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Abstract

The physical properties of ordered crystals are extremely sensitive to the degree of order in the
distribution of the various kinds of atoms over the corresponding sites in the crystal lattice. An increasingly
popular means of creating disordered states is to use nuclear radiation. The type of radiation defects which
appear and the nature and degree of the structural changes in ordered crystals depend on the kind of radiation and
the fluence level, the irradiation temperature, the type of crystal structure, the composition and initial disorder of
the material, the character of the interatomic forces, etc. There are many such scientific publications where the
effects of fast neutron irradiation on high temperature superconductors (HTSC) have been studied in both
polycrystalline and single crystalline superconductors. It is known also that the role of thermal neutrons in
structural defects forming is negligible in comparison with fast neutrons because of their small (~0,025 eV)
energy. But it is evident enough that in superconductors containing isotopes with large thermal neutron cross
sections the important results concerning the role of point defects could be obtained. Such point defects are
creating due to soft displacements of isotopes having interacted with thermal neutrons. Such the possibility of
creating point defects in solids including HTSC is investigating by several groups (Austria, USA, China, Latvia)
and these investigations have found the support in the person of IAEA. In this review the authors consider the
changes brought about by thermal-neutron irradiation (E~0.025 eV) in the structure, superconducting and
magnetic properties of gadolinium containing ordered HTSC with the structure 123, whose extremal electric and
magnetic properties continue to attract both research and practical interest. All of the studies reviewed have been
done on bulk polycrystalline samples RBajCUjO^g (where R - natural mixture of Gd isotopes, Gd, Gd,

Gd). The sample preparation, irradiation, and measurement techniques are described in detail in the original
papers cited.

1. Introduction

Different kinds of radiation in materials result in different radiation defects.
Experimental radiation damage data are described in terms of an appropriate theoretical model
of accumulation of radiation defects. For fast neutron irradiation the energy of a primary
knock-off atom is sufficient for collision cascade initiation thus producing many displacements,
per one primary knock-off atom. Interaction of the defects in the primary damaged region with
a high local concentration of defects produces a situation where long-term accumulation of
damage is controlled by a great number of processes: primary displacement, primary annealing
of defects, diffusion-controlled annealing, cluster formation, etc. [1-3]. Consequently, the
problem of the physical values estimation for the material becomes complicated due to the
abundance of controlling processes.

For low energy irradiation (electrons, y-quanta in the majority of experiments)
cascade damaged regions do not occur. So one can interpret the damage in terms of simpler
models than that for cascade defects production. The low-energy damage data are better
suited for calculation of defect generation processes for any given mechanism of interacting of
irradiation with atoms solids. One of the mechanisms of non-cascade defects production in
solids was investigated in [4-7], and is of the highest importance for reactor neutron damage in
gadolinium - containing materials. The mechanism is determined by the ( n, y ) reactions of
thermal neutrons with Gd and Gd nuclei and the consequent recoil of these nuclei after y-
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quanta emission. High values of the reaction cross sections (ac
 (I55) = 6.14 x 104 b, oc

(157) =
2.55 x 105 b ) and significant contents of the isotopes in the natural mixture of isotopes of Gd
lead to high defect production rates in the irradiated samples. In spite of the fact that no
cascades are initiated in this case, the experimentally revealed defect production [3,5,8]
occurring due to this mechanism is significantly higher than that for fast neutron defect
production under similar reactor radiation.

Unfortunately, we had no a pure thermal neutron flux in all our experiments,
i.e., the fast neutrons always were present in the Salaspils' reactor spectrum. Therefore we
have carried out also the experiments with our samples using pure fast neutron fluxes in order
to account for although partially the role of the fast neutrons. Thus, the impact of thermal
neutron irradiation can be drawn out by comparing the experimental pictures of irradiation by
reactor neutrons and pure fast neutrons.

A challenging problem which seems to be of great interest is the problem of
critical currents in the low and intermediate fluences irradiated GdBa2Cu3O7.5 . Pinning force
of the gadolinium defects is expected to be very high due to their high enough concentration
and perhaps inhomogeneous spatial distribution in the samples.

The first serious indication of possible enhancements of critical current densities
Jc by point defects in 155GdBa2Cu307-5 found at a pure thermal neutron fluence of 4.77 x 1020

m"2 was given by Prof. H.Weber in [9].
The mechanism of depression of superconductivity was investigated in detail in

terms of radiation damage production in the HTSC GdBa2Cu307-s enriched with 15SGd (up to
91,1%), 157Gd ( up to 91,0%) and 1<50Gd (up to 98,2%), as on natural enriched samples too
[10].

2. History of the problem

Our investigations connected with a study of the role of gadolinium isotopes
into a change of cooperative properties, which are ferromagnetism and superconductivity,
dates back to the 1987th year. We irradiated Gd3Fe5012 pellets to study the line width of

ferromagnetic resonance in the dependence of the fluence in a mixed spectrum reactor (thermal
+ fast) neutrons, and we noticed that all pellets already beginning from the value of the total

fluence 5 x 10 n/cm and higher (the temperature of irradiation - 40°C) are breaking. The
size of pellets was about 2 - 3 mm. All assumptions connected with the possible temperature
gradient, the inhomogeneity of a content or an initial mechanical strains did not result in
understanding and reasonable explanations. The pellets have been broken always. The
irradiation in cadmium shielding suppressed the thermal component in a reactor neutron
spectrum and breaking did not take place, thereby it was distinguished the particular role of
thermal neutrons [4].

The further study of a lattice parameter for ferrimagnetics Gd3Fe5012 after the
irradiation in a mixed reactor flux and after the irradiation only by fast neutrons (E > 0,1 MeV)
revealed the large difference in the change of this value in the dependence of these two
components. This effect of breaking gave the opportunity to distinguish the contributions of
the surface layers and volumes of macroscopically irradiated sample. It should be emphasized
that under corresponding conditions the irradiation by thermal neutrons give a chance to create
the structural defects only in Gd sublattice.

As a whole the study of the influence of the thermal and fast neutrons on the
lattice parameter and Curie temperature Tc (in degrees of Kelvin, K) gave the following [4]:
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1. The dependence of the volume fraction of the disordered state Ct upon the

irradiation fluence of the thermal neutrons F. was:
til

-20 2

where Pt = 2,5 x 10 cm .

2. The decrease in T, was caused by the increase of the lattice parameter "a" for

Gd3Fe5012 ferrite, the fact has been described as the linear relation:

ATC = - 1250K x (Angstrom)"1 x Aa.

3. The X-ray analysis had provided for the possibility to separate the
contribution of the thermal and fast neutrons irradiated Gd3Fe5012 samples surface from their

intrinsic part, irradiated solely by fast neutrons.

The results obtained during such experiments served as the starting-point for
our experiments on gadolinium-containing HTSC. As we supposed, in these HTSC materials
one can effectively influence by means of corresponding neutrons only on rare-earth sub-lattice
without noticeable disturbing other atoms in the structure. We thought also the disappearance
of superconductivity after impact of neutron irradiation may "shed light" on the nature of this
phenomenon.

3. Superconducting properties of irradiated by fast and reactor neutrons GdBa2Cu3O7_s

ceramic samples

Our HTSC experiments were carried out with neutron irradiated compounds
YBaXu,0. . and GdBaXu,O,..

2 J 7-5 2 3 7-8

The fast neutron irradiation produces in crystals the cascade damaged regions which are the
defects with structural and chemical disorder while initial composition remains the same. The
size of the defect can be estimated taking into consideration the characteristic energy of the

1 4

primary knocked-on atom (10 -10 eV) for fast neutrons.
The role of thermal neutrons in structural defects forming is negligible in

comparison with fast neutrons because of their small (~ 0,025 eV) energy. On the other hand,
in Gd-containing HTSC recoil nuclei may become interstitials due to very large neutron-
capture cross-section of Gd and Gd and sufficiently large recoil energy of Gd- nuclei.
Upon neutron capture, the Gd nuclei relax to their ground states by X-ray emission. The
momentum transferred to the recoiling Gd nucleus by this mechanism can result in the ejection
of the Gd nucleus from its lattice site. Because of the low value of the knocked-on atom
energy no macroscopic disordered regions are expected. The defect of this type ("Gd defect")
should be interpreted as a microscopic point defect having the size of few lattice cell units.

The superconducting and structural properties of the following samples were
investigated:

1) GdBa2Cu307 powder with particle size ~ 20 urn mixed with A12O3 particles of the
same size,

2) massive plates of Gd and Y superconductive ceramics,
3) ensembles of particles YBa2CusO7.s with sizes 0,1 - 1,5 urn.

91



x1018 ,cm-2

0
1 0 0

75-

50-

25-

0

10
_1 ! I 1 _ _

2 0 3 0

•
Fast neutrons
GdBa2Cu3O7-5

Thermal + fast neutrons
GdBa2Cu307.6

•

0 2 0 4 0 6 0 80

Fth x 1018, cm' :

FIG. 1.Critical temperature Tc in dependence on neutron fluence value for GdBa2Cu307.sWth natural
mixture of gadolinium isotopes [5].

1.00

1 natural
2 155-Gd
3 157-Gd
4 160-Gd

0.00
0.00 2.00 4.00 6.00 a.oo 10.00 12.00

10 1 8 c m ~ 2

FIG. 2. The value ofMeissner effect % (F) / % (0) versus thermal neutron fluence for samples
RBa2Cu3O7.s (R= natural mixture of Gd isotopes, I55Gd, 1S7Gd, 160Gd) [10].

The irradiation temperature T^ was 40 C. Half of powdered samples were

shielded by cadmium to protect them from thermal neutrons irradiation. In the case of massive
ceramics thermal neutrons affected only the surface of the samples as the penetration depth of

thermal neutrons is about 20 -30 um at Gd concentration 6 x 1 0 cm (the density of Gd
atoms in the natural GdBa2Cu,O7 5 ) . The experimental results shown in Figure 1 and Figure 2

demonstrate high sensitivity of Tc and % (F) / % (0) of Gd ceramics particles to thermal neutron
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18 -2

irradiation. Sharp decrease of Tc and % (F) / % (0) values at the fluences (5 - 8) x 10 cm
proved to be characteristic to thermal neutron irradiation. The complete degradation of
superconductivity in Gd-containing HTSC ceramics occurs at the unexpectedly low thermal

18 -2

neutrons fluence ~ 7x 10 cm . At small fluences it is possible to evaluate volumes of non-
superconducting phase connected with one knocked-on Gd atom and one primary knocked-on
atom using the slope of linear region of relative % (F) / % (0) versus fluences F curve [5]. These
volumes are equal to 5 and 4 x 1 0 elementary cell volumes respectively. Such small volume of
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damage formed by one thermal neutron seems to be connected with short recoil nuclei Gd
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and Gd track length due to small recoil energy.
Thus the size of non-superconducting region connected with one "Gd defect"

(-10 Angstrom) has an order of coherence length in HTSC. The fluence of thermal neutrons
at which strong changes in Tc and c take place also corresponds to the concentration of Gd
defects at which the distance between them has an order of coherence length.

Main conclusion derived from these first experiments is the following: essential
difference in degradation of superconductivity in the GdBa2Cu3C>7.8 ceramic samples with
natural mixture of Gd isotopes under the influence of reactor (thermal + fast) and pure fast
neutrons was found; the regions of non-superconductivity phase are formed as the result of
soft displacement of Gd;>+ ions.
4. Structural properties of irradiated GdBa2Cu3O7S ceramic samples

Structure changes in Gdl23 HTSC were investigated on the ceramics plate
19 -2 19 -2

irradiated by the fluence F^ = 4 x 10 cm ( fluence on the surface) and F6st= 2,7x 10 cm .

The depth of thermal neutron damaged layer, taking into account Gd and Gd burning out,
was -300 urn. X-ray penetration depth was 30 urn. The plate was ground with the step 50 urn
to an accuracy of 5 |im.

The influence of fast and thermal neutron irradiation on the interplane distance d103 is shown in

Figure 3. Different depths of grinding correspond to different effective fluences (they are

2.73

: 3.5

\ 2.5

: 0.5

u.

0.0 100.0 200.0 300.0
X,microns

FIG. 3. The influence of fast and thermal neutron irradiation on the interplane distance dio$ [5].
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shown on the right ordinate axis). At the depth more than 300 p.m only fast neutrons affect
d103. The doublet (200), (020, 006) measured at different depths of grinding was investigated

(Figure 4). In the inner region of the irradiated sample the size and shape of doublet is similar
to that of an unirradiated material. Closely to the surface the peaks of the doublet are strongly
widened and in the surface layer they are transformed to one broad peak. This broadening is

19 -2

possibly due to inhomogenious deformation in the region of Gd defects. At Fft > 2 x 10 cm

(x < 100 ixm) the deformations become significant and the structure looks like tetragonal one.
This evolution of the doublet strongly differs from the evolution of doublet in HTSC with
decreasing oxygen content in 123 ceramics [11].

These data had been added with depth-dependent microhardness measurements
19 -2

[12] of Gdl23 irradiated sample-plate of 2 mm thickness with Fft = 4 ' 10 cm on the each
19 -2surface and F, = 2,7 ' 10 cm . The measurement of the microhardness H on the cross-

fast ' V

section of irradiated sample shows that significant increase of Hv up to 5.4 ± 0.6 GPa takes
place in the regions adjoint to the irradiation surfaces while in the depth of the sample the
microhardness value is only slightly higher than that of the non-irradiated one (Figure 5).

Thus the fast neutron effect on the microhardness is found to be negligible while
the thermal ones cause its considerable change. The difference in the effect of fast and thermal
neutrons on the microhardness seems to be connected with formation of different types of
defects.

The penetration depth of thermal neutrons can be estimated from the Figure 5.
as ~ 700 fxm. The same order of magnitude of thermal neutron damaged layer was obtained by
X-ray analysis (Figure 3.).

To distinguish the role of each Gd isotope in the change of superconducting
properties, the influence of thermal neutrons irradiation on superconducting and structural

properties of enriched RBa2Cu307 8 (R - natural mixture of Gd isotopes, Gd, Gd, Gd)

was investigated. Four samples of isotopic content RBa2Cu3O7-s were investigated [10].
Sample No. 1.-91.0% 157Gd isotopes enriched; No.2.-91.1% 155Gd isotopes enriched; No.3. -
nature mixture of gadolinium isotopes; No.4. - 98,2 % 160Gd isotopes enriched. The sample 4.
served as the bearing sample. These samples constituted disks of the 10 mm diameter and the
thickness of 1 mm. The axis of crystal texture was the axis "c" perpendicular to plane of disks.

The irradiated samples for structural measurements represented plates with
sizes 1 mm x 2 mm x 10 mm, which have been cut by the diamond saw so, that axis " c " was
perpendicular to plane of the plate. Plates were placing in hermetically sealed aluminium
containers, filled up by gaseous helium, and were irradiating in the water channel of reactor.
The irradiation was made by mixed spectrum reactor flux, whose included also the component
of fast neutrons ( ratio Fth/Ffast(E>o.i MeV) was approximately 5 : 1 ) . Iron irradiation for X-ray
measurements of the plates in the range of angles up to 20 = 90° was used.

Usually weak reflections (005), (007) were well-defined on the
roentgenograms. The line (006) was the most strong. We have observed in dependence on
neutron fluence this line and the intensity of (200), (020, 006) doublet. Exposure has been
carried out both from butt-end of the plate and along the axis " c ". It should be mentioned that
the ratio of the lines intensity in the doublet differed little from one for non-textured sample.
The maximum fluence achieved by us was Fu, = 5 ' 1019 th.n./cm2 (the fast neutron flux
component was 1' 1019 f.n./cm2 correspondingly) during of irradiation of enriched samples.
The maximum fast neutron fluence achieved was Ffast = 8 ' 1019 f.n./cm2 for the irradiation of
the sample GdBa2Cu3C>7-d with natural mixture of gadolinium isotopes.
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FIG. 4. Transformation of (020, 006), (200) doublet with the depth of grinding; x - thickness of the
grinded layer [5].
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FIG. 5. Microhardness versus indentation depth for irradiated sample and for non-irradiaied samples
in orthorhombic and tetragonal phase (upper part of figure), and microhardness distribution
on cross-section of irradiated samples (lower part of figure) [12].
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FIG. 6. The dependence of parameter "C" of samples EBa2CuiO7.s on the thermal neutron fluence
Fth.

The main results can be formulated as follows:

1. Structural parameter " C " for all samples No. 1. - 3. depended linearly on the thermal
neutron fluence at least up to 1019 th.n./cm2. In the range of the values lx 1019 th.n./cm2 - 5 x
1019 th.n./cm2 the rate of increasing of the parameter " C " slightly diminished. The value of
the parameter " C " for the bearing sample No.4. changed little and the increasing at the
fluence of 5 x 1019 th.n./cm2 was about 0,03 Angstroms (Figure 6.). Measurements were done
by using magnetic susceptibility and structural methods. The values of thermal neutron
fluences for structure transition ortho - tetra are indicated [12].

2. We suppose that the values Ac for the samples No. 1.-3. have been defined by the thermal
component of the total reactor flux. The complete depression of superconductivity in the
samples No. 1.-3. occurred at the practically identical values of Ac = (0,050 ± 0,004)
Angstroms [10].

3. The sample 157GdBa2Cu3O7-s was became by the tetragonal structure's sample at the fluence
about 4xlO18 th.n./cm2, the sample 155GdBa2Cu307-s - at the fluence ~ 2,4xlO19 th.n./cm2, the
sample GdBa2Cu307^ (the natural mixture of gadolinium isotopes) - at the value of the fluence
~ 3x 1019 th.n./cm2. The sample No.4. for our opinion gradually is getting the sample with the
amorphous structure (the weakening of all lines in dependence on neutron fluence). It is
observed little by little the damage of the crystal structure under the influence of fast neutrons
mainly. The " tetragonalization " of the sample No.3. at the fluence ~ (3 - 4) x 1019 fast n./cm2

without thermal neutrons component was not observed (earlier our investigation, [5]).
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4. It was observed the essential damage of texture of all samples No. 1. - 4. during irradiation.
The width of reflection (006) for samples No. 1.-3. was increasing non-linearly with the
fluence. It was increasing very little in "superconducting" region ( F < Fciticai for sc ) and has
undergone the considerable increasing (more than 2 times) at F >

5. The role of displaced gadolinium ions was revealed also in the effect on neutron irradiation
on microhardness [12]. The microhardness has been found to grow from 2 to 5 GPa under
thermal neutron impact while the fast neutron irradiation caused only negligible changes of
microhardness. We consider the microhardness increase observed is connected with strong
lattice distortion due to displacement of Gd atoms under thermal neutron irradiation.
The estimations of several possible superconductivity suppressing mechanisms connected with
arising of pressure, d variations and magnetic moments of Gd3+ ions in irregular positions of
1-2-3 structure were carried out. The most probable mechanism is supposed to be the last one.
The region of suppression has the size about 10 Angstroms which is comparable with the
coherence length in 1-2-3 materials.

X-ray structure investigations have demonstrated that radiation induced rate of
degradation of the orthorhombic structure is significantly lower than the superconductivity
degradation rate.
The existence of local lattice distortions due to (n,^) reaction has been additionally proved by
significant increase of microhardness in the regions of thermal neutron impact. Moreover, the
difference between the radiation-enhanced microhardness values and those for the samples
with especially lowered oxygen content has also strengthened the suggestion of the absence of
oxygen removal from the sample under thermal neutron irradiation.

5. Magnetic properties of irradiated GdBa2Cu3O7-5 ceramic samples

An exciting challenge is to understand the interplay between magnetism (or
concrete magnetic properties) and superconductivity, including under neutron irradiation. This
was addressed in our study of the degradation of superconductivity in irradiated samples
GdBa2Cu3O7-e by thermal along with fast neutrons and by fast ones ( E > 0,1 MeV) only. The
more interesting results are the data of magnetic moment of superconducting samples m
(H,T,F), at the different values of magnetic field H, temperature T and fluences F of thermal
neutrons only. The unique data in this sense belong to the group of Prof. H.Weber, who has
the opportunity to irradiate superconductors by pure thermal neutrons without the component
of fast ones, using the thermal column. This uniqueness consists in selective and strong
interaction of thermal neutrons with isotopes of gadolinium 155Gd and 157Gd, prevailing even in
the samples GdBa2CusO7-s with natural mixture of gadolinium isotopes. That means the
structure changes are mainly in rare-earth sublattice and as far as the gadolinium ion is the
strongest (except Tm, for which the total angular momentum I is largest, for Gd the value S
is the largest) it may be easy detected by means of measuring the value of magnetic
susceptibility. The fast neutrons affect almost on all atoms entering into content of
superconductor and it is more difficult to extract (distinguish) an information about Gd ions,
for example about their position in the crystal structure of GdBa2Cu3O7-s (Fig.7., from [13]).

Previous authors have shown [14, 15] that Tc is dramatically affected by subtle
changes in oxygen content. Here we try to show that the displacements of Gd both after
thermal and fast neutrons irradiation play an important role as well.
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FIG. 7. Crystal structure ofGdBa2Cu3O7.s [13].
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FIG.8. The mass specific susceptibility under impact of thermal neutron irradiation in the dependence
on temperature T for the 155GdBa2Cu307.s sample. The irradiation was made by mixed
spectrum reactor flux, whose included also the component of fast neutrons
approximately 5:1) [10].
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5.1. Experimental procedure
Susceptibility measurements using vibrating magnetometer and magnetic

balance (method of Faraday) from 300 K down Tc have been carried out (Fiure 8.). For pure
GdBa2Cu3O7-s Currie-Weiss law is nearly perfectly obeyed from Tc to 300 K.
At first sight it seems surprising to see a paramagnetic susceptibility in a superconductor. But
the applied field (in our case ~ 15 kOe) is much larger than Hd (~ 100 Oe), so that much of the
material of the sample is threaded by flux. Thus, the measured susceptibility % is a combination
of the paramagnetism of the normal part and the diamagnetism of the superconducting part of
the sample, for example, any graph of the group of Prof. H.Weber. Because of the large
moment of the Gd ions the paramagnetic part dominates, but the diamagnetic part lowers the
susceptibility. Nevertheless it is difficult precisely to evaluate the portion of the
superconductive part, therefore we decided to process the magnetic susceptibility for normal
state of our samples at high temperatures.
On a basis of temperature measurements ( Tc - 300 K ) of specific magnetic susceptibility and
its processing in coordinates (1/x, T ) the values of x<>, H and G, entering into the expression

X = Xo + C ( u ) / ( T - 9 ) ,

where % - the measured susceptibilty, Xo - temperature independent summand, \a - the effective
magnetic moment of ion Gd" in units of \x&, 9 - Curie-Weiss constant, have been found for all
irradiated by fast neutrons samples, including the sample of 157GdBa2Cu3O7.8 which was
irradiated by two fluences of thermal plus fast neutrons.

5.2 Results and their discussion
Impact of reactor neutrons (thermal + fast) on GdBa2Cu3O7_5 drastically affect

their superconducting properties [5, 6, 8, 10].
The structure of GdBa2Cu3O7-d can be viewed as a stacking of three perovskite layers with a
plane of Gd atoms every three layers, so that the Gd atoms are separated by O1O2, BaO,
CuOx, BaO, and CuO2 planes.

TABLE I. THE MAGNETIC PROPERTIES (MEISSNER EFFECT, MAGNETIC EFFECTIVE
MOMENTS AND PARAMAGNETIC CURIE TEMPERATURE) FOR THE REBa2Cu307^
POLYCRYSTAL (CERAMICAL) SAMPLES SERIES, ALONG WITH THEIR "c" PARAMETRS
AND RE3+ RADII.

RE3+

radii, A C o m P o u n d s
Meissner
effect, %

9,K c,A
(theory) (exper.)

To
(onset)

1,11

1,07

1,05

1,04

1,04

1,00

GdBa2Cu3O7.s

DyBa2Cu307.5

HoBa2Cu3O7.s

TmBa2Cu307.s

YbBa2Cu307-s

40*

35

34

34

36

49

7,94

10,65

10,61

9.58

7,56

4,54

7,9*
7,75-7,85

-0,4* 11,703(3)* 93,8*

10,45-10,69 - 7 - -8 11,668(2) 93

10,48-10,60 -16- -19 11,670(2) 93

-15- -16 11,659(2)9,63 - 9,93 92,5

7.53-7,69 -35- -38 11,656(2) 92,5

11,650(2) 87-88

Note. The experimental results of the group of superconductivity, Riga, for GdBa2Cu307^, is marked by * .
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It is well known, that the initial state for many rare earth metals in the structure
(RE = Sm, Eu, Gd, Dy, Ho, Er, Tm) does not destroy superconductivity, all these compounds
REBa2Cu3O7-a can be prepared as single phase and the Tc for these phases remains essentially
constant at 90 ) 3 K (Table I ) .

So, when the Gd atoms are places along "c" axis in their right sites, then the Tc is equal to
maximal, ~ 93 K, and superconductivity does not disappear. What is changed when the
displaced atoms of gadolinium are appeared ? In what state are they ? By what initial non-
irradiated state does differ from the irradiated one ?
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FIG. 9. ESR data for the samples '55GdBa2Cu3O7.5 (black dots) and 1S7GdBa2Cu307.s (open dots) on
the Fig. 9.a, 9.c, thermal neutron fluence Fth = 2'1018 th.n./cm2. The case of non-irradiated
sample of GdBa2Cu3O7.5 is shown on Fig. 9.b; Fig.9.d - the example of recording of ESP
spectrum for 2 temperatures.
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Let us begin with the initial non-irradiated state.

It is considered that there is very little interaction between the magnetic Gd ions and the
conduction electrons (or quasi-holes) responsible for superconductivity. Also, 155Gd
Mossbauer spectroscopy has provided direct evidence for an absence of conduction electrons
at the Gd sites in GdBa2Cu3O7-s [16, 17]. This suggests that the observed antiferromagnetic
ordering at TN = 2,25 K is not due to the Ruderman - Kittel - Kasuya - Yosida (RKKY)
interaction, which is mediated by the conduction electrons, but is rather due to dipole-dipole
interaction between the Gd magnetic moments. May be there is even a little admixture of
superexchange interaction. More recent neutron diffraction studies on non-superconducting
GdBa2Cu3O7-s (5 = 0,86) compounds have shown c-axes ordering with unit-cell doubling in all
three directions. For 8 = 0 the unit cell is doubled in all three directions, for 8 = 0,5 the
c-direction is ferromagnetic [18-20].

In all this it is essential for us only the following: dipole - dipole interaction
between the ions GdJ+ along the axis "c" may resulting in both antiferromagnetic and also
ferromagnetic ordering, what is detected by direct method of neutron diffraction. We are able
to fix this after all only indirectly using the value 0.
As has been calculated by J.Felsteiner [21], to a good approximation, all possible
configurations when Gd-ions are along the axis "c" have the same dipole-dipole interaction
energy; each arrangement of Gd magnetic moments was assumed to have eight sublattices, all
the dipoles on a given sublattice being parallel to one another. This is due to the large
separation of the Gd ions along the "c"axis which is approximately 3 times that along the "a"
and "b" axes.

The ground state of the Gd3+ ion from our measurements of the magnetic susceptibility is 8S7/2
with the values L = 0, J = 7/2, S = 7/2, so the effect of the crystalline electric field (CEF) on
the ground state splitting cannot be strong. Of course, CEF splitting can occur through
admixtures of states with non-zero orbital angular moment.
The experimental value of the magnetic moment of the Gd3+ for non-irradiated GdBa2Cu3O7-8
is equal to 7,9U,B, what is very close to the value of the free-ion magnetic moment u = gus [ S
(S+l)] m = 7,937 uB for S = 7/2 and g = 2 (the factor of spectroscopical splitting).
Colleagues from the Institute of the New Chemical Problems (Chernogolovka, Russia) [22]
have recently reported electron - spin resonance measurements which have indicated the
existence of a CEF splitting of about 1,5K in the ground state of Gd3+ ions in dilute
GdxYi.xBa2Cu307-5 . Analysis of their measured CEF parameters has further indicated the
existence of an easy axis of magnetisation along the "z" direction (the principal axes of the
electric field gradient tensor at the Gd sites coincide with the crystallographic axes a, b, c).
This explains to some degree the reduction of the value g ( g-factor ) with decreasing of the
temperature (Figure 9.), which was observed by us experimentally. Taking into account the
temperature dependence g (T), the values m (Gd3+ ) for all fluences both for fast neutron
irradiation and for thermal + fast neutron irradiated sample of 157GdBa2Cu3O7-s are within
limits 7,75 - 7,85 uB. We consider that there is not the dependence of magnetic moment
m (Gd3+) on fluence and, therefore, on the position of displaced gadolinium ion in our
experiments.

Our experiments show that after irradiation by fast neutrons the value 0 rushes
to change the sign for completely degradated in the sense of superconductivity samples (see
Figure 10.). Two black circles on this figure are two fluences of thermal plus fast neutrons
irradiation for 157GdBa2Cu307-s. Figures illustrate the dependence of the values % and Tc

(Figure 11.) and the increase of the temperature independent summand xo (Figure 12.) on the
value of fast neutron fluence F.
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The such behaviour of the value 9 we try to discuss and account for using the conception that
the Tc is depressing due to a volume-change effect. In favour of there are the following facts:

1. our experimental data for increasing of the parameter "c" in dependence on fluence
(see Figure 6.),

2. the complete depression of superconductivity in the samples of 1

157GdBa2Cu3O7-d and GdBa2Cu3O7-d with natural mixture of Gd isotopes occurred at
the practically identical values of Dc = (0,050 ) 0,004) Angstroms,

3. soft displacement of Gd3+ ions after thermal neutron irradiation do not disturb the
orthorhombic modification: for two enriched samples 155Gd, 157Gd and sample with
natural mixture of Gd isotopes the transition into tetragonal phase takes place after
complete disappearing of superconductivity,

4. the value of the magnetic moment for Gdo+ does not depend on the fluence of
neutron irradiation,

5.the behaviour of the value q in dependence on fluence for our GdBa2Cu3O7-d
samples,
6. the correlation between the values q and "c" for other magnetic ions in the rare-earth
group REBa2Cu307.d ( Table I.),

7. the directions of the up-to-date returns that the main role in creating of
superconductivity belongs to CuO2 planes [13] (Fig. 7.),

8. the value dTc / dP along the axis "c" is equal 0.1 K / kbar for the GdBa2Cu3O7^
[23]; that means the increase of the value Tc by compression of sample.
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60 80
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FIG. 10. The processing of magnetic data by means of Curie-Weiss law: % = %o + C / (T - 6) for the
GdBa^CusOy-s sample with natural mixture of Gd isotopes. Figure illustrates the dependence
of value 9 fast neutrons fluences. Two black points are for 153GdBa2Cu3O7.swith fluences
indicated near
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FIG. 11. The mass specific magnetic susceptibility and the value of critical temperature in the
dependence on fast neutron fluences for temperature T = 100 K.
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FIG. 12. The processing of magnetic data by means of Curie-Weiss law: % = xo + C / (T - 9 ) for the
GdBa2Cu3O7-a sample with natural mixture of Gd isotopes. Figure illustrates the dependence of
values x and xo on fast neutron fluences.
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It is interesting to note that during such disorderly process as preparing the
samples GdBa2-xSrxCu3O7-d is going on not only the substitution of Ba2+ by Sr2+, but is going
on the process of mixture of positions of GdJ+ and Sr2+ . Analysis of X-ray spectra confirms
[24,25] that 26 % of ions of Gd3+ may occupy the positions Sr2+ and the corresponding number
of ions Sr2+ are in the positions Gd3" in the compound GdBaSrCu3O7Ki.
We try using all these data and assumptions to understand where may be the displaced ion of
gadolinium after (n,g) reaction.
It is seemed, all this confirms that all displacements of Gd3+ may occur only along the "c" axis.
In any case we are disposed to consider that the most probable process is the exchange of ions
Ba2+ and Gd3+ along the "c" axis.
The insensitivity of Tc to the presence of magnetic rare earth ions suggests that the
superconducting electrons are far away from the magnetic ions.

6. Evaluation of the displacement energy of Gd atoms in
GdBa2Cu3O7-8 from experimental data

The processing of the experimental data along with the Meissner effect value
variation has made it possible to evaluate the ratio of the degradation rates of GdBa2Cu3O7^
enriched with 155Gd and 157Gd isotopes respectively [26].
The samples irradiated in the experimental work [10] were specially prepared to significantly
reduce the effect of absorption of thermal neutrons in the material and burn up of the Gd
and Gd isotopes. Meissner effect measurements on the samples revealed that the damage
introduced is a linear function of irradiation time. That means that the observed Meissner
variations are proportional to the amount of damaged non-superconductive phase in the sample
and is proportional to the number of displaced atoms.
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FIG 13. Normalised recoil atom energy spectra for 155Gd and 1S7Gd [26]

104



TABLE II. SOME CHARACTERISTICS OF THERMAL NEUTRON-INDUCED RADIATION

DAMAGE PRODUCTION IN iGdBa,Cu307.5 :a® - DISPLACEMENT CROSS SECTIONS FOR A
d

Gd ATOM, K.(0) - THE DEFECT PRODUCTION RATES.

£ © e V p crd b K. ,dpa/s

155Gd 106 0.023 L 4 x l 0 3 3 x l 0 - 6

'S7Gd 82 0_011 2.8 X ! Q 3 6 xlO'6

Note: The value Kj(0) is estimated according to the formula Kj<0) ~ noFth CTj(0»

where no - the estimated total number of displaced atoms per displaced Gd atom (no ~ 10),
F,h = 2.0 * 1013 th.n. / cm2 / s - a typical thermal neutron flux for our experiments.

The principal problem for the computation is the fact that the excited nucleous after having
absorbed thermal neutrons emits several y-quanta with different energies Ey. The total recoil
momentum of the nucleous is the vector sum of the individual recoil momenta. No delay
should be taken into account in this compution because for the nuclei Gd and Gd the
intra nucleus relaxation time is short compared with that of the atom displacement time. To
compute the functions, represented on the Figure 13., we have performed Monte-Carlo
simulations of the random process of y-quanta emission with the given emission probabilities.
The probabilities are determined by the energy levels and the inter-level transition
probabilities of the excited I56Gd and 158Gd nuclei. The probabilities were investigated
experimentally and are available, for instance, in [27], for some transitions from the highest
level ( 5 MeV < Ey < Emax) and for several transitions near the ground state (Ey < 1 MeV).
Transitions in the quasi-continuous spectrum ( Ey ~ 2 - 5 MeV) are not resolved and identified
so we had to use for the Monte Carlo simulation the accurate energy and probability values for
the resolved transitions and approximate values taken from the experimental curves [27] for
quasi-continuous y-spectra.

The results calculated, i.e., the displacement probabilities pd(155) and p/157) for
different threshold energies Ed and the threshold energy of Gd atom displacement producing
disordered bubbles in GdBa2Cu3O7-8, E<T = 150 eV are presented in Figure 13. and Table II. In
terms of our approach we can for various displacement energies calculate the mean volume of
the structural defect produced by a single displaced nucleus and compare this value with that
obtained from experimental data on neutron-induced HTSC degradation (Meisner effect
magnitude measurements). The degradation is determined by the radiation-induced formation
of disorded non-superconductive "bubbles". When a Gd atom is displaced with energy close
to the threshold energy value no "bubbles" are expected but rather some microscopic point
defects. Obviously there is a "threshold energy II Ed* ", being the critical energy of
non-superconductive "bubble" formation. The value of Ed obtained and discussed above is
actually the value of mentioned "threshold energy IF', Ed*. Having realized the physical
meaning of the computed values we can estimate the "normally defined" threshold
displacement energy. Estimating the critical volume Vc for "bubble" formation as V~ (3-5)
xV0, where Vo - unit cell volume, the multiplicator (3 - 5) follows from our experiments [5],
we should expect that for linear approximation, "threshold energy II " is Ed* ~ (3-5) x Ed. As
our computation yield a "thershold energy II " value of 150 eV, the conventional displacement
energy value is Ed ~ 30 - 50 eV.
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7. Model of degradation of superconductivity in these samples

At present after all experimental data the picture of disturbance in irradiated by
thermal neutrons sample is the following: the regions with strongly distorted structure which
surround interstitial ions of GdJ+ are of pointed character and contain approximately 10 atoms.
The every such a region is surrounded by non- superconducting sphere with the volume of five
unit cells [5] and with inhomogeneous deformation within the sphere (bubble or islet). The size
of distorted islet or bubble around Gd-defect is comparable with the coherence length in

high Tc-superconductors. When these bubbles begin to contact one another then the
condensation takes place and the sample abruptly becomes non - superconducting (Figure 14.).
The possible reason of depression of superconductivity may be the appearance of strongly
paramagnetic ions of Gd3+ in "prohibited" sites of the structure not far from the layers CuO2. In
order to define the possible positions of displaced Gd3+ it is necessary to use other methods of
analysis, for example, Mossbauer measurements.
We assume that displacement of Gd3+ may occur along the "c" axis. Due to results,
summarized above in the Table I., we are disposed to consider that more probable process is
the exchange of ions Ba2+ and Gd3+ or placing recoiled ion Gd3+ near the plane CuO2.
Taking into account the size of ions Ba2+ and Gd3+ the distance between the nearest planes of
CuCh increases and, as far as at present it is considered that superconductivity is caused by
conduction mechanism in these layers (planes), superconductivity on the whole sample
disappears.

Of course, the such model is one of the possible models and we do not pretend
on an establishment of final truth in this question. All in all, the disappearing of
superconductivity in the ceramic oxides after neutron irradiation remains a very difficult
problem for experimental confirming and demands the further experiments and the processing
of data, connected with pure thermal neutron irradiation of gadolinium isotopes enriched
samples.

QQQCP

BUBBLES OR ISLETS IN SAMPLE CONDENSATION OF BUBBLES AND
TRANSITION TO NORMAL STATE

FIG. 14. Possible explanation of abrupt transition from superconducting to normal state during
thermal neutron irradiation ofGdBa2Cu3O7.s.
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APPENDIX 1: POSSIBLE DEPENDENCE OF MOSSBAUER RADIATION ON HTSC
CURRENT

In this appendix we would like to discuss the following effect observed by us:
the dependence of Mossbauer radiation on the direction of superconductive current. The main
idea of the experiment was the following: when current is directed from superconductor
to usual conductor, a Cooper pair, coupled by phonon exchange interaction, decays in usual
conductor radiating phonon, causing additional lattice excitation in usual conductor, being at
the same time a source of Mossbauer radiation. That, in turn, causes an absorption decrease in
resonance absorber and increase of counts number on radiation counter.

The experimental routine was the following (Figure 15.): Mossbauer source
(Co57 in Cr pattern) was in mechanical contact with YBa2Cu3O7-s superconductive powder
(Tc= 92 K, particles size ~ 30 (im) under the pressure of 2x109 N/m2. Two indium washers
were used as current outputs. Radiation, passed through resonance absorber, was detected by
radiation counter. Relative velocity source-absorber was zero.
For every current value a number of counts was measured for three cases: current direction
superconductor - usual conductor (Ns.c), reverse current direction (Nc.s) and zero current (No).
The following values were considered:

a= (NS.C-NM)/NC.S and p= (No-Nc,)/N«.

The experimental results are presented in Table III.

Absolute Mossbauer fraction dependence of superconductor current in the most general form
may be described by an additive Debye-Waller factor value linearly depending on
superconductor current value

where
W - Debye-Waller factor,
I - superconductor current,

then

a = (l-exp(-ql)) / (exp(2W)-l).

Expanding exp(-ql) into a series and taking into account only the first term of the expansion
due to ql negligibility, we obtain linear dependence on superconductive current at fixed
temperature. It is evident from the experimental results for the current 20 mA that values of a
do not depend on measurement duration (1 or 5 sec) and current parameters sequence order
(Io, I<ws, Is-c orlo, Is-c, Ics). The measurements at I = 100 mA are more complicated. Due
to a considerable voltage drop across the "HTSC - Mossbauer source" contact (4-6 V) the
source was appreciably heated by a current flow and cooled down for lack of current. The
source heating also caused the resonance absorber "transparence" increase, as well as the
source lattice excitation due to superconductor current, that slightly darkened the picture
(seeming decrease or increase of the superconductor current effect). However, in any case
heating did not cause disappearance of the effect, which exceeded measurement error.

We realize, that our experiment may be interpreted not only in terms of electron
coupling due to electron-phonon exchange interaction [28]. But the results are in agreement
with the latest works [29], describing HTSC effect in the terms of BCS.
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FIG.15. Scheme of the Mossbauer experiment on polycrystalline YBa2Cu307^ •

TABLE III. SUMMARY OF RESULTS OBSERVED DURING MOSSBAUER EXPERIMENT

I-current through the device
U-voltage drop
T-measurement period

T (sec) Measurement
sequence

U(V) I(mA) a x 103 p x 103

1

1

5

Sum for all
measurements

1

1

5

0, c-s, s-c

0, s-c, c-s

0, s-c, c-s

0, s-c, c-s

0, c-s, s-c

0, s-c, c-s

0.26

0.26

0.24

5.5

5.7

5.7

20

20

20

20

100

100

100

5.5 ±3.4

6.0 ±2.2

3.9 ±2.1

5.0 ±1.6

10.0 ±4.0

74.0 ± 4.0

34.011.7

0.9 ±3.4

3.6 ±2.2

-1.2 ±1.6

1.2 ±1.6

-14 ±4.0

6.0 ±4.0

-75.0 ±1.7
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As far as we know such experiments did not fulfil anywhere, therefore the zero-velocity test
has still to be repeated. As it was indicated in [30], an experiment is needed to eliminate other
possible origins of the observed effect: (i) the effect should disappear when rising the
temperature of the HTSC-sample above Tc, (ii) the effect should disappear when replacing the
HTSC-sample by another non-superconducting material.

APPENDIX 2: EXPERIMENTS ON ALIGNED ENSEMBLES OF YBa2Cu3O75 FINE
PARTICLES

Aligned ensembles of YBa2Cu307 6 were obtained with the aim of creating

so-called quasi-monocrystals, because it is obvious that the best physical results may be
received on monocrystals, obtaining of which in massive state is a great problem still.

The crystallographical orientation of particles with the "c" axes along the
direction of magnetic field in H = 1 Tesla have been performed at 77 K. The ordering have
been carried out in liquid paraffin matrix with the volume concentration of particles 0.01.The
extent of the orientation have been defined by measuring of the roentgen line (006), which
have been getting the most strong during the orientation, and this extent have reached the
maximum values of 0.5 •*• 0.8. The value of 1 have not been reached because of sticking of
particles. This sticking could not be avoided even by ultrasound dispersion. It should be
especially emphasized the interaction among the particles GdBa2Cu307 d is still stronger due to

their paramagnetism and to orientate them is more difficult. So, the obtaining of particles of

YBa2Cu,O7^ with different sizes gave us the opportunity to study their dimensional properties.

The initial ceramics YBa2Cu307d was prepared under the usual techology. The scanning

microscope photographies showed the obtained YBa2Cu307_(j ceramics had the granular

structure with the size of grains 2 0 - 3 0 mm. Homogeneity, absence of nonsuperconductive
phases and the value d= 0,18 for the samples were determined by X-ray powder diffraction
method.

O.BaCu02

• Y2BaCu05 (?)

20 30 40 50 60

FIG. 16. Experimental X-ray diffraction pattern for 0,1 pm YBa Cu O fine particles.
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TABLE IV. DATA FOR SUPERCONDUCTING YBa2Cu3O7-8 FINE PARTICLES
(Hef CRITICAL MAGNETIC FIELD MEASURED AT 77 K, p- THE DENSITY OF SAMPLES).

d, jam

bulk
1.5
0.5
0.1

T , K

93
91
90
90

AT,K

5.5
12
17
33

Hc], Oe,

150
145
133
95

Ax, %,

50
30
17
9.5

p,g/cm3

5.7
4.63
4.5
3.8

YBa2Cu306 g2 ceramic particles with various size in the range of 0.1 - 1.5 mm
were obtained by (1) mechanical dispersion (for 0.1 -1.5 mm) and by (2) electrodispersion (for
0.1 mm). Variations of dispersion medium in the latter technique had no influence on the mean
particle size. The particles had the spherical form with the mean size ~ 0,1mm, but some
fraction of them had the size less than 100 nm. The attempts to separate the fractions of
particles on the obtained powder were done by sedimentation on the different liquids. In the
non-polar liquids the fine fraction formed the agglomerates; in the polar liquids the particles
chemically interacted with the liquid and as the result the superconductivity of the powder
disappeared. The X-ray investigations showed the lattice parameters and the oxygen content of
samples did not change after the dispersion. The slight rest of BaCO, was observed on the

roentgenogram in the case of electrodispersion (Figure 16.)

The superconductive transition temperature T c value was independent on the particle size

within the given size range. Transition width DTC increased and Meissner effect Dc value

decreased significantly with the particle size decreasing. The summary of experimental data is
presented in the Table IV.

All these superconductive values were obtained from magnetic measurements. The values of
Tc and ATc were obtained by magnetic susceptibility measurements by method described in [5].

The Hcl was defined as follows: the function -4izM (H) measured by vibrational magnetometer

[31] becomes nonlinear and approaches its maximum value for H ~ H cl. It is significant, that

the Tc value was independent on the particle size within the given size range (with d > 100
nm). The similar result was observed for non-contacting particles of low-temperature
superconductors (with d> 10 nm) [32] and for high-temperature superconductors powders
(HTSC) (with d > 20 nm) [33]. It may be assumed that the mean length of Cooper pair C (C ~
10 nm for low-temperature superconductors and C ~ 5 nm for HTSC) is not significant there.
Transition width ATC increased abruptly with the particle size decreasing. The rise of ATC

value is connected with the decrease of homogeneity and structural and surface defectness of
the particles. It is notable, that the temperatures of superconductive transition starting are
equal for all investigated particles ensembles and are independent of the particles size, but the
temperatures of transition end are various for different samples.

Meissner effect value Ax decreased significantly with particle size decreasing.
The decreasing of superconductive phase volume in the samples is supposed to have slight
influence on the Ax decreasing. The dominant reason being the breakup of current paths in the
net of weak links of HTSC producing the obstacles for external field screening. The observed
decreasing of Hcl value confirmed this supposition. The another reason of the Ax decreasing
might be the fact that the magnetic field penetration depth (~ 0.1 um) is of order of the
investigated samples particles size.
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APPENDIX 3: ROLE OF SURFACE EFFECTS ON EXAMPLE OF Co FINE
PARTICLES

The main reason why we have studied this effect in connection with
superconductivity is the following. The particulate matter (especially in the case of complex
substance, as HTSC 123) is not homogeneous along the particle's radius, firstly, and particle
itself is defective along its diameter, secondly. This defectness arises during its formation, i.e.,
condensation of vapours of basic substances in the flow of inert gases or mechanical fine
grinding from the bulk state. As turned out [34], the irradiation by low fluences of neutrons
forces the defects of the content and the structural defects come right partially and partially go
out to the surface of particle due to the field of elastic longitudinal stresses [35]. Therefore the
layer near the surface of particle enriches by defects what follows to changes of properties
connected with the surface.

We have irradiated our ensembles of oxidized particles CoO by reactor's
neutrons and have seen the disappearance of the effect of exchange anisotropy, but to see
increase of Tc for HTSC 123 after the irradiation, as in [34] for superconductors A15, did not
prove. Nevertheless, we consider that it is reasonable to inform shortly about the results
obtained on non-irradiated ensembles of cobalt particles.

Cobalt fine particles is a very interesting well-known object for investigation of
magnetic properties in dependence on the size of particles. In the case of not fully oxidized
state this investigation gives the opportunity to study properties both connected with boundary
between ferromagnetic core and oxidized cover, and with the size of core.

We have investigated the phenomenon of exchange anisotropy in small cobalt
particles in the range of size 14 - 110 nm. As it is known [36-38], after cooling in a magnetic
field the ensemble of partially oxidized cobalt particles shows a shift of magnetic hysteresis
loop. This shift is a result of appearing the so-called unidirectional anisotropy. As it is
considered, the origin of such an anisotropy is conditioned by interaction between Co ions
placed near the surface of the particle and Co ions placed in the cover of cobalt oxide with
antiferromagnetic arrangement. Besides this well-known result, we have observed the widening
of hysteresis loop during cooling in a magnetic field in comparison with one measured on the
ensemble of cobalt particles cooled in the absence of the magnetic field.

We have defined experimentally from the shift of hysteresis loop the constants
of exchange surface anisotropy Kexch for different size cobalt particles. It was assumed that the
direction of the easy axis of the exchange anisotropy coincides with one of an external
magnetic field H at which the inducing of the anisotropy was done. As far as the exchange
anisotropy is the surface phenomenon it is sensible to introduce the values of Kexch per unit of

the surface of particle's cobalt core.
Fine particles of cobalt were made by the method of vapours condensation in

the flow of inert gas (argon, helium). The single domain particles are only those with the size
14 nm and 23 nm [39]. Nevertheless, the multidomain state of the particle should not influence
the values of loop shift. The structure analysis of the particles shows the strong lines of cobalt
cubic modification (in comparison with bulk cobalt which has hexagonal structure) and Co3O4.

The lines corresponding to CoO were shown only on the level of sensitivity, thus it is affirmed
the thickness of CoO layer is much smaller than the thickness of Co3O4 layer. As it was early

considered all antiferromagnetic cover of particle consists of CoO [36]. As far as the
temperature of antiferromagnetic transition of Co3O4 is about 40K, evidently, the thin layer of

CoO is situated between the cobalt core and Co3O4 layer. That means the antiferromagnetic

arrangement exists even in very thin CoO layer. The radius of the cobalt core was defined
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FIG 17. Experimental hysteresis loops for oxidized Co particles with the size 23 nm (R = 8 nm) at
77 K, cooled with (1) and without (2) presence of the magnetic field.
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FIG. 18. Experimental data of hysteresis loop shift vs. cobalt ferromagnetic core radius (1/R) of
particles.

from the measurements of saturation magnetization Ms in the assumption that the values of M.

do not depend on the size for the given range.
The induction of the exchange anisotropy was held during cooling of the

samples from 300K to 77K in the magnetic field about 10 kOe. The hysteresis loops of
uncooled in the magnetic field samples were also measured. The measurements were
performed using vibrating magnetometer (Fig. 17.). The exchange anisotropy results in the shift
of the loop dH on the value dH = 3Kexch/MR (R - the ferromagnetic core radius). It follows

from the expression for the particle energy E in the magnetic field. The experimental data [40]
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for the particles of all sizes, except the smallest one are well fitting on the line with the value of

the slope Kexch= 0,29 + 0,02 erg/cntf (Fig. 18). The smallest particles with R = 4 ran give the

value Kexoh= 0,21 ±0,02 erg/cm , that might be connected with the size effect for this value

defined, e.g., by the decreasing the thickness of CoO layer or decreasing the value of Ms in

dependence on the cobalt core diameter of the particle. It should note, it is impossible to
extract the value of Kexoh from the direct measurements on oriented cobalt particles using an

anisometer because of torque measured is proportional to the sum of all kinds of anisotropy.

In order to explain the difference of values of coercivity after cooling in the
magnetic field and without its presence we have calculated the hysteresis loops for the case
when the axes of exchange anisotropy of the particles are distributed disorderly (it corresponds
to cooling without presence of the magnetic field). It gives a narrowing of the loop that
qualitatively accounts for the experimental picture; nevertheless, for obtaining the quantitative
agreement with experimental results it is necessary to take into account both magnetic
crystallographic anisotropy and effective uniaxial anisotropy arising from the magneto static
interaction between the particles.
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amorphous (adj.)

bulk (adj.)

ceramics (n.)

Curies's law (n.)

fine powder (n.)

hysteresis (n.)

hysteresis loop (n.)

magnetometer (n.)

massive (adj.)

Glossary

describes a solid which has no crystalline structure

see massive

the substance in which many small regions (grains not obligatory
completely crystallic) all joined together; the grains meet at very
defective grain boundaries

the magnetic susceptibility of a paramagnetic substance is inversely
proportional to the thermodynamic temperature

a solid substance in which the particles are very small compared to
characteristic lengths of concrete physical phenomena; usually the size
of particles in fine powder is less than 0,1 mm.

an effect, observed in the magnetic behaviour of ferromaterials

the enclosed shape of a hysteresis curve

an instrument for comparing magnetic moments of samples in
dependence on temperature and the value of magnetic field.

describes the state of being in large pieces
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