMR measurements were performed at several
temperatures in the paramagnetic and in the ordered phases of both compounds. All three
principal orientations of the external magnetic field with respect to the crystallographic axes:
H || &, b and ¢ were used. The standard pulsed field-sweep NMR technique was applied at
fixed frequency of 33.7 MHz for LiCu,0, and 46.0 MHz for NaCu,0,.
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Results and discussion

We present the characteristic NMR spectra of "Li in LiCu,0; and PNa in NaCu,O; measured
both above and below magnetic ordering temperature T, for orientation of the external
magnetic field H | ¢ (Fig.1). To make the comparison more convenient we use the same
scaling of magnetic field in both panels. Above T in LiCu,0, and NaCu,0, typical first-order
quadrupole perturbed NMR spectra for spin I = 3/2 nuclei are observed. The quadrupole
splitting between the satellites in NaCu,O; is about 200 mT, while in LiCu,0; it is about 10
mT. Since the ratio of quadrupole moments Q(*Na)/Q(’Li) = 2.7, this large quadrupole
splitting ratio means that the electric field gradient (EFG) at Na site in NaCu,O; is almost an
order of magnitude higher than the EFG at Li sites in LiCu,O,. This result reflects an
enhanced role of EFG polarization effect on Na'" as compared with Li'", which has only
weakly polarizable 1s” shell.

| Below magnetic ordering
| T=a2x temperature T, the spectra of
T=45K I both compounds exhibit a
‘ | /| dramatic change. The spectra

| / are characteristic of IC static
— — modulation of the local

19 20 21 22 19 20 21 22 magnetic field caused by
helical spin structure of Cu

sk wouo 1| M ‘ TBK mom'ents [6,7,8]. It is worth to

22 [\/\ /] mention, that the phase

B R transition at T. is much

B ‘v‘ k L narrower in NaCu,O, than in

: : : : L : : : , LiCu,0;. The formation of IC
2,7 2,8 2,9 3,0 31 27 2,8 2,9 3,0 31

field modulation in NaCu,O,
occurs within 0.6 K while in

N 27 LiCu,0, it takes more than 2
Fig.1. 'Li and “Na NMR spectra measured above T, (left [6]. The asymmetric van

spectra) and below T, (right spectra) for H || ¢ in LiCu;0;  Hove singularities of *Na
and NaCu,O; single crystals at 33.7 and 46.0 MHz, NMR central transition line

Magnetic Field, T

respectively. are very sharp and are clearly

visible also on satellite

transitions, which in contrast to LiCu,O, are well separated due to the larger EFG. The

lineshape of the satellite transitions follows the distribution of the Larmor frequency caused

by IC local field modulation. Therefore, in the first-order quadrupole perturbation the satellite
lineshape is almost the exact copy of the central transition profile.

The most striking difference between "Li and *Na spectra is that in NaCu,O, the
doublets (or degenerated quartets) are observed for all three principal orientations of external
magnetic field in the magnetically ordered state. For H || a the intensities of both parts of the
doublets are equal while for H || ¢ the high field component of the doublet is more intensive.
This anisotropy becomes more significant with decreasing temperature. The splitting is almost
symmetric with respect to the central field determined as the resonance field of the central
transition above T.. These results are completely unlike the situation in LiCu,O, where the Li
NMR quartet and sextet are observed for H | ¢ (Fig.1) and H I (a,b) [6]. The possible
reason for such dissimilar behavior could be the influence of non-magnetic Li defects in CuO,
chains of LiCu,0;. Due to AF character of NNN interaction the both helix phase angles 6 and
¢ exhibit a step-like change on m in the vicinity of Li defect. This phenomenon will be
analyzed in more detail elsewhere.
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Fig.2. Crystal structure of LiCu,O, (left panel) and NaCu,0; (right panel).

The value of the local magnetic

wof T T T T T T T field on Na site estimated as the
i LiCu,0, T=30 K ‘L line\yiflth at the base. of the central
08l | —o—NaCu,0, T=77K i transition for H || ¢ is only 80 mT,
H which is a factor of 3 less then that
.\I\ for Li (250 mT). This is quite
061 . | reasonable since the transition
h ‘\“ temperature in NaCuyO, is lower
04L ‘J \ | | than in LiCu,0; pointing to a weaker

| | . inter-chain interaction in NaCu,O,.

m | o . .
02t | [ The difference in  crystal
| 'l structure peculiarities of the two
Yo) P oy AR + WL S — | compounds (Fig. 2) is reflected in
1 " 1 1 1 " 1 "

” - = p - ” their NQR properties. Fig.3 shows
F (MHZ) the NQR spectra of NaCu,O, and
LiCu0, measured above T. on
Fig.3. NQR spectra of NaCu,0; (black open 63%5Cu nuclei in Cu(2) site. The right
circles) and LiCu,0O; (red filled squares) measured  and left lines of each pair are
above T. on “**Cu nuclei in Cu(2) site. assigned to the ®*Cu and the **Cu
isotope, respectively. The observed
frequency and intensity ratios correspond to ratios of isotope quadrupole moments and natural
abandancies, respectively. In the following, we will concentrate only on “Cu isotope NQR
lines for convenience. From Fig. 3 it is clearly seen that in NaCu,O; the NQR linewidth is a
factor of 3 smaller than that in LiCu,O,. This result reflects more homogeneous EFG
distribution as a consequence of higher degree of structural order in NaCu,0O;. Probably for
the same reason, we succeeded to find another “*Cu line at 26.8 MHz originated from the
Cu(1) position. It should be noted that the **Cu line at around 27 MHz has been observed
earlier on the polycrystalline LiCu,O, sample in [9], but it was falsely assigned to the Cu(1)
position. In this case, the line should exist also below T, which contradicts to our
experimental findings described below.

All lines shown in Fig. 3 completely disappear below T.. Instead, in LiCu,O, we
observed very complicated ****Cu antiferromagnetic resonance (AFMR) spectrum at 4.2 K.
This effect is caused by the space modulated internal magnetic field at the Cu(2) site in the
ordered state of LiCu,O,. For yet unknown reason we did not find any copper AFMR
spectrum in NaCu,0,. At the same time, the Cu(1) NQR line at 26.8 MHz exists even below
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T., as expected for non-magnetic Cu’ ion at the Cu(1) site which is symmetric with respect to
magnetic Cu®" ions in the CuO, chains. Therefore, the complete cancellation of local
magnetic field occurs at Cu(1) site in the ordered state of NaCu,0;,

In conclusion, 'Li and »*Na NMR spectra measured in the magnetically ordered state of
the isostructural quasi-1D oxides LiCu,0; and NaCu,0O, give unambiguously evidence for
static IC modulation of local magnetic fields at the Li and the Na site, respectively. This
modulation is caused by a helical spin structure of Cu moments below T.. Due to the crystal
structure peculiarities the character of the magnetic helix is dissimilar in both compounds
reflecting both in NMR and NQR spectra.
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Entanglement of spin pairs in a one-dimension open chain of spins coupled by the dipole-
dipole interactions (DDI) in the equilibrium state in the external magnetic field is
investigated. The reduced density matrix of a spin pair is obtained. Concurrence, the
quantitative measure of the entanglement, is estimated with Wootter’s criteria. Analytical and
numerical methods are used in order to investigate influence of temperature, chain’s length
and its ends, the space between spins in the pair on the entanglement.

Introduction

Quantum mechanics and quantum information theory are the theoretical basis for creation of
guantum computers. Two types of guantum-mechanical states, separable and entangled, and
the application of a quantum-mechanical superposition state as an elementary unit of
information (qubit) leads to fantastic advantages of quantum computers in comparison with
classical ones [1, 2]. Entangled states are the main resource of quantum computations and
communications [3]. Generally, the concurrence [4] is used as a quantitative measure of
entanglement. However, the concurrence can be fully investigated only in some simple cases.
One of them is the quantum register representing a one-dimension open chain of spins
coupled by DDI in a strong external magnetic field. The XY-Hamiltonian of such system can
be diagonalized [5-8]. Possibility of exact diagonalization is very important in order to
construct the reduced density matrix of any spin pair of the chain which is described by the
equilibrium density matrix. Then entanglement is investigated with Wootter’s criteria [4]. As
a result, one can study an influence of the temperature, the chain length and its ends on the
entanglement of any spin pair in the chain. These problems are solved in the present paper by
analytical and numerical methods [9-11].

The reduced density matrix of spin pair in homogeneous chains

We consider a one-dimensional open chain consisting of N spins (s=1/2) coupled by DDI in
the external magnetic field. In the rotating reference frame [12], the Hamiltonian of the
system (XY-Hamiltonian) is

N-1
H=D Zl(lnx|n+1,x + Iny|n+1,y)’ (1)
n=

where |I,, (a =x,Yy,z) is the projection of the angular momentum operator of spin n on the

axis a and D is the DDI coupling constant. In the thermodynamic equilibrium state the
density matrix, p, of the system is

P="""» (2)

where B=n/KT , T is the temperature and Z =Tr{e ™} the partition function. The density
matrix p can be written as
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3
p= Taghtx ®.@xg €)
é1:62--6n =0
where &, (k=1,...,N) is one of the values {0, 1, 2, 3}, x? =1; is the unit matrix

2x2, xﬁ = x =1 i =1, (=1...N), and a2 is the numerical coefficient.

jx iy

In order to obtain the reduced density matrix for spins i, j we consider the system of the
other spins of the chain as the environment. Averaging the density matrix o over the

environment and taking into account that Tr{x‘}}zo (=1...N; k=1,2,3) we find for the
reduced density matrix, p; , of spins i and j the following expression:

zaf@xf- X, 4)
§| f]

where the coefficient aififj is defined as
& _ Tr{,oxfzi xfj}
ij - ] . .
TH{(E)2(x51)%)

Using the exactly known diagonal representation of the Hamiltonian of Eq.(1) [6] one
obtains after laborious calculations

()

a®—1/4: 0P L yn2 Ay e g,
" N+ N +1"14 g~ Vex ’
- —Vék
a0 =L sain?(® ) €y
N+1g N +1" 14+ e Vek
_ng —Vgp
e e
aff == {5 ¥ sin ( ) n?( APy -
(N+1) k p=k N+114e™Vo 147"
. . . . -Vey —Vgp
Y Y sin 7K Gin ™ _gin ™ sin I (¢ — ) © e i (6)
kpzk N+1  N+1  N+1  N+174.e7Vek 1,07V
. _ng —Vé'p
sin? () ¢~ L ysin? Py e 4.1
CN+1 K N+1' 147V p N+1q, g7V 4
. —=Vé&g
a2, = a?t, =0, 0‘|1|1+1 g2 _ 2 Ssin ik o (+Dk e

S )
BTN 4197 N +1 N+1 14 eV

where v = gD and the one-fermion spectrum & is defined as

7K
= CO0S , k=1, 2,...,N 7
s =005 ) ™

The other coefficients aif‘gj equal zero from reasons of symmetry.

Using expressions of Egs.(4, 6) we find the matrix representation of the reduced density
matrix of nearest-neighbor spins i and j:
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2 + ai(,)i3+l + ai?:iOJrl + aisji3+1 0 0 0
1
0 Z—ai(,)is+1+ai3,?+1 — it 0
Puist = 11 1 o3 30 33
0 % 7 Hain g i 0
0 0 0 S -afia-aifatalia
The concurrence C; ;,, is defined as [4]
Ciiva =max{0,4 — 1, — 23 — A4}, (8)

where 4, (p=1, 2, 3, 4) are the square roots of the eigenvalues of the product matrix
R=piumia in the descending order; the matrix p,,, 1is defined as

Pii =1116(1, ® Iy, pi;aly, ®1,,). One can show that 0<C;,; <1. The system is non-
entangled (“separable”), if its concurrence equals zero.

Numerical analysis of the concurrence in spin pairs

Using expressions (6)-(8) the dependence on the temperature and the chain length of the
concurrence, Cyq,, of the first and the second spins is numerically investigated.. Figure 1
shows that the entanglement appears at D =~ 2 .This corresponds to the temperature interval

1<T <154K at D=27-10%c™ . Earlier, ordered states of nuclear spins coupled by DDI in
solids were observed at such temperatures [12].

Our numerical calculations
yield that the concurrence in the
nine-spin chain is non-zero for
iz ] nearest neighbors only when
;’r DDI of all spins are taken into
;ﬁr : account. The pair of qubits 1 and
';!,f" . 2, and the one of qubits N-1 and
N have the maximal pairwise

08 ——

art - P -
F g

o6

CIZ
"

L . entanglement. Spin 2 can be
ol =3 ] entangled both with spin 1 and
i, with spin 3. Since spin _2 IS

o | strongly entangled WI'[.h spin 1,
14 . . . oL s the entanglement of spins 2, 3 is
L e = - - - = weaker. As a result, spin 3 is

] e _ strongly entangled with spin 4,
Fig.1. The concurrence of spins 1 and 2 versus the etc. This explains the oscillator

temperature for the number of spins N=3, 4,6, 7, 100,  pehavior of the concurrence
105. The behavior of the concurrence Cq, is different for displayed in Fig. 2. The

chains with even and odd N when the system size oscillations decay when the spin
increases. When N increases the concurrence Cy pair is far from the ends of the
decreases at even N and increases at odd N. chain.

Analogously it is possible to explain the growth (fall) of the concurrence of the
entanglement of spins 1 and 2 in the dependence on the length of the chain consisting of an
odd (even) number of spins (Fig. 1). For this purpose it is necessary to take into account the
influence of both ends of the chain on the entangled states. As a result, we obtain that the
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ends of the chain yield opposite

o8 . . . : : : contributions to the entanglement
at an odd number of spins. For
0Tl 1 example, one can easily find in

the chain consisting of 5 spins

that spin 5 leads to a decrease of

. the entanglement of spins 1 and

| | 2. This effect is diminished when

Q6H

0sH

U oafl ]| | . the odd number of spins increases
TTTee and the entanglement of spins 1,
ospf|1" " 1 2 increases also. On the contrary,

the second end of the chain
increases the entanglement of
_ _ _ | spins 1 and 2 at an even number
® * o * . " of spins. This leads to the
calculated decrease of the
concurrence (see Fig.1) when the
even number of spins increases.

Fig.2. The nearest-neighbor concurrence versus the site
number for N=105.

The presented numerical calculations show that the homogeneous open spin chain
contains quantum correlations which are necessary to form pairwise entangled states. Thus,
homogeneous chains of nuclear spins coupled by DDI can be considered as a model of the
quantum register. New perspectives, opened by investigations of spin dynamics of the
alternating spin-1/2 chains with XY-Hamiltonian, allow us to solve the qubit addressing
problem on the basis of the Larmor frequencies of different spins. The advanced methods of
diagonalization of the alternating chains [7,8] enable us to study corresponding quantum
registers.

This work was supported by the Russian Foundation for Basic Research (project no. 04-
03-32528).
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Langmuir-Blodgett (LB) films have attracted considerable interest over the past years.
Especially in connection with technological applications, such as devices based on molecular
electronics. CW EPR spectrum of nitronil radicals are highly sensitive to molecular motions,

which actually does take place in the LB layer,

HC therefore nitronil nitroxide is useful for a spin-probe
H,C 3 < > £H;  investigations.
H.C . C,H,, In this study we investigate the temperature
HC O dependence of CW EPR spectra of nitronil radical R1
Figure 1. Nitronil radical R1. (Fig. 1) in a LB film of heptadecanoic acid

(C,sH;;COOH).At rise in temperature, the individual

line width of the certain orientations decreases that
results to occurrence of the peak specified by an arrow on Figure 2.

5.0
45
—— 308K

35 »”J\/V/M ——— 298K
3.0 295K
2.5 — 273K
2.0 ‘.‘JJ\/\/J’.'“ —— 260K

4.0

154 —— 240K
—— 220K
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—— 120K

1.0 1
0.5+
0.0+

-0.54
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Magnetic field, G

Figure 2. Temperature dependence of EPR spectra of nitronil radical R1.

The program for simulation of EPR spectra has been written, but demands completion.
Dynamics of molecules was taken into account in implicit dependence of individual
linewidth on temperature. Some models of the account of dependence of individual linewidth
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from orientation were used. The closest to experimental data model was the case with jump
change of individual linewidth.

1.0+ Computer simulation
| —— Experimental spectrum
0.5
0.0 1
0.5 -
-1.0

T T T T T T T T T T T T T T T T T 1
3300 3320 3340 3360 3380 3400 3420 3440 3460 3480
Magnetic field, G

Figure 3. Comparison of theoretical and experimental EPR spectra.

In Figure 3 it is visible, that it is possible to receive similarity to experimental data
qualitatively, however adjustment of parameters is necessary for reception of quantitative
characteristics, such as the dependence of the linewidth on the temperature. Now work is
directed on improvement of the program to obtain quantitative characteristics that permit to
receive some parameters of molecular motion.
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Micro plasma oxidation processes are electrochemical processes and produce oxidation of metal
surface in the canals of micro discharges, where is realized high temperature plasma. Micro
plasma oxidation coatings containing high temperature phase of aluminum - o Al,O3 have many
interesting applications. Such coatings can be obtained both from material of aluminum detail
and by introducing aluminates into electrolyte. Properties of coatings created depend on a
variation in anodic and cathodic regimes, value of current discharge, temperature of electrolyte
and its composition. The coatings structure consists of two layers. Outer layer on the boundary
of electrolyte contains mainly low temperature phase of Al,Os — a technological layer. Inner
layer close to metal surface containing a- Al,O3  is responsible for the many interesting
macroscopic properties of MPO coatings such as microhardness, friction, wear resistance [1]. In
this communication we discussed EPR data for micro plasma oxidation coatings on aluminum
alloy D-16. As aluminum alloy D16 contains transition metals — cupper, iron, titanium,
manganese and chromium, we hoped to gain an information about peculiarities of MPO
processes on the different stages of their growth using the EPR data on oxidizing states of
transition metal ions. MPO coatings on the surface of aluminum alloy D16 were obtained with
semi-industrial plant, developed in Institute of Inorganic Chemistry SB RAS. Objects of EPR
investigations were MPO coatings obtained:

1) during the anodic MPO process in aqueous solution of KOH + Na,SiOs,
2) during the anodic — cathodic MPO process in water solution of KOH + Na,SiO;

EPR spectra were prepared with automatized Varian EPR spectrometer E-109 in X-band at
300 K. Analysis of EPR spectra was performed with WinEPR and Simfonia programs. Table 1
shows data for content of alloying elements.

Table 1. Content of alloying elements in aluminum alloy D16

Aluminum | Mg, Mn, Cu,% | S1,% | Zn,% | Fe,% | Ti,% | Cr, % | Ni, %
alloy % %
D-16 1,2- 0,3- 3,8- 0,5 0,3 0,5 0,1 - -
1,8 0,9 4.9

For the EPR experiments there were prepared the plates of aluminum alloy D16 of sizes
0.5 x 5 x 10 mm, oxidized during MPO processes. Thickness was measured with thickness
meter “Quanix 5000”. EPR spectrum of DPPH (g=2.0036) was used as g-value comparison
standard.

Anodic MPO process in aqueous solution of KOH + Na,SiOs electrolyte

EPR spectra of MPO coatings obtained by anodic micro plasma process in aqueous solution of
KOH + Na,SiO; are shown in Fig. 1. They are identical of Cu*" EPR spectrum in y-phase of
Al,O3 [4]. EPR spectrum of coating appears as an asymmetrical single line with g-value 2.07 and
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160 Gauss linewidth. Lack of hyper fine structure (HFS) is due to high concentration of cupper
ions and exchange interaction between them. Increasing coating thickness (between 10 and 30
microns) results in decreasing concentration of paramagnetic cupper ions. Hereafter (higher 30
microns) concentration of paramagnetic cupper ions has a valid level (Fig.2). Such a behaviour
of cupper ions is due to transformation of hydroxide cupper complex into cupper oxide, having
no EPR spectra. On the other hand, an existence of EPR spectrum with g =2.07 says that this
anodic MPO coating contains only low temperature Al,O; phase.

a0 -
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l-?v'ﬁ
U 70 o
g 50
ki
% 50
g
LS T T T T T T
1500 ‘ 2500 ‘ 3500 ' 4500 Thickness of coating, micron
Magnetic field, Ganss
Fig.1. Dynamics of EPR spectra changes Fig.2. Dependence of Cu®" ions
with changing MPO coating thickness. concentration on the thickness of MPO in
Anodic MPO process in aqueous solution of anodic process. Electrolyte — aqueous
KOH + Na,Si0; electrolyte. solution of KOH + Na,Si03

Anodic - cathodic MPO coatings on the surface of aluminum alloy D16 in aqueous solution
of KOH + Na,SiOj; electrolyte

EPR spectra of MPO coating obtained during the anodic — cathodic MPO process differ from
spectra of anodic coatings. Fig. 3 shows the dependence of paramagnetic centers concentration
on the thickness of coatings obtained. As illustrated this Figure, in the low magnetic field (g =
4.3) EPR spectrum of Fe’" is presented. Such a spectrum is known from literature and was
observed in y- phase of Al,O; [5]. Close to the g=2.00 complicated spectrum consisting of six
lines is shown. Deconvolution of experimental spectrum and simulation of individual spectra

showed that this complicated spectrum is due to overlapping of EPR spectra Cu>" with HFS
from ion manganese Mn”",
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Fig.3. Dependence of cupper ions concentration on thickness of MPO coatings obtained on D16
alloy by anodic- cathodic MPO process in aqueous solution of KOH + Na,SiO;
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Figures 4a — 4c show deconvolution of experimental spectrum into spectra of manganese
and cupper ions.

Fe(3+)

/

DPPH

1500 2500 3500 4500 1500 2500 3500 4500

Magnetic field, Gauss Magnetic field, Gauss

Fig.4. EPR spectra of transition metal ions in MPO coatings obtained at anodic — cathodic
process in aqueous solution of KOH + Na,SiO3
a — experimental spectrum,
b — simulated spectrum of Cu®" ions,
¢ — difference spectrum (a — b) is due to HFS of Mn”" ions.

Simulation of Cu®” EPR spectrum allows estimate g- value g =2.2876, g,=2.050 at the
linewidth AH,,,= 90. The similar parameters of spin — hamiltonian were observed for the cupper
ions in a- phase of Al,O3 [4]. Subtraction of cupper ions spectrum from experimental one gives
typical EPR spectrum for manganese ions Mn®" with g = 2.00 and HFS parameter A = 83.7
Gauss. EPR spectrum with the same parameters was observed for a- phase of AL,O; [6].

Discussion of results

As follows from previous results [ 1] created MPO coatings depending on the conditions of MPO
process contain different relations of low and high temperature Al,O; phases. Because the
structure of these phases of Al,O; has different symmetry, transition metal ions incorporating
into coating serve as paramagnetic probes for the diagnostics of phase types and peculiarities of
their distributions in the structure of MPO coatings.

Our data showed that anodic MPO process produced mainly low temperature phases of
Al,O3 having no high hardness. In this case a typical EPR spectrum of cupper ions with g =2.07
is observed. It should be noted that increasing in coating thickness up to 40 microns results in
decreased concentration of Cu’" paramagnetic centers. But beginning with 40 microns their
concentration has stable level. Ions of cupper, manganese and iron among alloy impurities have
paramagnetic properties. At the content 5% of cupper in aluminum alloy D16 paramagnetic
states of Cu’’, Mn®" and Fe’" give single exchange line with g =2.07. Decreasing in
paramagnetic states concentration as coatings created is due to transformation hydroxide
complexes of cupper into CuO, which did not show EPR spectra. But at the large thickness of
coatings there is existed equilibrium between two these forms of cupper compounds and
beginning with 40 microns concentration of paramagnetic centers are stable. The same situation
is observed in anodic-cathodic coatings, but the decay in copper paramagnetic states stops with
the more low thickness of coatings (beginning with 20 microns). Differences between EPR
spectra of anodic and anodic-cathodic coatings arise from existence in last high temperature o -
phase of Al,O;. At the same time in anodic- cathodic coatings together with exchange line are
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observed individual EPR spectra of cupper, iron and manganese ions. These data say that these
resolved EPR spectra are due to isolated parts of coatings with low concentration of cupper ions.
Such parts of coatings are related to appearance of polycrystalline o- phase of ALO;.
Recrystallization of low temperature phases in high temperature phases produces redistribution
of impurities due to different incorporation coefficients into different phases of Al,Os.

To test our assumptions we removed technological part of coating obtained by anodic-
cathodic MPO process. EPR data show that at this treatment content of cupper ions drops by
10%, at the same time contents of iron and manganese ions remain invariable. The reason of
10% changing in cupper ions content is due to loose structure and small density of
technological layer of coatings.

Obtained EPR data showed that coatings grown by anodic and anodic-cathodic MPO
processes differed in states of cupper, iron and manganese ions. It allows using nondestructive
EPR method for diagnostics of MPO coatings.
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Abstract

Spin-polarized EPR spectra of fullerene Cg dissolved in glassy ortho-terphenyl was measured
in the temperature range of 80 — 240K. The temperature dependence of the spectra was
successfully simulated using the model of fast pseudorotation of *Cg in a potential created by
the surrounding solvent molecules. The strength of this potential was estimated at different
temperatures. Near 240K this potential was found to decrease remarkably.

Introduction

Since the discovery of fullerenes they attracted much attention because of unusual physical
and chemical properties and because of possible technical application of fullerene-based
materials. The fullerene Cgp can be easily excited by visible light, which leads to the
formation of triplet state of Cgp with the quantum yield close to unity. This state is
characterized by high electron spin polarization. That is why the fullerene-based materials can
possibly be used as an active media for masers [1]. To create such materials it is necessary to
investigate the dynamics of Cg in triplet state and its dependence on temperature, solvent and
the time of delay after light flash.

Previously, the triplet state of Cgp was studied by time-resolved EPR [2], OD EPR [3]
and electron spin echo [4]. It was found that *Cy is characterized by non-zero ZFS parameters
D and E, which slightly depends on the solvent. Also, the strong temperature dependence of
spin-polarized EPR spectrum of *Cgo was observed. However, so far the interpretation of this
temperature dependence is not clear. In our opinion, the satisfactory numerical simulation of
this dependence is lacking, and the convincing simulation was performed only for the case of
very low temperatures (1.2 - 7K) [5], for which the dynamics of *Cy is probably frozen.

The aim of the present work is to study the *Cyo dynamics at higher temperatures and to
find the reasonable model explaining this dynamics, which would allow the adequate
simulation of the temperature dependence of *Cgy EPR spectrum.

Theory
The Triplet Energy Levels.

The hamiltonian of the molecule in triplet particles state consists of two main terms —
Zeeman energy and energy of magnetic dipole-dipole interaction of two unpaired electron
spins (H p): H = g#HS + Hp, where H is the magnetic field vector, S is triplet spin vector,
S=1, f is Borh magneton. For simplicity we assumed here the isotropic g-factor g. We can

write Hp through the tensor Dj; of magnetic dipole-dipole interaction: Hp = %SiDiij. In the
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framework of the principal axes of Dj; tensor (X, Y, 2) Hp = D(Si —%s2j + E(Si —Si), where D

and E are zero-field splitting parameters. In the same coordinate system the magnetic field
vector may be written as H = H(sin&os g, sinésing, cos0), where @ is polar and ¢ azimuthal
angles of H vector, respectively. We can rewrite the Hp term in a framework of reference (X,
Y, Z), which has Z axis parallel to magnetic field direction:

Hp = ;(D(;— cos26j — Esin 260052(/)](82 - 3S§) . (1)

We assume that gfH >> D, i.e. the high-field approximation is valid. The energy levels W,
Wy and W. of high-field eigenstates T+, Ty and T. are [6]:

D 1 E .
W, = gpH +7(cos2 H_EJ +Esm2 Ocos2p; W, = D(%—cos2 0)— E sin’ @ cos 2¢;

W_=-gpH +%(cos29—%]+%sinzecos2(p. (2)

The Spin Polarization of Triplet State.

The high-field triplet eigenfunctions T:, Ty and T. can be rewritten trough zero-field
eigenfunctions Ty, Ty and T, as:

T =T, |s1n6’+cos6’c0sga__|_y |cosgo+c0s6’s1n¢+_|_z sm6’;
2 2 V2
T, =iT,sin@sinp+T, sinfcosp+T, cosd; (3)
T =T |s1n<9+cos6?cos¢>+_|_y |cosgo+cos951n(o_|__|_Z smt9.
2 2 V2

According to Eq. (3), the populations of high-field eigenstates p.+, Po, p- can be expressed via
the populations of zero-field eigenstates py, Py, Pz-:

Po = Pysin’ Gsin® g + pysin2 Gcos® p+ p,cos” 0.

p+=p-= % px(cos® Beos® @ + sin’g) + % py(cos2 Gsin’ g+ cos’ ) + % pzsin’ 6. 4)
Therefore, the polarizations of allowed EPR transitions are:
P+-Po=P--Po= % py(cos® Beos’p + sin® ¢ - 2sin” Gsin® ) +
+ % py(cos2 &sin’ @ +cos’ @ - 2sin’ eos’ @) + % Px(sin® @ - 2cosb). (5)

Experiment

Fullerene Cgp was dissolved in ortho-terphenyl at concentration of about 10*M. The solution
was put in glass tube with a 4 mm inner diameter. Three freeze-pump-thaw cycles were
executed, and then the tube was sealed under high vacuum. Before measurements the samples
were quickly cooled in liquid nitrogen to obtain the glassy state of ortho-terphenyl.

Electron spin echo experiments were carried out on Bruker ESP-380E FT EPR
spectrometer equipped with a dielectric cavity (Bruker ER 4118 X-MD-5) inside an Oxford
Instruments CF 935 liquid cryostat. The temperature was controlled by cold nitrogen flow.
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For photoexcitation of the sample the pulses of second harmonic Nd-YAG laser Surelite [-10
were used with the wave-length 532 nm, pulse duration 10 ns, pulse energy 20 mJ and the
pulse repetition rate 5 Hz. The microwave pulse sequence /2 — 7- © — 7 — echo with 7= 120
ns was used. The whole echo signal in time domain was integrated by a built-up integrator.
The delay after laser flash was about 100 ns. The microwave frequency was 9.493 GHz.

Results and discussion.

The echo detected EPR spectra were observed at different temperatures at the range of
80 — 240 K. They are shown at Fig.1. The spectra are spin-polarized with a low-field
absorptive part and high-field emissive part. In Fig. 1 one can see progressive narrowing of
the spectrum with temperature increase.
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Fig.1. Echo-detected EPR spectra of the triplet ~ Fig.2. Simulations of ED EPR spectra (see

state of Cep in ortho-terphenyl at different Fig. 1) using the model of 3C60 fast
temperatures. The spectra are normalized at the  pseudorotation in potential U = -Vcosa (see
absorptive maximum. text).

For explaining this phenomenon the model of fullerene fast pseudorotation (dynamic
Jahn-Teller effect) in a potential U = - Vcosa [7] was suggested. Here « is the angle within a
range of [0,m] between the z-axis of tensor Djj and the direction determined by local
surrounding of Cgp molecule. Previously, the model of pseudorotation was used for explaining
the temperature change of >*C¢o EPR spectrum in the range of 4 — 80K [4].

We have simulated the obtained spectra numerically in MATLAB program package in
the following way. The total spectrum was obtained by the powder average of the To->T; and
To->T. transitions of the individual triplets, which are characterized by the angles 8 and ¢.
The polarization of the spin transitions was calculated according to Eq. (5). The frequencies
of the transitions were calculated according to Eq. (2), and the averaging of these frequencies
over the aangle was performed. The probability distribution W(a) was derived from

Boltzmann law:
aw _ exp(—v Cosa)sina. (6)

da KT
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During the simulation we kept fixed the parameters D = 110G, E = 3G, g = 2.0002, px =
py = 0, p, = 1. The only fitting parameter was the strength of the potential V. The simulated
spectra are shown on Fig. 2. Very good agreement between the experimental and the
simulated spectra can be noticed. The averaging over « leads to partial averaging of the zero-
field splitting, which in turn results in narrowing of the simulated spectra.

The dependence of the obtained V values on the temperature is presented on Fig. 3. In the
range 80 — 200K it is nearly temperature-independent with the mean value V = 600K. The
severe decrease of V is observed at 240K. This is probably caused by the increasing of the
molecular mobility of ortho-terphenyl at higher temperature, which facilitates the
pseudorotation of *Cg. Note that near 240K in ortho-terphenyl a so-called dynamical
transition is observed that is characterized by the onset of large-amplitude stochastic motion

18],

To estimate the rate of the 3C60 pseudorotation we measured the transverse relaxation
time T of >Cgo. For all temperatures it was found that T, > 200 ns, and the decrease of T, with
temperature increase was observed. At higher temperatures, when the EPR spectrum
distortion is substantial, the scale of the frequency change due to pseudorotation Aw is in
order of D = 110G ~ 2000 MHz. For the fast motion the contribution of the pseudorotation to
transverse relaxation rate 1/ T, can be calculated according to the Redfield theory:

1/ T2 = 7o <A, (7)
where 7 is the correlation time of the pseudorotation, and <Aw®> is the mean-square value of
the fluctuation of the resonance frequency. From the Eq. (7) we can estimate 7 < 107% s,
which is in agreement with previous estimations [9].
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Fig.3. Temperature dependence of the strength of the potential V (see Eq. 6), obtained from
the simulation of 3C60 EPR spectra.
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Paramagnetic complexes of probe molecules are used to characterize electron acceptor
properties of oxide catalysts [1-5]. 9,10-Anthraquinone and 9-fluorenone paramagnetic

complexes formed under adsorption on the dehydroxilated surface of several oxides (CaO,
Al,03, ZrO,) have been studied by EPR and ENDOR (fig. 1-4).

9=2.0036 VH

N

20G
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Fig.1. EPR spectra of anthraquinone Fig.2. ENDOR spectra of anthraquinone

adsorbed on the surface of the: adsorbed on the surface of the:
(1) Ca0O, 120°C; (1) Ca0O, 120°C;

(2) ZrO,, 120°C; (2) ZrO,, 120°C;

(3) y-Al,05120°C; (3) y-Al,03120°C;

(4) y-Al,03, 200°C 3 h; (4) y-Al,03, 200°C 3 h;

(5) y-Al,03, 300°C 2 h. (5) y-Al,03, 300°C 2 h.
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Fig.3. EPR spectra of fluorenone adsorbed Fig.4. ENDOR spectra of fluorenone

5 7 9 11 13 15 17 19 21 23
MHz

on the surface of the: adsorbed on the surface of the:
(1) Ca0, 120°C; (1) Ca0, 120°C;

(2) ZrO,, 120°C; (2) ZrO,, 120°C;

(3) y-Al,05120°C; (3) y-Al,05120°C;

(4) y-Al,03, 200°C (4) y-Al,03, 200°C

It has been shown that anthraquinone on CaO surface formed anthrasemiquinone as a
result of one electron transfer from electron-donor center to anthraquinone molecule (fig. 5).

(6] o"
900 —
+ - -
@) + O.
5 | = |

Fig.5. Formation of the anthrasemiquinone on the CaO surface as a result of one electron
transfer from electron donor center.

On the alumina surface both electron-acceptor and electron-donor centers take place in
the anthraquinone complex formation (fig. 6)
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Fig.6. Formation of anthraquinone complexes on the Al,O3 surface.

On first stage the anthraquinone forms diamagnetic complex with electron acceptor
center, like Hammett indicator. Interaction with electron acceptor center increases the electron
affinity of the adsorbed molecule. This allows the next stage to be possible, that is one
electron transfer from near electron donor center to adsorbed molecule. As a result, the
complex | is formed. Similar complex is formed on the ZrO, surface (with Zr*" cations).
Heating results in the transformation of complex I into complex I1, which has h.f.s. from #’Al
nucleus. Next heating results in the complex Il formation which consists of one
anthrasemiquinone molecule and two electron-acceptor centers.

If the probe molecule has only one carbonyl group (as in the case of fluorenone) then
complex 111 does not form. This means that each carbonyl oxygen interacts with one
coordination unsaturated aluminum cation on the surface.

Anthrasemiquinone (like on CaO) can also form on the zirconia and alumina surfaces but
its concentration is low. It is possible to detect this species by echo-detected EPR or if we
decompose complexes | — 111 by water vapour adsorption.
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B Hacrosmee BpeMs 3HAYUTENBHBIH HWHTEPEC TPEACTABISIOT — TOJTYIPOBOJHHKOBEIC
HAHOCTPYKTYpPbI, B KOTOPBIX KBAaHTOBBIN 3()(eKkT KoH]aliMeHTa HOCHUTENIEH M IKCUTOHOB,
MPUBOANT K BBICOKOU 3¢ deKkTuBHOCTH M3nydeHus [1]. B manHo# paboTe paccMaTpuBarOTCs
JIBE pa3IMYHbIE CHCTEMBI KBAHTOBBIX TOUYEK, B KON U3 KOTOPHIX HAOIIOIAaeTCsl [UTUTEIBHOE
MOCJIECBEUCHUE, OOYCJIOBJICHHOE  CIUH-3aBHCHMOM TYHHEJIBHOW  peKoMOWHanuen
AJIEKTPOHHBIX U JABIPOYHBIX IIEHTPOB.

IlepBass cucrema mpenctaBiuser coOoii HaHokpuctawisl CsPbBrs BHenpeHHble B
00bEéMHBIN KpucTamn CsBr. Hano- u mukpo- kpucramisl CsPbBr; oOpasyrorcs B pesynbrare
CaMOOpPraHU30BaHHOTO pocta B o0beMHOM Kpuctaiie CsBr ¢ mpumecwsio Pb (0.02-0.2%
PbBr, B pacmiaBe) BblpalieHHOro MmeroaoMm bpumkmena. Onruyeckue CBONCTBa
HaHokpuctauioB CsPbBr; Obumm umccnegoBansl B pabore [2]. Tam ke oOcyxkmanach
BO3MO)XHOCTb OLIEHKM pPa3MEpOB HAHO- U MHKpPO- KPHUCTAUIOB IO CABUTY ASKCUTOHHOMN
JIOMHHECHEHIIMM OTHOCHUTEIbHO JIIOMMHECLCHLIMM CBS3aHHBIX HKCUTOHOB B OOBEMHOM
kpuctamie CsPbBrs. Mcxoast u3 caBura SHEpruM M3Iy4YEHUS B CTOPOHY BBICOKHUX SHEPrHA
OTHOCUTEIILHO OOBEMHBIX KPHCTAIIIOB CsPbBr; [2,5] MBI oOmeHHBaeM pa3Mmep
HAaHOKPHUCTANIOB B paccMmaTpuBaeMoM oOpasie CsPbBrs; paBabiM nmpumeprno 3 nm. B stux
CUCTEMaX JUIMTEIbHOE TYHHEIbHOE MOCIIECBEUEHHE HAOMI0JAaeTCsl IPU HU3KUX TEMIEpaTypax
(1.5-80 K) nocne pentrenoBckoro oomyuenus npu 77 K.

[Ipu peHTreHOBCKOM OOJIyYE€HWH HOMHHAJIBHO YHMcTOro Kpucrtamuia CsBr mpu HU3KOM
TEMIIepaType B MEPBYIO ouepeb 00pa3yloTcs aBTOJIOKAM30BaHHbIE AbIpkH (Bry wmm Vi -
LIEHTPBI) U AJIEKTPOHHBIE LIEHTPbI OKpacku Tuna F - 1ieHTpoB. B akTHBMPOBAHHBIX MPUMECIMU
KpUCTaJlIaX oOpa3yroTCsl TaKKe OJJIEKTPOHHBIE M JBIPOYHBIE LIEHTPHI, CBSI3aHHBIE C
npuMecsiMi. PekoMOMHAIMS MEXTy HAaBEJCHHBIMH PEHTTEHOBCKUM OOJIYyYEHHEM LIEHTpaMH,
IIPOUCXOMAIAs IPU HU3KOM TeMIepaType, IPH KOTOPOH TEPMOAKTHBALMOHHBIE IPOLIECCHI
3aMOPOYXKEHBI, IPUBOAUT K CIIMH-3aBUCUMOMY TYHHEJILHOMY IOCliecBedeHHI0. B pesynbrare,
B CWIbHBIX MArHUTHBIX MOJSIX W TPU HU3KUX TEMIEpATypax M3-3a MOJIpU3aLUU
JJIEKTPOHHBIX CIIMHOB  DJIEKTPOHHBIX M JBIPOYHBIX LIEHTPOB B  COOTBETCTBUU C
pacnpeneneHneM — bonpimMana — HAOMIOJAETCST  MArHUTHOE — TYLIEHHME  TYHHEJIBHOIO
nociecBedeHus. DTOT 3(PQPEeKT MO3BONIMI MO BO3pacTaHUIO0 MHTeHcHBHOcTH TII B MOMeHT
pe3oHaHca BCIEACTBHE MEPEOPUEHTALNN CIMHA OJAHOTO U3 PEKOMOMHUPYIOUIMX MapTHEPOB
peructpupoBaTh 1P 31eKTPOHHBIX M JBIPOYHBIX IIEHTPOB, YUYACTBYIOUINX B PEKOMOMHALIUU
U TEM CaMbIM UIEHTU(UIMPOBATE 3TU Ae(eKThl. JTMHHOBOJIHOBOE ONTHUYECKOE BO30YKICHHUE
B T10JI0CaX MOTJIOIIEHHS OTAEIBHBIX PaJHAallMOHHBIX Je()EeKTOB, HAPUMEDP HEHTPOB OKPACKU
tuna F - neHrpos, npuBogut k (ortoctuMynupoBaHHoM mromuHecueHuun (PCJII) (photo-
stimulated luminescence - PSL) ¢ 6oyiiee KOpOTKHUMU JJTHHAMH BOJIH, KOTOpasi 00yCIIOBICHA
pa3IMYHBIMH  PEKOMOMHAIIMOHHBIMHM TPOILECCAMH, BKJIIOYAs PEKOMOMHAIMIO 3KCHTOHOB.
Nmenno ®CJI ucnonp3yercs B KOMITBIOTEPHOM PEHTTEHOBCKOW paauorpaduu. brmaromaps
cnuHOBOM 3aBucuMoctd TII u @CJI Obun pa3paboTaHbl METOMBI ONTHYECKOW PETUCTPAINU
MarHuTHbIX pe3oHaHcoB (OIMP) pexoMOMHMPYIOIIMX LEHTPOB U 3KCUTOHOB 1o TIT u OCJI
[3,4].
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Ha Puc.la noka3zano ymensiienue mateHcuBHoctu | TII kpuctamma CsBr:CsPbBr; B
MarHuTHOM mose npu Temreparype 1.8 K. Xapakrep TyiieHust COOTBeTCTBYeT peKOMOMHAIINN
JBYX IIEHTPOB C JJIEKTPOHHBIMH g-pakTopamu ~2.0 u cniuHamMu S = 1/2 B COOTBETCTBUHU C
BeipaskenueM |=lo(1-P.Py), rne |y - uarencuBnocts TII B HyneBom maruutHom nosne, Pe u Py, -
MOJISIpU3al[UM  CIIMHOB AJIEKTPOHHBIX M JIBIPOYHBIX ILIEHTPOB B MArHUTHOM MOJE,
COOTBETCTBEHHO (pacueTHasi 3aBUCUMOCTH IIOKa3aHa IYHKTHpHOW smHuen). Ilpunoxenue
MUKpoBOTHOBOro 1o (dactora 35 GHz) npuBoaut k yBenumdeHnio uHTeHCUBHOCTH TII B
MarHuTHBIX MOJSX, cOOTBeTcTBYOmUX OIIP mepexomaM sl 3MEKTPOHHBIX U JBIPOYHBIX
LIEHTPOB, BCJIEACTBUE IEPEOPUEHTALIMM JJIEKTPOHHOIO CIMHA M BKIIOYEHHS peXUMa
pEeKOMOUHAIINY, TO €CTh UMEET MECTO ONTUYECKOE IETEKTUPOBAHNE MAarHUTHOTO pPE30HAHCA.

Ha Puc.1b npencrasnenst cnektpsl OJAMP, 3apeructpupoBannsie B cucteme CsBr:Pb
Mo TMOJNHOMY ToclecBeueHu0 (1) W Mo U3Ny4YeHHI0 HaHOKpUCTAIOB (2) (monoca
JFOMHHECICHIINY HaHOKPUCTAJUIOB. DTH CHEKTPHI UMEIOT OJJUHAKOBYIO (POpMYy H COCTOSIT U3
curHasioB JOIIP F - meHtpoB u aBTOsNOKanu30BaHHBIX AbIpok (Vg - nenrpo). Ha Puc. 2
MPUBOIATCS cuMyupoBaHHble curHaiibl DIIP F - neHtpoB U Vi - LIEHTPOB AJIsI OpUEHTAIUU
Kpuctaiuia B MarHUTHOM Tosie B || [100] ¢ ucmonb30BanreM U3BECTHBIX MapameTpoB s F -
HEHTPOB U Vk - 1eHTpoB B kpuctamie CsBr [6,7]. BugHo, 4TO CUMYITHUPOBAaHHBIE CIEKTPHI
OMM3KM K  OKCIEpUMEHTAIbHO  HaOmomaeMbiM.  Peructpamust  curHanoB — OIIP
pexoMOMHMpYIONMX B Matpuie F - 1 Vi - IIEHTpOB 10 MHTEHCUBHOCTH U3JIyYEHUS MUKPO- U
HAHOKPUCTAJJIOB, BCTPOCHHBIX B PELIETKY MATPHIIbI, OJJHO3HAUYHO CBHJIETEIBCTBYET O TOM,
YTO 3TO M3Iy4YeHHE BO30YKJIaeTcsi peKOMOMHALIMOHHBIMU MpolieccaMu B MaTpuue. B Bugy
MaJIbIX pa3MepOB HAHOKPUCTAIIIOB U MaJbIX PACCTOSHHM, HA KOTOPbIE IIEPEHOCUTCS SHEPTHS,
BECbMa BEPOSATHO, YTO IMEPEHOC PHEPrHH OOYCIOBJIEH B3aUMOJCHCTBUSMHU 10 MEXaHU3ZMY
OmmxHero 1oyt 0e3 w3iydeHus (OTOHOB BO BHEMIHIOW cpeny (near-field interactions).

2 ODMR ODMR b) ODMR
1O sy, ! 35 GHz . \ 35 GHz
| e L8k ~—~_ ) \ 1.8K
I Dol | o N
L _ \,\\&ﬁ,\,\ — nw.‘\l) ‘ )J%H ko /\\
™ 0 TR L 1
= *Fl A R Woa _
8 \‘Q\(\Ml % u{\A’L‘\v G ) V\W
= CsPbBr TA | : e
=05 v 77K N 5L & My
z h = T~ \ . s\ﬁ”i\«k 2
é T W " 1/dm”"\w“
* M,
L= VK L # \ N N
s EHR I T T -
1 L ! P ~
i 2 3 4 F N
0 Energy (eV)
0 1 2 1.0 1.2 1.4
Magnetic field (T) Magnetic field (T)

Puc.1 a)3aBucumocts uHTeHCUBHOCTH TII OT MarHUTHOTO MOJISt IPU TEMIIEPATYPE
1.8 K B kpuctaine CsBr:Pb, pacuernas 3aBUCHUMOCTD 1151 peKOMOWHAIIMK JIBYX IICHTPOB C
S=1/2 u g=2.0 (mokazana nmyHKTHpHOU NuHUeH). Ha BcTaBke npencrasnen cnekrp TI1,
CTpeJIKaMu OTMEUCHBI M3ITy4YeHHE SKCUTOHOB B HaHOKpuctaiiax CsPbBr; n monoca
ANIEKTPOHHO-ABIpoYHON pekoMmOuHarmu (EHR) B matpurie. b) OAMP na yactote 35 GHz
npu 1.8 K, 3apeructpupoBannslii o nmoixHomy criektpy TII (1) 1 mo y3koii THHAN HAHO-
kpuctaioB CsPbBr; ¢ sueprueii 2.48 eV (2). BHU3y nmoka3zaHbl CUMYJIMPOBAHHBIE
criektpsl OJIMP F - nentpoB u Vi - nentpoB B CsBr 11 opueHraium kpucramiia
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Bo30y:xnenue mnociecBeyeHUs] B MUKpPO- M HAHOKPHUCTAUIaX, BCTPOEHHBIX B MAaTpHILY,
CBUJICTCILCTBYET O  HANpPaBICHHOM  MEPEHOCE  SHEPrUM  AJIEKTPOHHO-IBIPOYHOU
pexkoMOuHanmu, npoucxozsmiei B matpuile (CsBr) k HaHOKpuCcTaTy uyepe3 uaTepdeiic.

Hpyroil paccMaTpuBaeMoil CHUCTEMOU SIBIETCS TOPOIIOK W3 CBOOOIHBIX KBAaHTOBBIX
TOYEK MPECTABIAIOIMUX c000i ZnO HAHOKPUCTAILIBI, TOKPBITHIE OJJTHUM-BYMS MOHOCJIOSIMH
Zn(OH),, nosyd4eHHBIX METOAAMH KOJUIOMJAHON XUMUHU (METOJIMKA MPUTOTOBIEHUS 00pa3lioB
omucana B pabotax [9-11]. Hamu nccnenoBanuch HAHOKPUCTAIUIBI pazMepoM 3.5 nm, pazdpoc
uX pa3MepoB cocTaBiisa He 6oiee 10%.

B kBaHTOBBIX TOukax (HaHOKpucTauiax) ZnO, mnurenbHoe TII Habmomaercss mpu
HU3KHX TEMIepaTypax IOCiIe€ KPaTKOBPEMEHHOI'O OOJIy4YeHHs YIbTpadUOIETOBBIM CBETOM
(Y®) c oHeprueil KBaHTOB B 0OO0JIaCTM MEX30HHOTO moromeHus. PaHee miuTensHOe
TYHHEJIBHOE IOCIECBEUCHHE HAOII0AaIoCh TOJIBKO B OOBEMHBIX KpHUCTalaX MoOCie
PEHTI€HOBCKOTO OOTy4eHUs: M ObLJIO MHIYLMPOBAHO TYHHEIbHOM peKoMOMHaLUEH MexIy
AJIEKTPOHHBIMU U JILIPOYHBIMU LIEHTPaMH, HAaBEJICHHBIMU PEHTI€HOBCKUM 00JIyueHueM [8].

Ha Puc. 2 nokazano marautHoe tymenue TII mopomka ZnO mpu temneparype 1.8 K
(CKOppeKTHpOBaHa C Y4Y€TOM YyMEHblIeHus HHTeHCUBHOCTH TII 3a BpeMs pasBepTKH
MarHuTHOro 1moiisi). B mpaBoif dYacTM puCyHKa CTpeJKaMHM YCJIOBHO IOKa3aHa
IPEUMYIIECTBEHHAs

OpHUEHTAIIHS CIIMHOB ZnO QD's (3.5 nm)
AJIEKTPOHHBIX M JIBIPOYHBIX = 10 2K

HEHTPOB B 00JACTH CHIBHBIX >

MAarHUTHBIX IOJICH BCIICIACTBUC 2 o8

pacnupenenenuss bonmpiMana u %

CXEMATUYECKHU JIBOMHOM 2 06

CTpEJIKOM c KPECTHKOM g N

[IOKa3aHO OTCYTCTBUE @ 0.4 Lt N -
pexomMOuHaI K AT I recombination:

napajuieIbHbIX CIIUHOB. g 0.2 - <> allowed

XapakTep TylIeHUS, KaKk U B 5 <> forbidden

ciryyae CsBr: CsPbBr3;, 0 ‘

COOTBETCTBYET PEKOMOMHAIINH 0 10 2.0 30

JABYX EHTPOB C Magnetic field (T)

ANEKTPOHHBIMU  J-pakTopamu Puc.2 3aBucuMOCTh HHTEHCUBHOCTH TYHHEIHHOTO
~2.0 m couHamMu S = Y. TMIOCJICCBEUYCHHUSA OT MATHUTHOIO ITOJISI B KBAHTOBBIX TOYKAX
Pacuernas 3aBUCUMOCTh  ZnO B IPUCYTCTBHUH MUKPOBOJIHOBOTO TOJIS HA YaCTOTE
MHTEHCUBHOCTH 35.2 GHz npu temnepatype 2 K . Ha BcTaBke nokaszana
ITOCJICCBEUYCHHUS OT MAaTHUTHOTO  3aBHCHUMOCTh 111 B oOmacTtu MarHuTHBIX mmojeit 1.2-1.3 T
noyisi  JUIsi  peKOMOMHAIINH MIpU MEJICHHOW pa3BepTKE MAarHUTHOTO TOJISI, YTOOBI
TaKOW 3JIEKTPOHHO-IBIPOYHOM UCKJIIOYHTD BIMSHUE PETIaKCAIMOHHBIX MTPOLIECCOB HA
apsl c 3JIEKTPOHHBIMM  CHUTHaJI. PacdeTHast 3aBUCUMOCTb HHTEHCUBHOCTH TII oT
CIIMHAMH JUIsI DJIEKTPOHA W MarHMTHOTO TIOJIS TTOKa3aHa MyHKTUPHOW JTMHUEH.
OBIpKU  Se= Sp = 2 uw g - BeprukanbHbIMH CTpeIKaMH YCIOBHO IMOKa3aHbI
bakTopamu Q= 1.965 u gy, =  OpPHCHTAIMH CITUHOB DJICKTPOHHBIX (€) U aApIpouHbIX ()
2.003 noxa3zaHa IYHKTHPHOM LIEHTPOB B YCIIOBUAX bOIBIIMaHOBCKOIO paBHOBECHS
JIMHUEH. (BepxHsis cxema) u B ycinoBusix DIIP mist nbipouHbIX 1

Ha Puc3 mnpencrasien 3JIEKTPOHHBIX LICHTPOB; IBOWHON TOPU30HTAIBHOMN
curnan OJIMP ma wactote 35.2 CTPEJIKOM CXEMaTUYECKH MOKa3aH Mpolecc peKOMONHAIINH,
GHz npu o) K 3alpPENIEHHBIN U1l OIMHAKOBOW OpUEHTAIMU CIIMHOB

9

3aperuCTPUPOBAHHBIN o (KpecTHK Ha cxeme).
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nosiHoMy cnekrpy TII gepes nBa

yaca Imocie mpekpauieHus YO ZnO QD's (3.5 nm)
BO30yxJeHus. BHu3y mnokazaHsl ODMR by afterglow 35 2 GHy
CUMYJIMPOBaHHBIE CIEKTPBI 352 GHz 2 K '

OIMP wmenkux 3IeKTPOHHBIX
LHEHTPOB (MEJNKUX JOHOPOB) U
TPEX THUIIOB JIBIPOYHBIX HEHTPOB
c IyOOKUMU YPOBHSIMU
(rTy60KmX aKLENTOPOB),
KOTOpBIE paHee 00CyXIaauch B
pabore [11]: IIEHTPOB,
CBA3aHHBIX C aroMaMu Na,
JIOKQJIN30BaHHBIMU BOJIM3HU
uHTEepdeiica, BaKaHCHHA IIMHKA
Vzn, 1 aTOMOB JIUTUA B MO3ULIUU
nuHaka Liz,. B cmextpax OJIMP 122 124 126 128 130 1.32
MMPOABJIAOTCA MCJIKUC JOHOPLI Magnetic field (T)

umetomre  g-dakrop  1.965,  Pue.3 Curnan OJIMP ua wacrore 35.2 GHz npu 2 K,
coBrajaommii ¢ g-daxropowm, 3aperucTPUPOBAHHBIN IO oJaHOMY criekTpy TII yepes
IIOJTy4CHHBIM MCTOAOM  npa waca nocie npekpaiieHust Y ® Bo30yxaeHus. BHusy
BbicokouactoTHoro JMIP. TakuM  poxasanr cumymuposansbie criektpsl OJIMP Menkux

06pasoM, IOKa3aHO, HTO Tl:[ HIIEKTPOHHBIX [IEHTPOB U TPEX THIIOB JBIPOYHBIX LIEHTPOB
0o0yCIIOBJICHO  peKoMOUHaInen

C TIyOOKUMH YPOBHSIMH.
MEJIKHEe JOHOPBI M TIIyOOKHX

aKIenTopbl JAByX THUMOB: (i)

riyOOKHe aKIEeNnTophl, TPAJULMOHHbIE A O0BEMHBIX KpUCTALIOB ZnO - aTOMOBI JINTHS,
3aMEIIAIoNIe aToOMbl NWHKAa Liz, W BakaHcWid HHMHKAa Vyz; (ii) TIyOOKHMe akKIenTopsl,
CBsI3aHHBIE C HATPUEM, PACIIOJIOKEHHBIM BOJIM3U UHTEpdeiica.

Simulation

) éhallow
donor

Afterglow intensity (arb. units)

HepCHeKTI/IBHBIM NpEaACTaBIACTCA HCIIOJB30BAHUC METOJOB, PA3BUTHIX B HacTOSIIEeH
pa60Te, A1 UCCIICAO0OBAaHMA CIHWH-3aBHUCHMBIX IIPOLIECCOB B KBAHTOBBIX TOYKax ZnO,
AKTUBUPOBAHHBIX MArHUTHBIMU HOHAMU, SBJIAIOIMIUXCA IICEPCIHCKTUBHBIMH CHCTCMAMU IIpH
CO3aHNHN MaTCpraIOB IJId CIIMHTPOHUKH.
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BBenenune

BrusiHue HUTPOKCHIIBHBIX PaJMKAIIOB HA MAarHUTHBIE U CIIMHOBBIC YPPEKTH B XUMUYECKHIX
peakIusaX aKTUBHO OOCYyKIaercs B psje padboT B mociemuue roasl [1-4]. Ins oObsicHeHus
ATOTO BIMSHUS TPEAJIOKEHBI JBa MeXaHHW3Ma: |) yBelIWueHHE CKOPOCTH MapaMarHUTHOMN
penakcaluy pajuKaloB Map BCJIEACTBUE OOMEHHOTO U JIMIIOJIBHOTO CIIMH-CIIMHOBOIO
B3aMMOJICHCTBHSI C JOOABICHHBIMH HUTPOKCUIBHBIMU PaJUKaIaMu, 2) U3MEHEHUsSI CIIHHOBOM
JTUHAMHKHU CIIHH-KOPPEIUPOBAHHBIX PAIMKAJIBHBIX Map 3a CUET 00pa30BaHUs TPEX-CIUHOBBIX
CTOJIKHOBUTENIFHBIX KOMILUIEKCOB. B pabore [4] Obuin MpOBEACHBI pPacdeThl IOJIEBBIX
3apucuMocTeit XIISl B Tpex-CIIMHOBBIX KOMIUIEKCAX M OBLIO MpEJCKa3aHO TOSBIICHHE
OKCTPEMYMOB Ha TMOJIEBBIX 3aBUCUMOCTSIX XISl B AMaMarHUTHBIX TPOAYKTAX pEaKIUi
PEKOMOMHALIUY U IUCTIPONIOPLIMOHUPOBAHUS B TAKUX CUCTEMAX.

B Hacrosimmeit pabore ¢ menpl0 H3y4YeHUS TPEX-CIHHOBBIX CHCTEM MBI HCCIEI0BAIIN
s¢dexrsr XIS Ha siapax 'H, °C, *'P B 1Byx hoTOXHMHUYECKHX peakmusx (OTOIMNCCOLHALIN:
(1) nubensunkerona (JAbK), (2) 2,4,6-tpumerunbensomn-gudenmndochunoxcuna (ATDPO) B
MULEIUISIPHBIX pacTBopax noxaeunicyibdata Hatpus (J1C) B mpucyTCTBUM HUTPOKCHIIBHBIX
paAWKaJIOB B CHJIBHBIX M CIHA0BIX MArHUTHBIX TMOJIAX. YHHUKAIbHAs OCOOCHHOCTH
MULEJTU3UPOBAHHBIX PAaUKaJIbHBIX AP COCTOUT B OOJBIINX BpEeMEHaX JKU3HHU T€MUHAJIbHOU
craguu. Ecnu B Mulene, couepxaiiei paJuKkalbHyI0 Napy, NPUCYTCTBYET HUTPOKCHIIbHBIN
paaukan, To o0pa3yeTcsi OTHOCUTEIBHO YCTOWYMBAs, C BPEMEHEM JKU3HH, JINMUTUPOBAHHOM
CKOPOCTBIO BBIXOJIa PAIUKAJIOB U3 MULEI, TPEX-CIIMHOBASL CUCTEMA.

PesyabTarhl

JABK u JT®O wucnoeiTeiBaloT ¢oronucconuanuio o-Hoppum tuma [ u3 31aekTpoHHO-
BO30Y>KJIEHHOTO TPUILIETHOTO COCTOSIHMS. BpeMms >ku3HM 00pa3yroluxcs réMUHANIbHBIX Map
JUMUTUPYETCS  TpeMsl  INpOLEeccCaMH:  CHUH-CEJIGKTUBHOW  PEAaKIMOHHOM  rubenbio
(pexoMOMHAIIMEW W/WIU JUCTIPOIIOPIIMOHUPOBANEM), CIIMH-HECEIEKTUBHOW THOETBIO (BBIXO/
U3 MULEIUIAPHONW (a3l W/WIM MOHOMOJICKYJSIPHBIMH TPEBPAIICHUSIMU PaIUKaIOB) U
napaMarHUTHOM perakcaiueil. BpemeHa ku3Hu paccMaTpUBaeMblX paJUKalIbHBIX Hap JIeKaT
B JMamna3oHe OT JECATKOB HAHOCEKYH]l JO MHUKPOCEKYHI. BpeMeHa ux mapaMarHuTHOMN
penakcauun He kopoye yeM S50-100 Hc. TunuyHas CKOpPOCTh MAapHBIX CTOJKHOBEHUM
PA/IMKaNoB B MULEIUIAX TOJCLUI Cy/Ib(aTta HATPUS JEKUT B auamasone 2*107 — 2%10% ¢! [5].
T.x. koHcTanTa CTB B 00pa3yromuxcs paauKaibHBIX IMapax HaXOAWTCS B AWamna3zoHe oT 1 1o
380 I'c, ciuHOBBIN OOMEH B pacCMaTPUBAEMbBIX PATUKATBHBIX AP MOXKET OBITh KaK OBICTPHIM,
TaK U MEIJICHHBIM.

®otom3 JIBK

[Ipu ¢dortomze JIBK o00pa3yloTcsi TpHUIUIETHBIE TEMUHAIBHBIE paJUKAIbHBIC —ITaphbl
OeH3WIbHOTO U (peHanuapbHOro panukanoB. XI1S HabGmronaercs Ha FTeMUHAIBHBIX MPOAYKTAX
(ABK u TonmuiOeH3WJIKETOHE) W BHEKJIETOYHOM Tpoaykre (aubensune). [lobOaBnenwue

105



TEMIIO B xoHuentpamusax 1-1.5 MM npuBoaut k nogHomy ucuesHoBennto XIS Ha sapax
'H 1 °C B c/1aGbIX MArHUTHEIX MOIAX B SKCIEPUMEHTAX C MepeHocoM obpasua. Crexrpsl 'H
XIS B CHJIbHOM MarHMuTHOM TIOJIE TpPH 3aJepKKE MEXKIYy HMITYJbCOM Jiazepa U
JNETEKTUPYIOUIUM pY-UMITYJIbCOM (JIMTENBHOCTHIO 8 MKC) paBHbIM 0, puBeIeHBI Ha puc. 1.
Kak BuUOHO W3 puUCyHKa TJIaBHBIM OTiauuueM B crektpe SAMP, sBugercss cyniecTBEeHHO
OoJbIIasi MUPUHBI JTUHUK. 3aBUCUMOCTD
mpunbl tuHuid AMP CH,-rpynmner JIBK

0-5) 2 u CHp-rpynner  JIb  npuBeneHsl B
0.0 +——wp y tabnune 1. OneHka BpeMEHHW sACpPHOU
3 penakcauuu g JBK B ciydae
-0.54 nobasmeruss 6 MM TEMIIO nmaer
1.0l 1 a) BennunHy 0.13 cekyHasl. OTMETHM, 4YTO
o ' uHTeHcuBHOCTh  XIISI wHa JIBK 1pm
OI’. 0.5, 4 nobasinennn TEMIIO He MeHsercs, T.e.
B 2 TEMIIO He yMeHbIIAeT KBAHTOBBIM
U\: 0.0 3 BbIxoJ paznoxenus JIBK. Menbmas
E 0.5/ mupuHa JuHuid JIb, ¢ Hamed TOYKu
= 1 3peHHs, CBs3aHa C TEM, 4YTO OH
T -1.04 ' ' ' , , 6), o0Opa3yeTcs Kak BHYTPU MHLEII, TaK U
hy
S 5. A CHapyXHU.
0.0«—-/\M-~/\.-w~\/,.»‘% ®otoau3 ITDO.
051 Hamu  Ttakke  ObUlO  HCCIEIOBaHO
) 1 BnusiHue no6aBok TEMIIO wa apyryio
-1.01 B) MoJIeTbHYI0 peakiuio — potonus JJTDO.
8 7 6 5 4 3 2 Ora mapa  HWHTEpeCHa TeM,  HYTO
M., o0pa3yromuiics 2,4,6-
TPUMETUIOCH30MIIbHBIN paaukan
Puc.1. 'H XTI, nabnrogaemas B peakiiuu coniepkuT Oomnpinyto KoHcTanty CTB Ha

doTonuza 3 MM nuOEH3UIIKETOHA B PACTBOPE dochope pasayro 38.5 MT. Bombmras
JJIC munemnax B D,0O. a) [TEMIIO] = 0, 6) BennunHa KoHcTaHTel CTB onpenenser
[TEMIIO] = 2 MM, B) [TEMIIO] = 6 MM, 1- ocobeHHOCTH MarHuTHoro 3¢ddekra [6],
CH; rpynma IBK, 2- CH; rpynma qubensuna,  XIID[7],  XIKI wu  CIIL [8],
3- mapatomuinbensoun, 4- CH, —rpynma HaOmonaeMple paHee npu  (orommse
ankoxkcumuna — T EMITO-CH,-Ph. AT®O B ankuicynbhaTHBIX MHIIEIaX.

®otonuz JTPO B BogHOM pacTBope [§]
nojenwicyinbdara HaTpus BeIeT K
00pa3oBaHHIO TPUILJIETHOM

[TEMIIO] | 3.82wm.1. (CH, | 2.86 m.u. (CH;
MM JIBK) [b)

[HD. | MHTCHC. | IIHMP. | HHTCHC. | po\iyya nphoit paavKadbHOM  MAapHl,

JIAHL ) MHTETP. | JH. ) HHTCTD- | ooerommeit n3 dochuHOUITBHOTO U

I'n I'n 2,4,6-TpuMeTHIOCH30MIIHBHOTO

g 15'212 i 13'252 8?3 pagukanoB. PagukanbHble — peakuu

: : : 9TOW mapbl BEAYyT K OOpa30BaHUIO

6 15.8 1 He CJIEIYIOIIMX OCHOBHBIX MPOAYKTOB, HA

Habmonaercs KoTopbix Habmonaercs XIIS 'H u °'P:

Tadauua 1. 3aBUCUMOCTD HTUPHUH U 1) pereHepauus FICXOTHOTO

WHTEHCUBHOCTEMN NOJISIPU30BaHHbIX JIMHUN SAMP COe/TUHEHNS, 2) oGpasoBanue

TUOCH3WIKETOHA ¥ TMOCH3MIIA OT KOHICHTpAIun ,Z[I/I(I)CHI/IJ'I(l)OC(bI/IHOKCI/LHa (thP(O)H) "
TEMIIO.

mdennndochuHOBOM KHCJIOTBI,
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Puc. 2. *'P XIS npu dorommse JTDO
B JIJIC munemrax B H,O,
[AT®O] =6 mM, [IJIC] = 0.1 M, Bo

BHEIITHEM MarHuTHOM mnoiie Bg= 26 MT.

a) [TEMIIO] = 0,
6) [TEMIIO] = 1.5 MM.

3) oOpazoBanue
KHUCJIOTHI.

2,4,6-TpUMeTUIIOCH30HHOM

XITS, mabmrogaemas mo nuHusm SIMP 3p
npu ¢orommze 6 MM ATDPO B MunemwisipHoMm
pactBope JIJIC B HO B c1aboM MarHuTHOM 110J1€
(Bo = 26 MT), npeacrasnena Ha puc. 2a. Kak
BUIHO W3 pucyHka, XIS nHa sapax docdopa
IIPOAYKTOB M MCXOJHOTO COEOUHEHMSI HMMEET
SMHCCUOHHBIA XapakTep, YTO MOXHO OOBSCHHUTH
noMmuHuposanueM S-T  Mexanusma [8]. Cnektp
Ha puc. 26 npencrasisier XIS npu ¢otonusze B
TOH K€ cucremMe, HO B HpucyTcTBUM 1.5 MM
TEMIIO. Jlo6aBnenne TEMIIO mnpuBogut K
IIOJJHOMY  pa3pyLIEHHUIO P XTI,  sa
UCKITIOYCHUEM CHTHaJla Ha arome ¢ochopa
mudenmndochruHOKCHaA.

KauectBeHHOE 00BsACHEHHE HAOIIOIAEMBIM
OCOOCHHOCTSIM MOKET OBITh C(HOPMYITHPOBAHO
CIeyIONM 00pa3oM, BpeMs IepeHoca obpasia
U3 BHEIIHEro MarHura B MarHut SIMP
CIEKTPOMETpa cOCTaBIsAET 0koJo 1 cexyHnpl. T.k.
TEMIIO 1510kanu30BaHO NPEUMYILECTBEHHO B
MUIEIUIAPHOH (a3e, THAPOPUIHHBIE COSTUHEHHS,
Takue Kak audeHmidpobuHokcua OyayT UMETH
HEeBO3MYIIEHHBIM  crektp SMP, a  Bpems

penakcaiuu ruapodoOHbIX coenuHeHui (JITPO) ykopauuBaercsi, 4yTO U NPUBOJUT K

CUJIbHOMY YMCHBIICHUIO Ha HHNX

CHUIHalia

XIIA.  JIeMCTBUTENBHO, MOJIEKYJIbI,

JOKaJIM30BaHHble B Munemnax, 3aHATeix TEMIIO, nMMeT CWIBHO yHIMpEHHBIE JIMHUU
BcaenctBue ctoikHoBeHHs ¢ TEMIIO, uTo moJIHOCTBIO OOBSCHSET 3IKCHEPUMEHTAIbHbIE
HAOTEOCHHs. 3aBHCHMOCTh ~ P XIS OT MAarHHTHOTO 1O B npucyrctsuu 1.5 MM TEMITIO
(puc. 3) cnBuHyTa B ciabble MarHWTHBIE TOJIS 110 CPABHEHHUIO C TOJEBOM 3aBUCHMOCTHIO B

orcyrctBur TEMIIO. CaBur mnosneBoi

g' 0.2+ 3aBUCHUMOCTH  XOPOIIO  OOBSACHSAETCS
T 00{ ¥ = [TEMMNO] - 0 YBEIMYEHUEM DJIEKTPOHHON CIMHOBOMN
o . v [TEMNO] = 1.5 MM peNaKcanyMu 3a CYET B3aUMOJIEHCTBHS
x -0.21 T TEMIIO c¢ pagukanamu napsl [9].
X _04. v . Hpyram  pakTopoM, oOmpeaestomuM
Lr!; ', ", caABUr TmonaeBod 3aBucumoctu XIIA,
o -0.61 vt MorJia OBl OBITH peaxmus
g 0.8 'v,vv:--__ .. pexombunanuu TEMIIO ¢ anuiabHBIMU
Ff’ 1o, Vv'v:v:v::':g . U (GOCPOHWIHLHBIMU  pajJUKaJIaMHU.
I ' . . : . Opnako, HAM HE yAanoch HaOIIOIATh

0 800 1600 2400 HHA XITA Ha MPOIYKTax

MarHuTtHoe none / MT

Puc. 3. [Tonesas 3aBucumocts ° P XITS npu
dorommze JJTPO B JJAC munemnnax 8 H,O npu
paznnuHbIX KoHIeHTpauusx TEMIIO,

[IOTO] = 6 MM.

peKOMOMHALMM, HHM  CHUTHAJOB B
crnekrpax SMP mnocie npoxoxkneHus
¢doronuza 1O TMOJHOTO Pa3IOKEHUS
AT®O. [ns waeHTH(DUKANWHA JIMHAW
SMP MPOAYKTa peKOMOUHAIINN
TEMIIO u ¢ochoHMIBHOTO paauKana,
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Hamu Obutn uccnenoBanbl dPdextor XIIA npu doromuze JTDPO B npucyrcteun TEMIIO B
oensone. beuio oOHapyxkeHo, uto noOasierre TEMIIO mpuBOIUT K TMOSBICHUIO HOBOTO
curHana XIIS, mabmomaemoro Ha 33.9 M.JI. 1 COOTBETCTBYIOMIETO MPOAYKTY PEKOMOMHAIIHI
TEMIIO u ¢pochoHMIBHOTO paguKaa.

O0cy:xneHne pe3yibTaTOB

Takum 00pa3zom, HaM He yJanoch 3apeructpupoBaTh XIS B c1aGbIx MarHUTHBIX MOJSAX HA
NPOAYKTaX pEaKIMH, y KOTOPBIX OXKuaaemas (MM M3BECTHAas) CKOpPOCTh BBIXOJA U3
MUTEIUISIPHOHN (Da3bl JOCTATOUHO Maia, 3a uckimodeHneM mnpoaykra (Ph),P(O)OH. Otmeruwm,
yto (Ph),P(O)OH nokanu3zoBan B BoJie W, TAKUM 00pa30M, KOHTAKTHI C JIOKAJU30BAHHBIM B
munemiax TEMIIO, muanmanesasl. C Hamiel TOYkH 3peHHs HanOoJiee BEpOATHON MPUUUHON
orcytcTBus XIS B cnabbIx MarHUTHBIX moJisix ipu nodasiennn TEMIIO siisiercst BIusiHHE
TEMIIO Ha saepHyIO CHHMHOBYIO PEJIaKCallMI0 JHAaMarHUTHBIX NPOAYKTOB. B oriamume ot
CUTyallMH C TpOBeAeHUEM (OTOJIM3a B TOMOTEHHBIX PAacTBOpax, 4acTOTa OMMOIIEKYJISIPHBIX
BCTpEY MEXIY AMaMarHUTHBIMH MPOAYKTaMHU peakiuu U ObicTpo penakcupytomum TEMIIO
(KOTOpBII TOXXE HAXOAWUTCA B MHLEIE) HaMHOro Bbime. KopoTkoe Bpems saepHOM
peJlakcallud JUaMarHUTHBIX NpoAyKToB B mpucyrctsuu TEMIIO u sBnsieTcs npuuuHOW, HE
no3Bosstromed momyunth XIIS1 B crmaObIX MarHWTHBIX TONSAX. OTO OOBSCHEHHE TaKXKe
HNOATBEPXKIAET TOT (aKT, 4To B ciaydae nposefneHus XIIS B CHIIBHBIX MarHUTHBIX MOJSIX B
MarHuTHOM mnozie SIMP cnektpomerpa, rae HET HEOOXOJUMOCTH B MEPEHOCE OOIYy4EHHOTO
oOpa3ua, ynaercs 3apeructpuposats XIS kak Ha mpoaykrax munemunzoBaHHbix PII, Tak n
Ha npoaykrax pekomOuHanuu TEMIIO u paankanoB mapTHEPOB.

B Tex cnmywasx, Korja AuaMarHUTHBIN MPOAYKT peakluy JOKaJIM30BaH B BOJAHOH cpele,
XII moxeT ObITh YCHENIHO 3aperucTpupoBaHa. TakMM NpPUMEpPOM SIBISETCS Cilydail Ha
npoaykre (Ph),P(O)OH, kotopsiii HaxoguTcs B BOAHOW cpene, a HE B Muieie. Bpems
siiepHoit penakcamun ° P (Ph),P(O)OH B mpucyrcreui TEMIIO (1.5 MM) cocraBmser 6
CEKYH/] U CYILLIECTBEHHO MpeBbIIaeT BpeMs saepHoi penakcaiuu JTDO, koTopoe B 3THX Ke
ycioBusx He npeBocxonut 0.5 cekyHnbl, xotst B ciaydae 6e3 TEMIIO, oHo paBusiercs 1.6
cekyHabl. XIIf, nabmonaemas na (Ph),P(O)OH, moxer ObIThb copmupoBaHa Jmbo B
remuHanbHOM PII B mpucyrcTBun TEMIIO, 6o B nuddysnonnsix PII nByx dochoHMIBHBIX
panukanoB. OTMETHM, YTO HaM HE yAaJoCh HaOJII0AaTh JOMOJHUTENIBHBIX 3KCTPEMYMOB B
noJieBbIX 3aBucUMocTsIX XIIS, a cnBuT MONEBOW 3aBUCHMOCTH B cllaOble MarHWUTHBIE IOJIS
XOPOIIO COTacyeTcs ¢ YKOpOueHUEM IEKTpOHHOU penakcauuu B PIL.

BeiBOABI

DKCHNEPUMEHTAIBHO HCCIEAOBAHO BIMSAHME HUTPOKCUIIBHBIX PaJMKaIOB Ha 'H u’'P X114,
(GopMHpPYIOIYIOCS B PAaJUKAIBHBIX Mapax B MHUIIEIJIAX B CHWJIBHBIX M CIA0OBIX MarHUTHBIX
nonsix. [lokazaHo, yTo 106aBIeHNE HUTPOKCUIIBHBIX PAIMKANIOB, PUBOASIIEE K YBEIUYCHUIO
CKOPOCTH SIICPHOM peNlaKCcallid B JUAMAarHUTHBIX MOJIEKYJIaX, CYIIECTBEHHO yMEHBIIAeT
XII5 B cniabpix MarHUTHBIX MOJSAX. B ciiydasx, Korjga BIUsSHUE HUTPOKCUIBHOTO pajiKaia Ha
AJEPHYIO TOJSIPU3ALNI0 TPOAYKTOB Majo ((1) peakmuss HPOUCXOAUT B TOMOTEHHBIX
pactBopax, (i1) peakuus MPOUCXOIUT B MUIIEITIAX, HO HUTPOKCHII U MPOAYKT JIOKAJIU30BaHbI B
MULIECIUTSIPHOM SIIPE ¥ BOJAHOU Cpefie, COOTBETCTBEHHO) 3P (EKT TPETHETO CIIMHA TIPOSBIISIETCS
B YCKOPEHHUHU 3JIEKTPOHHOW CIMHOBOW peiakCaluH, UHAYLUUPOBAHHOM CTOJKHOBEHHUSIMHU CO
CTaOWJIBHBIMU PATUKATIAMHU.

Ota paboTa BbINoiHEHa Npu nojaaepxke rpaHTtoB PODU Ne 04-03-32604 u Ne 06-03-
91362-AD.
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