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ABSTRACT

This paper presents numerous physical characteristics of Ca, V, Sn doped yttrium iron
garnet (CaVSn:YIG) irradiated with 0.56 GeV carbon ions delivered by the Heavy Ion
Research Facility of Lanzhou (HIRFL). The reason for change of the magnetic properties
of the samples induced by energetic carbon ions bombardment is discussed. By compari-
son of this results with the irradiation effects of YIG induced by energetic argon, krypton
and xenon obtained on the GANIL, Caen, France, it is concluded that the irradiation
effect of 0.56 GeV C%* on CaVSn:YIG arises from the electronic energy losses.
Keywords Energetic carbon ion, Yttrium iron garnet, Irradiation effect, Electronic

energy losses

1 INTRODUCTION

The study of highly energetic heavy ion effects in magnetic oxides has been carried
out for about 10a. In materials like Y3Fes0,2, BaFe ;2019 and NiFe;Qy4, the magnetic
properties are very sensitive to the irradiation-induced defect which results in a decrease
in the saturation magnetization!!=4. General behavior of the damage observed in mag-
netic insulators was summarized recently by Studer et al 5). Most experiments around
GeV energy range for the irradiation were carried out at the GANIL accelerator at Caen,
France and GSI accelerator at Darmstadt, Germany. The energetic heavy ions delivered
by the GANIL accelerator have a wide range of the electronic energy losses values (be-
tween 1 MeV/um and 25 MeV/um). As the electronic energy losses increase, the isolated
spherical extended defects, cylindrical defects and the long continuous trails are appeared
respectively. When the electronic energy losses becomes larger than a certain value ( Ty, ),
the damage yield ceases to increase as rapidly as in the previous range (dE/dX< Tp,).

However, till now, there is a lack of data in the case that the electronic energy losses
dE/dX are loger than 1 MeV /um. In this electronic energy losses, an interesting problem
is: does the defect induced by energetic heavy ions bombardment comes from the electron
stopping or from the nuclear collisions? So an irradiation experiment is performed using

carbon ions in order to cover lower dE/dX values in yttrium iron garnet following the

* The Project Supported by National Natural Science Foundation of China and the Research Foun-
dation of Chinese National Commission of Education
Manuscript received date: 1994-09-01



10 NUCLEAR SCIENCE AND TECHNIQUES Vol.6

successful extracting of the 50 MeV/u C®* beam from the Heavy Ion Research Facility
of Lanzhou (HIRFL). In this paper, numerous physical characteristics of yttrium iron
garnet irradiated by 0.56 GeV carbon ions will be reported.

2 EXPERIMENT

The irradiation experiments were performed at HIRFL with 0.56 GeV carbon ions at
the temperature lower than 30K. The details of the experiment are presented Refs.[6-
8]. Induced microstructure and magnetic properties changes have been characterized by
Mossbauer spectrometry, high resolution electron microscopy (HREM), X-ray diffraction
(XRD), positron annihilation techniques (PAT), vibrating sample magnetmetry (VSM)
and ferrimagnetic resonance (FMR).

3 RESULTS

The crystallographic structure of YIG can be described as the iron atoms occupying
the 24d and 16a positions and they are surrounded by oxygen atoms (96h) with a tetra-
hedral (d-site) and octahedral (a-site) structure respectively. The Mossbauer spectrum
gives quantitative information on the hyperfine magnetic field at the iron nuclei. From
the intensity ratio of the peaks, the directions of the hyperfine magnetic field and the
magnetization can be deducced. By investigation, it is concluded that:

3.1 The irradiation mainly introduced the point defects (monovacancies). Only a few
extended defects which exist in the sample were observered by HREM. The [Fe3t, 0374
tetrahedron is found to be more strongly affected by irradiation than the [Fe3*, 037,
octahedron. The induced defects give rise to an increase in the lattice constant of the
samples!®.

3.2 The hyperfine magnetic fields and the saturation magnetization decrease after the
irradiation!”].

3.3 The irradiation results in an isotropic distribution of the hyperfine magnetic field,
lowers the magnetic anisotropy constant and also the average magnetic anisotropic field,
whereas the FMR line width of the samples rises after the irradiation!®.

4 DISCUSSION

4.1 The relations between the microstructure and the magnetic properties
changes induced by energetic carbon ions bombardment

The origin of the magnetic behavior for Y; 6Ca; 4Vo.455n0 5Feq 05012 comes from the
supertransferred interaction between Fe3t at a- and d-sites. After the irradiation, the
chain Fe(a)-oxygen-Fe(d) becomes longer and some chains were broken by the induced
point defects [Fe3*, 037 ]4 and [Fe®*, 027, can lower the supertranferred interaction and
also the hyperfine magnetic fields at iron nuclei as well as the saturation magnetization.

For the defects induced by energetic carbon ions bombardment, the atomic density of
the interstitial area is larger than that of the undamaged area. Consequently the atoms
press each other in the interstitial area and thereby result in a “pressure stress” directing
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along the surface of the defects. In order to get a minimum stress energy, the direction
for the magnetization must be along the surface of the defects and in the interstitial area
as well. Assuming that the defects induced by energetic carbon ions bombardment are
spherical in shape, then a sphericcal stress would take place around them, inducing an
isotropic hyperfine magnetic field. This also lowers the magnetic anisotropy constant and
the average magnetic anisotropic field (see Figs. 1-2).

The broadening of the ferrimagnetic
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Fig.2 Magnetic structure model of the perfect lattice (a) and
the zone near the induced defect (b)

For an irradiated sample, a new broadening [y, arising from the defects induced by
energetic carbon ions bombardment, is introduced. In this investigations the vacancies
and the extended defects can be regarded as being “pores” induced by energetic carbon
ion bombardment. An addition effective local field which arise from the inhomogeneity of
the local saturation magnetization (see Fig.2b) induced by the defects leads to increase
the ferrimagnetic resonance linewidth.
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4.2 Comparison among irradiation effects on YIG induced by energetic argon,
krypton and xenon ions

Table 1 summarizes the irradiation effect on yttrium iron garnet induced by energetic
argon, krypton, xenon ions®®! and carbon ionsl®~8. From Table 1 it can be deduced

Table 1
The numerous physical characteristics of highly energetic carbon,
argon, krypton and xenon ions effect in yttrium iron garnet

Ions Energy [-dE/dX]. [-dE/dX]./ Defect Magnetic structure
MeV/u MeV/um [-dE/dX]. near the defects
tzoe+ 47 <1 1.5x10*  Vacancy and spherical Isotropic hyperfine
exteuded defect magnetic field
10 16+ 44 1-8 2x10% Vacancy and spherical Isotropic hyperfine
extended defect magnetic field
Vacancy and extended Isotropic hyperfine
defect when magnetic field when
BIK 27 35 8-20 2x10°  [-dE/dX]e <17 MeV/pm, [-dE/dX].<17 MeV/um,
vacancy and latent anisotropic hyperfine
track when magnetic field when
[-dE/dX]e>17 MeV/pm  [-dE/dX] ¢>17 MeV/um
132X e+ 23 20-31 2x10°% Vacancy and Anisotropic hyperfine
latent track magnetic field

that the irradiation effect on YIG induced by energetic carbon ions is similar to that
induced by energetic argon ions. Including the highly energetic argon ions, it has been
shown that the effect of the electronic energy losses in yttrium iron garnet is the main

effect of highly energetic heavy ions irradiations!®9:10 .

In the case of the yttrium iron
garnet which has been irradiated with argon ions at an energy of 44MeV/u and the
dose of 6x10'* ions/cm?, the irradiation results in an isotropic hyperfine magnetic field
distribution. The irradiation-induced decrease of the saturation magnetization reached
about 80% in the low energy zone (E<0.6 GeV). Whereas, it reached only about 8% in the
high energy zone (1.2 GeV<E<1.8GeV). When the yttrium iron garnet irradiated with
carbon ions at an energy of 47 MeV/u and the dose of 11.4x10'® ions/cm?, the decrease
of the saturation magnetization reached about 7% in the low energy zone (E<0.2 GeV)
and 1% in the high energy zone (0.4 GeV<E<0.56 GeV), respectively. It is worth noting
that both the argon ions in high energy zone and the carbon ions in low energy zone are
of almost the same electronic energy losses of about 1000eV/nm. Moreover, it should be
pointed out that the ratio between the electronic energy losses and the nuclear energy
losses of the energetic carbon ions is about ten times larger than that of energetic argon
ions. This comparison clearly confirms that the modification of the microstructure and
magnetic properties for yttrium iron garnet induced by 0.56 GeV carbon ions is also
arised mainly from the electronic energy losses. Thus, the relation between the disordered
fraction Fy(= M;/My) and the defect number N, can be written as:

Fyq =1 — exp[-N.V¢t]
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which fits the case where the energetic argon ions irradiated yttrium iron garnet[gl. In
this relation V is the average volume of a 8

defect and ¢t the dose of the energetic car-
bon ions. By using the data listed in Ta- 6l
ble 2 obtained by VSM measurement, Ng;
/ Nei, the ratio between the defect num-
ber of the sample i and that of sample 1
can be calculated (see Fig.3). 9

Table 2 ) .
Data of the VSM measurement 0 0.2 04 0.6
Sample No. i=0 i=1 1=2 =3 [~dE/dX)./MeV-pm~?
AM /My (%) o 1 2 7 Fig.3 Change of N,,/N.; versus
[dE/dX]e /MeV-pm™' 0 0.17 0.26 0.54 electronic energy losses

5 CONCLUSION

For 0.56 GeV carbon ion irradiated yttrium iron garnet, the decrease in the hyperfine
magnetic fields and the saturation magnetization are caused by the longer Fe(a)-oxygen-
Fe(d) chain and some broken chain induced by the irradiations. An additional effective
local field arises from the inhomogeneity of the local saturation magnetization induced
by the defects can lower the magnetic anisotropy constant and the average magnetic
anisotropic field. Whereas, it leads to increase the ferrimagnetic resonance linewidth.
The modification of the microstructure and magentic properties for yttrium iron garnet
induced by 0.56GeV carbon ions arise mainly from the electronic energy losses.
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