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Abstract

Single crystals of gadolinium gallium garnet (Gd3Ga5O12) have been irradiated with various ions (Cr 10.6 MeV/u, Cu

0.8 MeV/u, Kr 9 MeV/u, and Pb 4 MeV/u) in the electronic stopping power regime. The irradiated areas of the crystals

exhibited a pronounced volume expansion. Using a pro®lometer, the out-of-plane swelling was measured by scanning

over the border line between an irradiated and virgin area of the sample surface. The step height varied between 25 and

160 nm depending on the ¯uence, the electronic stopping power and the total range of the ions. In the high ¯uence

regime, the swelling e�ect approaches saturation. In order to compare the results obtained for di�erent ion species, the

initial swelling per ion was normalised by the length of the damage track. Such an analysis makes evident that swelling

occurs only above a critical energy loss of 7� 2 keV/nm. The results of Gd3Ga5O12 will be compared with data obtained

earlier in SiO2 and LiNbO3. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Irradiation of insulators with energetic particles

in the electronic stopping power regime (Se) can

lead to amorphisation along the ion path. Al-

though numerous inorganic insulators have been

studied during the past decades [1±6], the basic

mechanism of ion induced amorphisation is still

under discussion. One of the open questions con-

cerns the link between speci®c properties of a given

material and its sensitivity against high electronic

excitation. Concerning this problem, it would be

very helpful if the damage induced by radiation

could directly be related to the change of a speci®c

physical property. Recently, new observations

were reported about pronounced volume expan-

sion of various oxides under heavy-ion irradiation

[6±9]. Such a change of the sample dimension is

possibly well suited to test the radiation sensitivity

of materials by an e�cient and rather simple

pro®lometer technique. In this paper, we are re-

porting about such volume changes induced by

swift heavy ions in gadolinium gallium garnets

�Gd3Ga5O12�. For the analysis, earlier experiments

made in various oxides [6±9] were taken into ac-

count.
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Volume expansion which results from defects

induced by irradiation is known for a long time

[10,11]. It is only quite recent, that a huge out-of-

plane swelling has been observed and described

quantitatively when irradiating Al2O3 [7], SiO2 [9],

and LiNbO3 [6,8] with energetic ions. In the two

latter cases, it is known from high resolution

electron microscopy (HREM), that irradiation

induces amorphisation. For SiO2 quartz, it was

demonstrated that swelling occurs only above a

critical electronic stopping power threshold of

about 1:8� 0:6 keV/nm. This threshold is in good

agreement with the appearance of topological

disorder as measured by channelling Rutherford

backscattering (C-RBS) [4].

In the following we are describing systematic

measurements of the out-of-plane swelling in

Gd3Ga5O12, using several ion species in the energy

regime between 0.2 and 10.6 MeV/u. Earlier ex-

periments have already demonstrated that this

material is sensitive to swift heavy ions [12±14]. It

was shown, for instance, that the irradiation with

Cu and Kr ions [13] induces amorphisation. The

diameter of the latent track as measured by

HREM is in good agreement with results obtained

from C-RBS [14]. Under the same irradiation

condition [13], high-resolution X-ray di�raction

gave evidence that the lattice of Gd3Ga5O12 ex-

pands normal to the irradiated surface. Further-

more, chemical etching of uranium tracks was

reported [12].

2. Experimental conditions and physical character-

isation

Slabs of synthetic Gd3Ga5O12 crystals of optical

quality were received from Crismatec. They had a

thickness of about 0.5 mm and were covered with a

50 nm carbon layer in order to avoid electrostatic

charging during irradiation. The samples were ir-

radiated with Cu ions at the 7 MV tandem Van de

Graa� in Bruy�eres-le-Châtel and with Cr, Kr, Te,

Pb ions at the medium energy line of the Grand

Acc�el�erateur National d'Ions Lourds (GANIL) in

Caen. All irradiations were performed at room

temperature and under an angle almost normal to

the sample surface. In some cases, thin Al foils

were placed in front of the sample for the purpose

of varying the energy and thereby the energy loss

of the impinging ions. The ¯ux of the beam was of

the order of 10� 108 ions sÿ1 cmÿ2 at the tandem

Van de Graa� accelerator and 3� 108 ions

sÿ1 cmÿ2 at the GANIL accelerator. The maxi-

mum applied ¯uence was selected according to the

mass and the projected range of the ions and

varied between 1011 and 1013 ions cmÿ2. During the

irradiation, all crystals were partially masked in

order to analyse the irradiated surface in direct

comparison with a virgin area. A complete list of

the irradiation parameters is presented in Table 1.

The given energy loss (Se) and the range �Rp� of the
ions was calculated using the TRIM91 code [15].

Due to the fact that the ions were stopped in a

thin surface layer of the crystals, the free expan-

sion of the irradiated volume is partially limited by

the constraint of the undamaged substrate. As a

consequence, the sample bulges outwards mainly

normal to the sample surface. The quantitative

analysis of this out-of-plane swelling was per-

formed with a pro®lometer (Dektak 8000) where a

high precision stage moves the sample beneath a

diamond-tipped stylus over the border line be-

tween a virgin and an irradiated area. The scans

had typically a length of several hundred mi-

crometers (Fig. 1). The surface of most of the

crystals had a roughness of about 5 nm. Some of

the samples exhibited additional corrugations, but

even then, the step height could be determined

without di�culty (Fig. 1). In some cases, bending

of the whole crystal made the pro®lometer analysis

rather di�cult. Fig. 1 displays the pro®lometer

scans over the surface of crystals irradiated with

Cr ions of ¯uences between 6:5� 1011 and

2:7� 1012 cmÿ2.

3. Data analysis

The evolution of the step height (dl) as a

function of the ion ¯uence (U) is presented in Fig.

2. Each data point represents the mean step height

as extracted from several pro®lometer scans. After

an initial linear increase, the swelling approaches

saturation at high ¯uences where the ion tracks

begin to overlap. Due to limited beam time, it was
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not possible to reach complete saturation as it was

found earlier for other solids [6±9].

A ®rst observation is related to the in¯uence of

the beam energy and consequently to the range of

the incident ion. The step height of Cr ions of 6.2

MeV/u is about twice as large as for Cr ions of 1.8

MeV/u although both ions have approximately the

same mean energy loss. A second qualitative ob-

servation concerns a comparison of the data of Pb

(4 MeV/u) and of Kr (3.4 MeV/u) ions both having

approximately the same range. Fig. 2 demon-

strates that the out-of-plane swelling is more pro-

nounced for the Pb ions with the higher energy

loss. These ®ndings clearly indicate that swelling

scales with the range and with the energy loss of

the ions.

To con®rm the range e�ect, data of various ion

species has been analysed by the following proce-

dure. From electron microscopy (HREM [13]), it is

known that in Gd3Ga5O12, tracks of heavy ions

consist of amorphised material. Since the mass

density of the amorphous phase is smaller than

that of the crystalline phase, it is reasonable to

assume that the swelling observed here is based on

the volume expansion due to a phase transition. As

a consequence, the relevant damage volume should

depend on the ion range. In addition, it is expected

Fig. 1. Pro®lometer scans from the virgin to the irradiated area

of crystals irradiated by Cr ions at three di�erent ion ¯uences

(ions/cm2).

Fig. 2. Step height as a function of the ¯uence: Pb (4 MeV/u)

and Kr (3.4 MeV/u) have approximately the same ion range,

while Cr(1) (6.2 MeV/u) and Cr(2) (1.8 MeV/u) have about the

same mean energy loss (see Table 1).

Table 1

Irradiation parameters

Ion Mass Energy Range Mean Se d l/ dU

(MeV/u) (lm) (keV/nm) (cm3)

Cr 53 10.6 56 10.3 2:8� 10ÿ18

Cr 53 6.2 30 11 6:15� 10ÿ18

Cr 53 4.5 21.7 11.1 4:65� 10ÿ18

Cr 53 1.8 9.6 9.9 2:4� 10ÿ18

Cu 63 0.8 6 8.4 1:5� 10ÿ18

Cu 63 0.16 2.6 4.2 3:1� 10ÿ19

Kr 84 9.0 43 17.5 1:8� 10ÿ17

Kr 84 3.4 18 15.7 1:2� 10ÿ17

Te 125 2.2 15.7 17.3 1:8� 10ÿ17

Te 125 1.2 11.3 13.4 1:2� 10ÿ17

Pb 208 4.0 23.2 34.8 5:2� 10ÿ17

Pb 208 1.2 10.3 23.2 1:1� 10ÿ17
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that the integral swelling e�ect for a speci®c irra-

diation ¯uence is a function of the total damage

fraction of the irradiated volume. In Gd3Ga5O12,

this damaged fraction (Fd) is known from C-RBS

experiments [14]. In Fig. 3, the step height is nor-

malised by Fd and plotted versus the ion range.

This presentation clearly demonstrates the linear

dependence of swelling on the track length. It also

shows that the damage induced by the electronic

excitation is not e�cient along the total range of

the incident ion.

In order to test the correlation between swelling

and the energy loss, we determined the initial

swelling rate in the low ¯uence regime �dl=dU is

given in Table 1) and normalised this parameter by

the damage length of the given ion. In the begin-

ning, it is assumed that the total length of the

damage is equal to the projected ion range (R).

This relative dimensional change per ion

�dl=dU=R� plotted versus the mean energy loss

(initial beam energy Ei dividing by the TRIM

range) is presented in Fig. 4 (circular symbols).

The error of the energy loss takes into account that

in this energy regime, the uncertainty of the values

given by the TRIM code is between 10% and 20%.

For further analysis, only data of the energy re-

gime between 0.8 and 4.5 MeV/u were considered

(full circles in Fig. 4) in order to avoid velocity

e�ects [3]. If we ®t a straight line to the restricted

experimental data, it intercepts the abscissa at an

energy loss Sc � 5.5 keV/nm. This value can be

regarded as a threshold which has to be surpassed

before the dimensional change can take place. It

also tells us that the stopping end of the ion path

where Sc is not reached does probably not con-

tribute to swelling. We tried to take this e�ect into

account by an iterative correction of the threshold.

For each ion, the ine�cient part �Ro � R�Sc�� of

the trajectory was calculated and subtracted from

the projected range �Rÿ Ro�. The value for swell-

ing and for the mean energy loss was adjusted.

This procedure converges already after two itera-

tions (diamonds in Fig. 4) leading to a slightly

higher critical threshold of Sc � 7� 2 keV/nm.

The error given here includes the threshold as de-

termined from the unprocessed data. It also should

be mentioned that possible variations of track

parameters such as discontinuity, inhomogeneity

of the damage or change of the track radius along

the ion path does not in¯uence this result signi®-

cantly since the volume swelling is an e�ect inte-

grated along the full length of the damage.

Another interesting aspect is the comparison of

our results with data of SiO2 [9] and LiNbO3 [6,8]

shown in Fig. 3. A linear ®t to the data gives for all

three oxides a relative change of the linear di-

mension of the order of 0.04, indicating that the

ion induced swelling is probably based on the same

e�ect namely on the transition from the crystalline

to the amorphous state.

Fig. 4. The initial swelling per ion normalised by the range

versus the mean energy loss (the exclusion of the some data

points is discussed in the text).

Fig. 3. Step height normalised by the damaged fraction Fd as a

function of the ion range for Gd3Ga5O12 (present results), SiO2

[9] and LiNbO3 [6,8].
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4. Conclusion

Pronounced swelling e�ects have been found

when irradiating Gd3Ga5O12 with various swift

heavy ions. To induce swelling, the ions have to

surpass a critical electronic stopping power of

7� 2 keV/nm. This threshold is in agreement with

the result from channelling Rutherford backscat-

tering performed in the same energy range [14]. It

is interesting to note that the relative dimensional

change of 0.04 is the same as in SiO2 [9] and

LiNbO3 [6,8] indicating that the e�ect is related to

ion induced amorphisation.

The experiments described demonstrate that

pro®lometry can be applied to probe the sensitivity

of various material. Using this simple and e�ective

technique will improve our understanding of the

damage creation and the underlying basic mecha-

nisms. It is planned to extend such measurements

to non-amorphisable materials like alkali-halides

in order to see if there exists a direct correlation

between defect formation and volume increase.
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