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OBSERVATION OF MAGNETICALLY ANISOTROPIC DEFECTS
DURING STAGE | RECOVERY IN NICKEL AFTER
LOW-TEMPERATURE ELECTRON IRRADIATION

K Forsch!!, J Hemmerich, H. Knoli2! and G. Lucki3!

ABSTRACT

N,

An effort wes undertaken 10 messure defect induced changes of magnetic anisotropy in & mickel singie
crystal afrer low temperature e'ectron irradiation A dynsmic messuring method was used after recrienting »
carimn fraction of the rediation-induced defects in an externs! megnetic fisid of 5 xOe In the empersture
rarge ot recuvery siage i1c o, g (45 to 80 K} the crystatiograthic direction dependence of defect-induced
snit0tropy could be dstermined The results show that in this temperature range the (100} split interstitial i3
mobile snd sbie to rearient The obteined data sre further discussed with respect to existing information on
magnetic after etlect snd resistivity snnesiing in electron irradisted ppckel

.

Es wurde wne Messwwng der defektinduzierten magnatischen in einem Nicksisinkristsl) nach
T.eftemperatur Elektronenbestrehiung durchgefihrt Hierzu wurde eins dynamische MefSmethode nach
Ausrichten cines Bruchtels der Dasfekte in cinem externsn Magnetfeid von 5 kOe angewandt Im
Temperaturbereich der Erholungstufe 'C D E (45 bis 60 K) konnte die Richtungssbhangipkeit der
defek tinduzierten Anisotropie bestimmt werden Crie Me(ergabiises zeigen. dafd in diesern Temperaturbareich
das Zwischengittergtom in der {100) Hentst Konfiguratian bewseglich und orientierbar st Die
Mefergebrisse werden fernar diskutert /m Zusammenhang mit Messungen der magnetischen Nachwirkung
und Yhderstendserhciung in elektronenbestrahitem Nicke!

1. INTRODUCTION

The interpratation of the recovery behaviour of f.c.c. metals has been the subject of a
lang standing controversy (see eg the articles' and?) [n eiectron-irradisted Ni the
radiation induced intorstitials give rise to a magnetic after affect (MAE) at around 56° K {enc of
recovery stage |} This MAE has been observed by groups at Grenoble (Peretto et al.3), in
Stuttgert (Lampert and Schafer®, Schafer and LampertS), and at Julich (knoll st al.6). The
interpretation of this effect is controversal: Peretto et al. and Knoll and Schilling attribute it to
the reorientation of interstitials during their free migration, whereas Schafer and LampertS and
Kronmiiller? attribute it to a crowdion diffusion after effect without reorisntation of the
interstitial In the first case the interstitials are assumed to have the (100} split configuration
and that they stabilize the Bloch wal! by taking with some preference the energetically more
favourable orientations within the Bicch walls In the case of the diffusion after effect the
stabil.zation of the Bloch walls is thought to come about by diffusion of the interstitials over
long distances into or out of the bloch walls depending whether their imeraciion with Bloch
wall magnetizaticn is negative or positive.

A decision betwsen both models can he made if one measures directly thealignment of
interstitials in magnetically ssturated samples, i.e. in sampies which contain no Bioch walls.

1) Now s Siemens Eriangen, ‘Nerner von Sismens Strafle 50.
2) Now st Motoren und Turbinen Union (MTU} Miinchen, 8 Minchen B0, Dachauer Str 885
3) On leave from Instituto de Energia Atdmica, S$Bo Peulo, Bres.lun



Becsuse 1n this case no gradient of the interaction 5t the interst:tals with the magnetization
exists {like +n Bloch walls) a diffusion of the defects cannot produce an inhomogensity in the
defect distribution over the sample anu thus no change in the magnetization Such an
experiment will ba reported in the prezent paper It shows clesriy thet the interstitials have
tetragonal symmetry and that they aligri in a magnetic f8d with a time constant which 1s about
the same a3 that observed 1n the previous magnetic after sffect massurements This axperiment,
therefore, lesves Irittie doubt that the reorentation of (1007 split interstitials is indeed
responsible for the previously observed MAE in stage | of irradiated Ni

2 Metnod

The method for messuring sinal' chienges 1n magnetic anisotropy has been proposed
earlior® 9 treated in detait by MGller'? and applied by Forsch!! '2 for investigation of
anisotropy 1n Fe-Si alloys induced by silicon dunterstitials Basically this method works as
follows: Assume a disc shaped (flat rotationel ellipsoid) ferromagnetic singie crystal rotating in
a static externai magnetic field A, with an angular velocCity w {rig 1) The maynetic field being
perpendicular to the axis of rotation shoulkd be 50 strong that any domain structura is sbsent
Under the influence of crysts’ anisotrapy - which tries to align the magnetization in the essy
direction and external field - which tries to align the magnetization in the field direction the
magnetization vector in the rotating sample will parform an osciliat:on around the externsi
magnetic field, thus inducing 8 signs! in & pick-up coil
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Fig. 1
Meassuring principle



Fouriar anelyss of this signe! gives direct nformat on about ansotropy Due to the
relative smoothness of the crystal anisotropy surface a perfect (001) cut crystal rnduces a
voltage signal in the pick up col with only two major Fourier components (see'? '2)

U, =r = 2k, (1)

[

v w A (2)
Bw -~ f

H, MH,
viithfbeing a calibration factc of the apparstus, s the rotation frequency H, the externai
field, M the magnetization, and K, the crysta! anisotropy energy

It we introduce ansotropic defects in the sample we should, :n principle, observe an
Incresse «n A01307r0py. At low defect densit:es this (n¢rease due 1o the smatleness of the signal
change cannot be maasured directly Orientable detects, however, can be detected by the
foliowing method |f the sample is magnet:zed parallel to one of the defects anisotropy axes (at
2 temparatuie where the defec’s a2 abie to reor.ent by thermal activation), the defects will
ahign with some preference paraliel to this direction Since this deviation from detect
equipertition has twofold symmetry, it will induce a signat with 2w frequency

Vow = = 1 7 2K (3)
a
Ky has been evaluated by Kronmutler'3 for a defect with tetragonal symmetry (100> spht
intevytity 1)

CE, :

Ko gegr !t TH (4)

¢ being defect concentration, €, the magnetocrystalline interaction energy of the defects, 7 the
relaxaticn time for orientation, r the orientation time, and kg the Boltzmann constant.

Applying a sensitive lock in technique the defec nduced signal U, , now can easily be
separsted ‘rom the crystal anisotropy signal U, , wtich s about three orders of magnitude
larger

3 Experimental
3 1 Messuring techniques

\s described in Section 2 » signal was generateci in a pick up coil surrounding the sample
upon rotation in 3 magnetic field which during all msasurements was kept 8t 5 kOe After
passing an impedsnce matching transformer (PAR type AM 1) and a preamplifier bandfilter
(PAR 1ype 113} the signal was ted into the signa! 'nput of a precision lock in amplifier (PAR
type HR B) The reference signal (either with 2w or 4w frequency) generatad exactly in phase
with the sample rotation wes fed into the reference (nput Pre:rradiation tests showed the
validity of (1), ie the proportionality of U, , with 1/H, for H, above 2 5 kOe and with w
when the sampls drive was running with aither 400 or 800 rpm

The crystal anisotropy energy obtained by measuring U, , and Ug , 1s in good agresment
with that obtained by static methods (e g ' as compared in Fig 2



K, = MH, o5
' 2 ' Use
Atter irradiation the orientation anisotropy of the defects was messured by magnetizing
the sampie at 8 temperature 7 parallel to a main crystaliographic axis during a timet resulting in
a deviation from defect equipertition corresponding 10 (4} Rotating the sampie then caused the
defects to redistribute During rotstion U, . ~ Kpit) could be recorded on a chart recorder

Fig 2

Crystal anisotropy energy K, ; solid line:
measurements of Krauss et sl 14 | single points:
This work

3.2 Sampie preparation

A BN Ni single crystal obtained from sem:eiements was spark-machined to a
{0001) oriented cylinder with 10 mm dismeter This cylinder was cut in slices of about 0 5 mm
thickness, which were further spark and then electrochemically polished to a final thickness of
0.1 mm. These discs were soft soldered to » small copper tip on sn aluming rod which could be
sttachad to the rotation mechanism.

3.3 Cryostat



The cryostat consisted of a vacuum and Liguid N, insulated spiit He reservoir contain ng a
superconduct:ng magnet, which could produce a field up to 5 kOe at the sample position

in the gap between the magnet coils a thermally isolated sampie chamber was mounted
which could be cooled by pumping helium gas from the ressrvoir tirough a cooling coil Inside
this chamber an axie, fabricated from german silver, was mounted rotatable in two self-aligning
composite bearings. These beerings consisted of graphite sleeves tightly titted into stainless steel
hold~s; mechanical dimensions and thermal coefficients of expamsion of these different
materials were matched to obtain tempersturs ‘ndependent and smooth operation between
liquid He and room temperature A cooper sleeve surrounding the sample couid be slectrically
hested to cortrol the sample tempersture within t 03 deg The temperature was measured by
means of AuFe NiCr thermocouple being in thermal contact with the exchange gas near the
sample Duwring irredistion an electron basm penetrated the front window imade of 25um
thick stainiess stes!) and the sample was cooled by direct flow of liquid helium

An electronically regulated tape deck motor (with either 400 or BOY) r:..1) was connected
to the sampie axie by a flex:ble shaft

Ptase and speed information for the synchronous detection of the signal was obtained by
an electrooptical choopping device mounted on the motor The correlaticr: between the
chopper and the crystallographic orientation of the sample was established by Laue graphs.
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3 4 Irradiation

The «wradaton was performed at the Jiiich low tempeatue eiect:an vradiat.on taciity
with 3 MeV elect:ons the beam cuirent density be:ng 30 A cm  Deals about the Juich
wradgtion faciity have been published eariier '®> The sampie was cooled by a drect ftow of
liqudd helium_ the sampie temperature remanad siways below 20 K Total dose was 22 x 10*°
electrons/cm which using dosr, rate and resist.vity measuw: ements of Dus»ng' 6 Logether with
a value o =63 uSlem at%'’ catresponded to a detect concentcation of 79 x 10 * After
swradation the o yostat was disconnected trom the acceierator, the sampie chamber now being
kept beiow 20 K by ndirect cooiing through the colling co+t and ser up for measurements

4 Rewits
4.1 Defect configuration

Foliowing the procedures outiined in Section 2 the sample was magnetized tor 10 min at
a constant temperature istarting at about 40 K) After magnet z'ng the sample was rotated at
the same temperature to measure U, , In this connection it must be noted that all observed
signals due to the phase shift «ntroduced by the impsdance matching transformer had a 50°
phase iag with respect 10 the reference signal Taking this phase shift into account we could
attribute the measured signals to corresponding crystsliographic directions

After magnetizing parallel t0 (100)a maximum s:gnal corresponding 10 an increase n
amsotropy was found in the same directior (accounting for the above ment.oned phase shift),
i.e. the defect population perallel to the magnet:zing and measuring directton had been
increased, Magnetizing paratlel to {010) and measuring pa:aitel 1o (100} resuited in a signal of
same amphiude but negative sign as the detect population oriented paraliel to the (1N0)
measuring direction had been depleted. Magnetizing the sample in (110 direction resuited in
nosignal at any phase position except for some apperatus drift or residual ettect trom
previous (100) or <010° magnetizations

This behaviour shows that the defects are orientec along the main oystaliographic
directions ({100}, @10). (001)}; that means the defects are (100’ split interstitials

4 2 Thermasl behaviour

Measurements were made throughout stage Ie. D g recovery (up to 60 K) in steps of
sbout 2 K with the same result Maximum signals were found after magnetizing the sample in
either (100 or (010) direction. During the measurements after magnetization, 1 @ during sample
rotation the preferential orientation with --spect to magnetic field is lost and the defect
distribution returns to equipartition During that redistribution the time law Kit) (see
equation (4)) can be determined. Detailed analysis, however, was difficult because most of the
measuredd curves due to start up effects, long term drifts in motor speed, and temperature
instability showed devistions of the pure exponential law of(4) Therefore the activation snergy
for defect orientation couid not be determined with reasonable accuracy A relatively good
comperison, however, betwaen magnetic after etfect messurements® ' 7 and anisotropy change
could be perfomed by comparing signal amplitude changes between 40 and 600 s after start of
measurements. This value is relatively free of start up effects and apperatus drifts. This
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amplitude change 15 shown in Fiy. 4, for anisotropy (mid fine) and MAE (dashed iine).
Normalized to equal smplitudes st maximum the two curves practically coincide. The

snwotropy peak 13 somewhet smaller than the MAE pesk. The following ressons may account
for that:

1. The low-temperature tlank of the anisotropy change is lower because the ratic of
megnetizing time (600 s) to defect relaxation time was samaller st low temperstures
(r~2000s at T =50 K) then st higher tampersture (r= 1003 at T =56 K). Thus at low
temper stures not as many defects had time to align anc the signel amplitude was smaller.

2: The high-tempersturs flank of the snisotropy chimge is siso lower; this is due to annesling
becauss during the snisotropy experiment st leest twice the isochronal holding time
(necessary for magnetizing and measuring) was used ss compared to the MAE messuremaents.

coincidence of MAE with the anisotropy changs clesrly shows that the
reorientation of (100) split interstitials is responsible for both effects. From thefurther
coincidence of the MAE with recovery stage iy, ¢ {see Knoll st 2.5, Schafer and LampertS)
follows that during stage | in nickel (100) dumb-bells migrate fresly by a jump mechanism
combining both translation and rotation of the durb-bell.
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Fig. 4

Defect-induced magnetic snisotropy (solid line, V) and magnetic after effect
dashed line O, polyciystat) using dete messured by Knoli'7,



4 3 Magnetocrystaliine interaction energy

in order to compare the presemt information on the (100} spiit interstitial with other
intoringtior obtainable on other defects with tetragonal symmetry wa have caiculated the
~agnetrocrystalline interaction energy  Using the numenial velues of U, ., Uy, and Ug,
together with (1) to {4) we find » valiue for KO, e g st the temperature of the meximum st 55
K.

Ko=35x10""K, =28x 10" ergcm™’

With the defect concentration known from irradiatior dats

Cogn 48x10* or 43x10'° em !

we obtan

witli a1 estimated error of + 10% due to uncertainties in KD and ¢

For other defects in irradiated Ni showing orientation MAE, Kronmuner'3 has calcuiated
values of

£, =315x10* eV

for the MAE peax at 280 K which he atiributes to dumb bell reorientation, and
€y =74 x107% eV

for the MAE peak at 250 K, which he attributes to divacancy reorientation.

Both effects are probably dus to dumb bell reorientation but - as taking place during
recovery stage || should be attributed to rearrangement processes in interstitial clusters. Other
defect- with tetragonal symmetry have similar values of magnetocrystalling interaction energy,
e.g., as given by Bosman and de Vries '8, for

Cina Fe: ¢, =524x 10°* ev,
Nina-Fe: ¢, =355x107% eV

4. 4 Con:lysion

The experimental results reported here leave no doubt that during recovery stage | the
(100) sphit interstitial in Ni undergoes free magration combined with reorientstion. This fact as e
consequence very strongly supports the annesling model for f.c c. metals proposed first by
Corbett et al.'® and later evalusted in detail by Schilling and Sonnenberg2, who sttribute the
recovery taking place at the end of recovery stage | to free 3.dimensionsl migration of the (100
split interstitial.
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RESUMO

Ums 38118 e experiencias o realizada no sentido de ident.ficar os defe:tos que produzermn mod:icacdes
na aN0tTOD 2 MPQetoCristaiing #m mMonocrista:s de Niquel aphs rradiacdo com eietrons a temperstura de
Héo iquido. Foi utihzedo um método de medida dindmo, depos de reorantar uma certa fracio dos
defe:tos de '/radiacBo num campo magnétco externo de 5 kOe. Nos estagios de recorrmento |~ o g (entre
45 ¢ 60 K) g dependencia da diracdo cristaiogratics de amisotropia induzida pelos defeitos for determinada
O1 resuitados mostrem que, nests empiitude de 1EMPeraturs, 03 iNterstiCiais discoc1ados do tipo N DDyMovers e
reorentbvers. Os resuitados obt:dos sl sindas comperados com dados ex:stentes des med:das do sfeito
roanético posterior @ revstividede em Niquel 1-rgdiado com elétrons,

RESUME

Une seré d'expériences & #1¢ realizé cang le but d indentifiar tes ddfauts responsabies des madificetions
d'snsotropie magnérocnistalling dens ies monocristaux de Nikel spris irredistion par électrons & ia
tempersture 3 "héhium hquide Une méthode de mesure Cyns~'que a 8té utilisée apres réorientation d'une
pertie des défauts d'vradistion dans un chemps magnéninue externa de 5 kOe. Au cours des stages de recuit
e p g lentre 45 o 60 K), a oté ddterminée infiuence de I'orentation cristali:ng sur 'anisotropie induite par
les d!slutx Les resultats montrent que, dans 28118 zone de tempérgture les interiticiels dissociés du type
sont mobiles et peuvent se rdonanter Les resuitats obtenus sont ensuite COMpards avec ceux découlant des
mesures de tranage Magnétique et de réuistivité dans le Nickel rractié sux électron,

REFERENCES

1 W. Schilling, G Burger, K. Iseveck, and H Wenzl, in: Vacancies and Interstitials in Metals,
North Holland Publi. Cc, Amsterdam 1969 {p 255).
2 W.Schilling and K. Sonnenberg, J. Phys, F 3, 322 {187 3)
3. P. Peretto, J L. Dddou, C M:nier-Cassayre, D. Dautreppe, and P. hoser, phys, stat. sol. 16,
281 {1966).
4 G, Lampert and H. E. Schafer, phys. stat. sol. (b) 52, 475 (1972}
5 H. E. Schiifer and G Lampert, phys. stat. sof. {b) B3, 113 (1972).
6 H. Knbil, K. Dedek, and W Schilling, to be published in J. Phys. F 3 (1974).
7 H. Kronmiller, in: Vacancies and Interstitials in Metals, North-Holland publ. Co.,
Amsterdam 1969 (p. 667)
8 - E. Bakthesenand H. D Dietze, Phys, ''orh. 1, 30 (1968).
9 - H, Gessinger, H. Kronmiiller, and R, Bundschubh, J. Phys. E 3, 468 (1970).
10 - P. Miilier, D.ploms Work, Univ. Saarbricken,  1970/71.
11 K, Forsh, Dissertation, Univ. Ssarbricken, 1970,
12 - K. Frosch, phys, stat. sol. 42, 329 (1970).
13- H. Kronmiller, Springer Tracts Nature Phil. 12, 253 (1968); 12, 203 (1968); 12, 311
{1968).
14 . D, Krause, B. Ludwig, and U, Patz, Z. angew. Phys, 26, 76 (1960).
15 - J. Hemmaerich, W, Sassin, snd W, Schilling, Z. angew. Phys. 29, 1 (1870).
16 - G. Dising, unpublished data.
17 - H. Knoll, Ber. Kernforschungsaniage Jilic, JUl-864-FF (1972).
18 - A. J. Bosman and G. de Vries, Nederl. T. Natuurk. 27, 85 {1961).
18 - J. W, Corgett, R, B. Smith, and B. M. Walker, Phys. Rev. 114, 1462 (1958).



