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ABSTRACT

Annealed iridium_specimens of 99.99% purity were irrediated at SéK
with 10 Mev protbhs in a field ion microscope'attached to é cyciotron. Con-
trast effects due to pbint defects and their.clustérs weré analyzed. By a
field evaporation technique the point defect distriﬁution in the bulk was
investigated. Interstitial migration to the surface wés directly observed
‘upon annealing in the temperature range 15°K to 42°K. The decrease in thé
bulk concentration of interstitials during annealing in the temperature
range 5°K ﬁo 300°K indicated that stage I is caused by interstitial migra~ -
tion to close-by vacancies and traps and étage IT was due to interstigial.
deﬁrapping. Damage caused by irradiation at 5°K was compared to that intro- .
duced at 300°X. The damage which was large voids (400 to 500 vacancies) ana :
dislocation loops suggested a differént formation mechanism in the,sbecim@ns

irradiated at higher temperature.

.
-

tPresent address: Faculte des Sciences d'Orsay, Departement de Physi@hé
' des Solides, Orsay 91, France.
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I, INTRODUCTION

'Radiation-induced damage in cryetals has been extensiyely studied
by measuring changes in resistivity or internal friction and by electron
micrOScopy. As a resuit of theserstudies, a fairlj detailed picture of
the nature of the damage and its recovery on heatlng has been built up
for some materlals. However, the clusters of - elementary defects that are'
observeo by electron microscoPy are only indirectly related to the migration
of individual point defects. Controversy has remalned as to the nature of
the point defect or defect complex that in a partlcular case has mlgrated
to give the observed effects.

. Field ion microscopy,[1] which permits the ooservation of the surface ;.
of a crystal with atomic scale.resolation, is potentially capable of answer-’
ing some of‘the‘remaining questions, FIM has been appiied to a'study of - . ]
neutron-irradiated tungSten [2,3] and platinum. [4] Information has been |
obtaioed cohcernihg the recovery procesSee that take place above 300°K.

The present paper describes a direct investigation of radiation damage
and its recovery'during stages I and II in iridium single crystals bombarded ;
with 10 Mev protons at temperatures down‘to 10°K. Some effecte of the irradi—'
.ation temperature on the nature of the damage are also presented. The uncer-
tainties concerniné association of particular point defects with the details |

of the field ion images are discussed in detail.

'II, EXPERIMENTAL PROCEDURE

A. General

Iridium specimens were prepared from 5/1000 of an inch diemeter wires

of 99.99% purity (from Englehart Company). The wires were annealed at 600°C
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for 10 hours in a vacuum better than 10-8-torr in order to remove any

- defects introduced in cdld—drawing. From these wires, specimens suitable

for field\ion micfoscopy‘were obtainéd by:electropolishing in a saturated
solufion of chromic acid at room temperature.

A first series éf 5 specimens vere bdmbarded at 5°K with lO_Mév protohs
in place in a'liquid helium‘cooled field ion microscope which was coupled to
the 88" Eyclotron at the Berkeley Lawrence Radiatioﬁ Laboratory. The experi-
mental set-up, which is sﬁown schematicaily iﬁ Fig. 1, ﬁas been.described in
a previous publication. [5]

A second series of U annealed iridium wires were irfadiated at room
temperature. Four specimens were prepared from these irradiated wires by

electropolishing at 0°C after irradiation. .

B. IJIrradiation and Field Evaporation Procedures

The proton beam was focused‘ahd alighed on a quaftz‘plate set 5 feet
in front of the target. Immediately behind the quartz a dummy target enabled
setting the beam current to the proper inteﬁsity. During the aiignment |
procedure, the specimen was protected from energetic radiation by a 5" thick
carbon dﬁmmy target. No change§ in the surface strucfure of the iridium
specimen were detected dﬁring these operations. Because of the optical design,
the bean was siigﬁtly divergeﬁt. -Nevertheless,-the dose of incident radiationv
on the target could be evéluated with ah accuracy of 20%. When the specimen

had been irradiated to the desired integrated dose, investigation of the bulk

damage was carried out without warming the'specimen by using the field evapora-

.tion technique. [1]

The field evaporation process must be carried out in a carefully-con-

trolled fashion in order to control the field-induced migration of defects

I
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and to prevent exténsive_evaporation iﬁ the.neighbofhood of clustered
defects. For this purpose, a pulsed technique was adopted. Short positive. ) '
voItagé pulses were superimposed on the best imaging voltage. By incrgasing

the émpiitude of these pulses, the evaporation field was reached. The amount .

of material removed from the surface during each pulse could be controlled

" by the duration of the pulse. Because of ‘the short duration of the pulse

(10_5 séc;), the biurring of the image, [1] which for iridium would appear

otherwise at 5°K for values of the field lower than the field evaporation
'thréshold, did not occur. Thus, the method permitted the observation of the

removal of individual atoms in the most favorable conditions.

C. Annealing Procedures

The annealing‘ekperiments wvere performed in two steps for the low
temperature irradiated specimens. By letting the liquid helium evaporate, . ﬁ'{ v

the specimen was slowly warmed from 4°K to T77°K at a rate of about 10° per

- minute. During the heating, the imaging field was maintained at 1 Kv below
»the best imaging voltage in order to avoid any céntamination of the surface.
Furthermore, except when taking pictu}es, the annealing was done under
vacuumA(below 10-8 torr). In this way, bombafdment of the specimen by energe-
tic copper ions sputtered from the heaﬁ shield by helium ions was aﬁoided.
Continuous recording of tﬁe annealing temperature was achieved bet@een lh°Kv
and 71°K with a Cu constantan thermocouple with a cold junction at liquid B

nitrogen temperature,

By warming up the cryotip with heated helium gas, the specimen was
heated from T7°K to 230°K in steps of 30 degrees. As in the previous anneal-

ing experiments, precautions were taken to avoid contamination or bombardment

rea e M e e e e 3L rpeEpre | s e

of the surface during the annealing steps.
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III. RESULTS AND DISCUSSION

A. ‘Contraét]from Point Defécts and Their Clusters
' 'in ‘Field Ion Micrographs

1. interstitial Contrast

Interstitial atoms were detectéd in two ways. bgringvslow wvarming
of the speciméns,after irradiation at 5°K, bright spots were observed to
pop up to the surface in the temperature range 15°K-42°K, as shown in
Fig. 2. Théée bright spots were the only detectable changes of ﬁhe metal
-surface: the effect did not.appear on heating non—irrgdiéted specimens through
the same ﬁemperature range. |

The possibility that’the bright 5poté could be cuased by trappéd
hydrogen atoms migrgting to the surface.waé discounted because the probability
of trapping the protons in a specimen of S/lOOOf diameter upon irradiation
with‘io Mev protons is extremely small and approaches. zero in the observed
area of the tip where thé diamet;r is reduced to less than 2000 X. The o
possibility of impurities migrating to the surface and giving rise to bright
spots upon annealing was also discounted because of the extremely low tempefa—
ture, Therefore, it is almost certain that ihese bright spots were caused
by the popping up to the surface of intersti;ial atoms created during
»irrédiatipn; |

Low température migration of interstitiais has also been observed by
a similar method [6,71 in irradiéted W. 1In the temperature range 21° K -
77° X, bright spots would pop up to the surféce and disappear immedisately.
However, in the present experiments conditions were achieved which pérmitted '

retention of the extra atom on the metal surface. Moreover, they could

easily be removed by a sharp temperature increase as shown in Fig. 24, or

r
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by a small increase of the applled field.

A second procedure for bringing 1nterst1t1él atomsvto the surface
was disdovered during controlled pulse field evaporaﬁion. A field
evapératlon pulse often caused bright spots to appear on the surface at
planes Whlch had lost no atoms or only very few atoms at thelr edges.
Since this contrast effect was not QbserVed in pon—lrradlated iridium, ‘
these bfight spots weré associated with interstitials. They appeared as
single or as pairs of brighﬁ épots and were preferentially removed from
thé surface during a second pulse as seen in Figs. 3 and k.

-Interstitial atoms that lay witﬁin a few interaﬁomic distances of
the surface were brobably induced té move by the.incréased electrostatic
strain associated with the momentary increase in field. Thé changé in
stored energy AE corfesponding to a variation of the field, F, is obtained
- from the elasticity theory if we assume an hemispherical tip and an
elastic deformation of the specimen. 'Then AE is given by:

(52 -3)
91 7%

k

1
AE = >

2 .
where 0y = Fl/8n and g, = Fg/Bn are the negative hydrostatic pressure

. B ] .
applied on the tip for values of the field F and F'o in volts/A and k is

: . ) ] o
the bulk modulus in dynes/cmz. If v is the atomic volume in A3, the change

in stored energy ver atom is:

(- )

AE = 1.22v ———3;3;—42w— in ev/atom (1)

If‘Fl and F0 respectively are taken as the evaporation field and the best
imaging fieid, the values of AEm given in Table I are obtained for Ir, Pt

and W_at 5°K. As a comparison, the migration energies for interstitials,
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E®  for Ir is assumed to be the same as EM‘for Pt.

1I 1I
/.
Table I

P Computed Changes in - Interstitial Migration
! ’ . : v ‘Elastic Stored Energy: : Energy
¢ AE in eV/atom EM ‘in eV/atom
5 m _ . : . : 11 o

Pt 0.009 | o 0.065°
| Ir  0.006 -~ (0.065)
3 | | | , o e8

v 1 0.065 , ' 0.25

é ‘ .These results indicate that the changes in elastic stored énergy due

; | té a field evaporation pulse should not suffice to induce interstitial
migration. However, our experiments and éimilarmresults obtaiﬁed on'
irradiated W [6,7]) and Pt [4] suggest that in soﬁe regions near the surface
the field ;vapofation pulse causes local'disturbances that are much greater
than the average because of local variations of radius of curvature.r Pre-

. sumably it is in these regions that interstitial atoms near the surface

are given enough extra-energy to jump to the surface at a temperature
A -

lower than that ordinarily required fér migration.

Attardo and Galligan [U4] have reportéd a secoﬁd kind of interstitial
‘contfast in irradiated Pt. 'Bright spot contrast was attributed to the
presence of an -interstitial one or two layers below the surface. Their
removal occurred after field evaporation of the atoﬁic planes on top of

. them. This type of contrast was not obser&ed in iridium.
The double bright spot contrast observed at low temperature as seen .

in Fig. 4 was not definitely associated with the presence. of di-interstitials,

r
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. since immediately after irradiation, 10% of'the_iotal number of intér-
stitials géve riée to pairs of bright spots.

Itris possible that when an intérstitiél atom arrives within one
interatomic distance of £he surface, there are metasfable configurations_
that result in protrusion of two atoms. Sqmething like the split <100>

configuration wﬁich has been suggésted by computer éiﬁulaﬁions [10] may
exist near a surface. Depending on the orientation of the splitting
direction with respect to the surfacé or depending on the lattice dis-
tortion néar a split interstitial at the edge qf an atomic plane, one oi
two atoms might be in a more protruding position.

In most caseé, pairs of bright spots were alignedvalong the closest-
packed rows of atomé. However, this was not q}ways observéd,_as seen in

Fig. 5. | S .

2. Contrast from Vacancy and Vacancy Clusters

Vacancies are identified as darkbspots in the middle of completely
imaged planes. [1] However, in some cases impurities can also give;a
similar contrast. [11] Miller [12]~has also reported a high vacancy
concentration in loosely packed planes of weli annealed Pt, Ir and W:
These vacancies were férmed by the field evaporationvof atoms from the'
cenfer of fully imaged planes during a field e&aporation pulse. This
phenomenon makeé the vacancy concentrétion measuréments by field ion
migroscopy very unreliable.

Di-vacancies appear as double dark sppts and afe easily identified
on high index planes as shown in Fig. 6a.:

Larger vacancy clusters were also observed in the low-temperature
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.88 wellxas.in'thebroom-temperature irradiaféd épecimens. These clusters
were of two kinds: 1) diffuse clusters which consisted of groups of éO.to
30 vacaﬁcieé dispersed in'é small volume of the crystal (about 800 KB),
as shown in Fig. 6; 2) large voidsvcorresponding to‘hOO to SOQ vacancies
éxhibited irregular edges and containing no atoms inside as shown in
Fig. 7; .The void shape was generally close to an ellipsoid elongated
along a <111> direction. The infdfmation on cluster‘size obtained through
the field ion microscopy technique mﬁst be considefed with caution, since.
field evaporation may occur in an unpredicfablelwa& at vacancy clusters
and at void edges. | ) |

Dislocation loops of two types were ;lso observed in the room-
temperature irradiaped specimens: 1/2 <ilO> perfect loops lying in a
{110} plane as shown in Fig. 7. The second type“of ioop shown in Fig. 8
was the 1/3 <111> faulted loop lying in {;ll{ planes. The stacking fault
shows up as inter-spaced rings as predicted by computer simulations of
intrinsic stacking faults. [13] Loops were characterized agcordiﬁg to
the method of Fortes and Ralph, [1k4] who repértéd similar loops in iridium
after irradiation at foom—temperature with neutroﬁs. The loop size varied
from 20 - Lo X in diameter and their contrast was heavily distorted by -

the preferential field evaporation at the intersection of the dislocations

with the surface as can be seen in Fig. 8.

B. Annealing of Proton Damage in Iridium

Although no resistivity annealing studies of irradiated or quenched
~iridium are presently available, its annealing behavior was assumed to

be similar to that of irradiated platinum. Recent resistivity annealing

-
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studies cgrried out on Pt irradiated at‘low'iemperature with 20 Mev
deuterons [15] wiil be used aé a model of the annealing behavior of Ir
bombarded a£ low temperature with 10 Mev protons. The assumption of similar
annealing behavior is not unreasonable; since these two metals have an

fce structure and have very similar electronic structures, atomic weight

and displacement threshold energies. The relatively high impurity content
of the 99.99%Iiridium used in the present experiment will probably shift
some recovery'substages or deqrease the amount of recovery in some stages

as observed.in other fcc metals.

1. Stage I Recovery ) o .

Upon aﬁnealing'in the temperatﬁre range ih°K - bO°K, interstitial
migratibh £o the specimeh surface was observéd.'.Therefore:the recovery
during stage I cérrespondé to interstitial migration. A 60% decrease in
the interstitial coﬁcentration, as revealed by the field evaporation
technique, took place within the temperature range 5°k to T7°K (see fig. 9).
Close pair recombination as well as intérgtitial migrétion tb traps is
- taking place during stage I recovery. These results disprove Von Jan's
conclusion [16] since he argued that in no fcé metals are interstitials
mobile in stage I recggfry.

The different types ?f interstitials that may ha&e taken part in

stage I recovery could not be identified.

2. Stage II Recovery

After a 10-hour énnealing at 300°K, a marked increase in the concen-

tration of pairs of bright spots coincided with a lower concentration of

-

single bright spots than was observed after a 10-hour annealing at 77?K.
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The felative'variations in these concentrations are shown in Fig. 9.
These results suggest that stage II involveé the escape of interstitials

from impurity interstitial clusters and the fbrmation bf‘di—interstitials.v‘

 Small clusters of 4 to 5 interstitials were also observed in the annealed'_-f

- specimens.

C. Influence of the Irradiation Temperature onvthe-Damgge

The defects observed in the low-temperature irradiated épecimens
were also.present in the three specimehs irradiated at 300°K with a total
dose of 1018 protons/cme. In addition these~speéimens contained larger

’ : o
voids with 400 to 500 vacancies and dislocation loops of 20 - L0 A

~diameter. The loops were of both types 1/2 <110> and 1/3 <l111>.

The greater siée of the defects in the room—temperatﬁre irradiated -
speciﬁens suggests a different formation mechaniém. As shown by Neisoni
et al., [17] thermal lattice Qibrations during irradiation are expected
to scatter energy out of fdcdsed collision séquences and.to curtail. their
maximum range. As a direct consequence the separation of interstitials
and vacancies becomes Smallér. This would result in a more'localized
defect concentration and a greater localization of the heating of the

specimen in the region of the primary‘knock on. This might be responsible

for the observed differences in the room-temperature damage and the low-

' temperaﬁure damage.

IV. CONCLUSIONS

1. The analysis of the contrast in field ion micrographs of proton-

irradiated iridium has shown that interstitials are associated with éxtra
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bright spots poppihg up to the Surféce updn an increase of the electro-
" static field applied to the specimen or upon a}fise in the specimen tem-
perature. Pairs of bright spots also popping up to the surface may be

associated with single interstitials as well as with di-interstitiais.

S

2. A direct observation of the variations in the interstitial con-

centration as a function of the temperature of recovery showed that the

migration of interstitials is'responsible for.stage-I reéovery. Stage II'_‘=-‘ _

of recovery was also tentatively associated with motion of interstitials
which were probably released from impurity—interstitial‘éomplexes to form

small interstitial clﬁsters.

3. The low—ﬁemperature damage was composed of single vacancies,

interstitials and small "diffuse" vacéncy clusters of 30 to 40 vacancies. -

Irradiations at room—temperaturé produce fhe‘same point defects as in
low-temperature irradiation. In addition, large voids corresponding to
400 - 500 vacancies and dislocation loops were observed in the room-tem-

perature irradiated specimen.
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FIGURE CAPTIONS

Schematic. of the experimental set-up.

Surface changes in iridium upon heating up after irradiation - -

at 5°K: the only surface changes are dotted atoms indicating

interstitials which have migrated to the surface.
Field evaporation sequencé in iridium after irradiation at

5°K. Dotted spot in Picture b shows an interstitial

‘popping up on top of a'plane which did not field evaporate.,

Field evaporation sequence in iridium after irradiation at

5°K and a subsequent annealing at 300°K. Dotted spots
indicate contrast effects from interstitials popping up on . ;'
top of.planés which did not field evaporate. Interstitial .

. shown in Frame A of Picture 2 field evaporates preferentially -

during the following pulse.

Field evaporation sequence showing the contrast effects

(dotted spots) of an'ihterstitial'popping up to the surface
of an iridium specimen irradiated at 5°K and annealed at
300°K.

Field eﬁépofation sequence of a specimen‘irradiated at 300°K.
av ié‘a divacéncy; D identifies "diffuse" vacancy'clu;tefs.
Between (a) and (4) a few central planes have 5één'rembvea.
Field evaporation sequence of a specimen irradiated at 300°K.

Dark arrows show a dislocation loop lying in a {110} plane.

Black and white arrows identify.a void.

Field evaporation sequence of a specimen irradiated at 300°K. -

White arrows locate a Frank loop. Eetween (a) and (b) a few

atoms were removed from the central plane.
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Relative variations of the concentration of bulk interstitials

- as a function of the annealing temperature, C and Co are

respectively the inte.rstitial concentration at 5°K and T°K
as revealed by field evaporation. The surface changes
indicate the frequency (in arbitrary units) of interstitial

arrivals at the surface upon annealing.
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