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H eavy- ion bomba r dmen t of t hin ferroma gneti c , polycry stal li ne Ùlms can
ind uce substantial changes of their magnetic and microstructural prop erties .
Since w e Ùrst identiÙed this e˜ect in 50{ 150 nm thic k Fe and N i Ùlms irradi-

ated w ith X e-ions, we made a systematic search for the in Ûuence of various
Ùlm and implantation parameters on the orientation and degree of the mag-
netic anisotropy and how these parameters correlate w ith the microstructure

of the Ùlms. Several analy zing metho ds, such as Rutherf ord backscattering,
magneto- optical K err e˜ect, X -ray di˜racti on, magnetic force microscopy ,
111 In p erturb ed angular correlation , and conversion electron M �ossbauer spec-

troscopy , w ere employed in the investigation.

PACS numb ers: 75.30.Gw , 75.50.Bb, 75.70.A k

1. I n t rod uct io n

Mi crom agneti sm, i .e. m agneti c pro perti es of thi n layers and other nanome-
ter structures, is a chal lenge in physi cs and techno logy, due to i ts im porta nce in
m agneti c sensori cs and data storage. The high radi ati on damage density , whi ch
energeti c ions deposit local ly in sol ids, can have a pro found inÛuence on the m i-
cro and domain structure in f erromagneti c Ùlm s. Thi s inÛuence is vi sibl e as Ûux
pi nni ng, ion- induced gra in growth, accum ulati on of defects, and magneto stri cti on
[1, 2]. As exampl es, we m entio n the patterni ng of Co/ Pt mul til ay ers [3{ 5] or FePt
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chemical ly- ordered superlatti ce Ùlms [6] by ion i rradi ati on. The Orsa y group suc-
ceeded in pro duci ng dipolar coupl ed Isi ng dots in thi n Co/ Pt m ul ti layers, i rra-
di ated wi th a He beam. The dom ain wal ls were only few nm thi ck and the ion
i rra diati on at 3 È 1 0 1 6 ˜ -parti cles/ cm 2 was su£ cient to reduce the coercive Ùeld
from 180 Oe to 25 Oe [3{ 5]. Concerni ng the parti cul ar caseof nobl e-gas ion im plan-
ta ti on into elemental ferrom agneti c Ùlms, to whi ch we ref er in the present work, we
m enti on inv estigati ons of the Sta nf ord group [7]. They carri ed out experim ents on
ion-beam assisted sputter depositi on (IBA D) under 100 eV Xe-bombardm ent at in-
cl ined incidence. These experim ents resulted in a pronounced m agneti c ani sotro py
wi thi n the Ùlm plane, whi ch wa s related to an uni axi al latti ce compression wi thi n
the Ùlm plane and a di lata ti on verti cal to i t. Inverse m agnetostri cti on wa s consid-
ered the dominating source of the magneti c ani sotro py.

2. E ar ly ex p er im ent s

Ma gneti c ani sotro py of thi n Fe Ùlms duri ng low-tem perature Xe i rradi ati ons
wa s found in 1996 by Neuba uer, Reinecke et al . [8{ 10] in thei r studi es of ion beam
m ixi ng e˜ects in Ag/ Fe bi layers and of the hyp erÙne intera cti ons in laser-deposited
Ag Fe and InF e al loys. For the therm al ly non-m iscible system Ag / Fe i t turned
out tha t the heavy- ion induced col l isional interf ace m ixing is counterba lanced by
segregati on of the interm ixed layer duri ng the spike condensati on phase [8{ 10].
The surpri sing resul t was tha t the int er face roughness did not increase signi Ùcantl y
duri ng ion impl anta ti on. Thi s was also conÙrmed by Kuro wski vi a X- ray di ˜ra cti on
in Ag/ Fe m ulti layers [11]. Pro of of the m agneti c texturi ng e˜ect in thi s system
occurred vi a perturb ed angular correl ati on (PA C) spectroscopy wi th 1 1 1 In tra cers,
whi ch were either ion- impla nted or deposited as a submonolayer in Fe, at a di stance
of few nm from the interf ace [12]. As can be seen in Fi g. 1, the PA C spectra and
thei r Fouri er tra nsform s show a pronounced m agneti c texturi ng e˜ect [8]. These
data clearl y exhi bi t a dram ati c change of the magneti zati on pattern duri ng the
Xe- i rra diati on: the com ponent havi ng the La rm or frequency ! L i s stro ngly reduced
in intensi ty relati ve to the com ponent havi ng 2 ! L . By m eans of the M�ossbauer
spectroscopy we showed tha t the hyp erÙne Ùeld is ori ented wi thi n the Ùlm plane
after i rradi ati on, whi le i t was m ore or less isotro pic after depositi on (see below).

A sim i lar texturi ng e˜ect was also found [13] when measuri ng the m agneti za-
ti on curves of Ag / Fe bi layers or Fe Ùlms vi a magneto -opti cal Kerr e˜ect (MOK E).
W e noted tha t the coercive Ùeld strength H c stro ngly decreased duri ng i rradi ati on
and reached values about twi ce tho se obta ined for 15 nm thi ck sing le-crysta ll ine Fe
Ùlms and m agneti zed along the h 1 1 0 i hard or h 1 0 0 i easy di recti on [14]. PAC and
MOKE analyses were also carri ed out f or 18{ 400 nm thi n Ni Ùlm s deposited on Si
or SiO 2 substra tes and i rra diated at 100{ 300 K wi th Xe + beam s [15]. In order to
ensure tha t no ion-beam induced nickel sil icide form ati on occurred at the Ni / Si
interf ace [16], the ion energy was chosen such tha t the m ean ion range was less
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Fig. 1. PAC spectra of a A g/F e bilayer dop ed w ith 111 In ions taken before (a) and

af ter (b) an irradiati on w ith 450 keV X e ions at 100 K . N ote the strong changes of the

! L and 2 ! L comp onents in the spectra [8].

Fig. 2. Magnetic anisotropy of a 75 nm thick polycrysta ll ine N i- Ùlm on Si h 1 00 i irra-

diated at 100 K with 4 È
1 4 X e-ions/cm 2 at 200 keV . T he right- hand part is a p olar

diagram of the relative remanence.

tha n hal f the Ni thi ckness. Fi gure 2 il lustra tes the m agneti zati on curves measured
at vari ous angles between the externa l m agneti c Ùeld and the ori entati on of
the sam pl e as indi cated for exampl e by the di recti on of the long axi s. Li ke in the
case of Fe, one notes tha t an ion Ûuence as smal l as 4 1 0 Xe ions/ cm dras-
ti cal ly reduces the coercive Ùeld to 20{ 30 Oe. Further i rra diati ons di d have much
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Fig. 3. C omparison of the relative magnetic remanence in N i and Fe Ùlms of various

thicknesses generated by X e-irradiati ons at 100 K and with Ûuences of 4 È 10
1 5 and

1 È 10 1 6 ions/cm 2 .

inÛuence on the m agneti zati on pattern. The hysteresi s depends strongly on the
angle ˚ (compare the data ta ken at ˚ = 0 £ ; 9 0 £ and ˚ = 4 0 £ !).

In Fi g. 3, the angular dependences of the relati ve rem anence ( ˚ ) = M =M

for Fe and Ni Ùlms irra di ated wi th 4 1 0 or 1 1 0 Xe ions at 100 K are
compared. One notes sim i lar e˜ects in both m atri ces at sim i lar Ùlm thi cknesses,
but a m uch smal ler texturi ng in the case where the Ùlm thi ckness is much larger
tha n the ion range calcul ated vi a TR IM [17].

Our previ ous PAC and MOKE analyses of ion- i rra diated Ni Ùlm s [15, 18] did
not ta ke parti cul ar care concerni ng the various typ es of stresses in the sam ples.
Ho wever, inv erse magneto stri cti on as one of the basic mechanisms generati ng m ag-
neti c anisotro pies depends on these stresses [1, 2]. There are usual ly stra ins either
induced duri ng depositi on of the Ùlms or pro duced by the im planted ions and pos-
sibly by externa l stresses, due to the mounti ng or cool ing of the sampl es. In order
to di sentangle thei r rela ti ve inÛuence, we carri ed out two typ es of exp eriments for
75 nm Ni Ùlm s i rra diated wi th 250 keV Xe- ions at 100 K.
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Fig. 4. Implantation proÙles of 30{ 900 keV X e- ions in a N i(75 nm)/Si O 2 bilayer.

Fig. 5. (a) Lattice constant a, (b) FWH M of (111) reÛex, and (c) fraction f
N i of X e-ions

stored in the N i layer, versus ion energy .

In the Ùrst series, the ion energy was varied between 30 and 900 keV, i .e.
in such a m anner tha t the pro jected ion range R p was located either near the
surf ace, in the center of the Ni Ùlm , at the layer/ backi ng interf ace, or Ùnal ly in
the SiO 2 substra te. The calcula ted Xe distri buti ons are i l lustra ted in Fi g. 4. W e
analyzed these Ùlm s at room temperature before and after the Xe im planta ti ons,
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Fig. 6. MO K E patterns of the samples irradiated at di˜erent X e-ion energies.

vi a R utherf ord backscatteri ng (R BS) (to check the Xe-proÙle), X-ray di ˜ra cti on
(XR D ) (cha nges of latti ce constant and local stresses), and MOKE (m agneti c
ani sotro py). The latti ce constant as obta ined f rom XR D is shown in Fi g. 5a, to-
gether wi th the FW HM of the (111) reÛex (Fi g. 5b) and the fracti on f N i of Xe- ions
stored in the Ni -Ùlm (Fi g. 5c). Cl earl y, the m ean latti ce di lata ti on is largest when
the ions are ful ly stored near the m iddl e of the Ni layer (Â a = 0 : 0 0 8 ¡A). The
latti ce di lata ti on is reduced when either a large f racti on passes the Ni foi l and is
stored in the SiO 2 substra te, or when Xe is deposited close to the surface, i.e. at
a distance much smal ler tha n the typi cal XR D scanni ng length. The evoluti on of
m agneti c rem anence in thi s set of sam ples m easured vi a MOKE is displ ayed in
Fi g. 6. One notes tha t magneti c anisotro py appears around R p =d = 0 : 1 5 and stays
rather constant up to R p =d ¤ 0 : 8 , but then gets weaker (R p =d = 1 : 5 6 , Fi g. 6f ).

In the second series of experim ents, the e˜ect of externa l stresses was studi ed
in the fol lowing wa y: the 75 nm thi ck Ni Ùlms, 7 È 1 0 mm 2 in size, were deposited
onto recta ngular h 1 0 0 i Si substra tes, 4 0 È 1 5 mm in size, whi ch were then bent rel -
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Fig. 7. MO K E pattern of the remanence in a 75 nm N i layer on SiO 2 measured as func-

tion of the b endin g curv ature 1/ R of the samples during the 450 keV X e implan tations

at 100 K .

Fig. 8. MFM analysi s of a 75 nm N i Ùlm on Si: (a) as dep osited, (b) irradiated w ith

4 È 10 14 X e/cm 2 . Note the domains w hose w idth has increased from 200 nm to 2 ñ m.

ati ve to one of the two axes. The curv ature of each Ni Ùlm was measured by m eans
of a pro Ùlom eter and adjusted to a curv ature of 0 ç 1 =R ç 2 mÀ 1 (see Fi g. 7).
Af ter the irra di ati ons of the bent sampl es at 100 K wi th 4 È 1 0 1 4 Xe- ions/ cm 2 at
200 keV, the stress wa s released so as to pro vi de a Ûat surface at room tempera-
ture, again checked wi th the pro Ùlom eter, and MOKE analyses were carri ed out.
The results are shown in Fi g. 7. One notes tha t (1) the m agneti c texturi ng ef-
fect, vi sible as the rati o of largest and smal lest rem anence, increases for increasing
curv ature 1/ R , and tha t (2) the pattern turns to wards the axi s perpendicul ar to
the bending axi s, for increasing curv ature 1/ R . Thi s is to be expected, since the
release of the externa l stresses af ter im plantatio n creates a compressive stress in
the Ni Ùlm and leads to the magneto stri cti ve anisotro py paral lel to thi s stress.

As a last resul t, the domain structure as m easured vi a m agneti c force m i-
cro scopy (MFM) is shown in Fi g. 8. The 75 nm Ni Ùlm had been deposited onto
Si and i rra diated wi th 4 È 1 0 1 4 Xe- ions/ cm 2 of 200 keV. One notes tha t the typi -
cal periodici ty length of the dom ains increased from about 200 nm to 2 ñ m , as a
consequence of the ion bombardm ent. Thi s Ùndi ng sti l l needs to be expl ained.



758 K. P. Li eb et al .

4 . Xe -i r r ad iat io ns of F e Ùlm s: m agn et i c an i sot r opy an d m icr ost r uctu r e

Simi lar inv estigati ons as described above for thi n Ni Ùlms have also been
carri ed out in the case of Xe- i rra diated Fe Ùlms deposited onto Si and SiO2 sub-
stra tes. In thi s system , i t is advanta geous to use conversi on electron M�ossbauer
spectroscopy (CEMS), whi ch m oni to rs the magnitude and ori entati on of the local
hyp erÙne Ùeld. As can be seen in Fi g. 9, the CEMS spectra of a 152 nm Fe Ùlm
ta ken before and after a Xe- i rradi ati on at 450 keV and 100 K show a disti nct
change of the intensi ti es of the hyp erÙne components of the sextet. Thi s change
of the intensi ty rati o indi cates tha t the m agneti zati on of the Ùlm , whi ch ori ginal ly
wa s almost isotro pic, has swi tched into the Ùlm plane, due to the Xe- im planta tio n.
Prel im inary CEMS studi es wi th the sam ple incl ined relati ve to the di recti on of the
photo n beam proved tha t one can also determ ine the axi s of pref erred m agneti za-
ti on in the foi l vi a CEMS.

Fig. 9. (a) CEMS spectra of a 152 nm Fe Ùlm, irradiated w ith 1 È 10 16 X e-ions/cm 2 at

450 keV and 100 K . (b) X RD spectra of the 152 nm Fe Ùlm, b efore and af ter irradiatio n

w ith 1 È 10
16 X e- ions/cm 2 at 450 keV and 100 K .

As to the XR D spectra of thi s sam ple di splayed in Fi g. 9b, we observe a shift
of the positi on of the h 1 0 0 i reÛex by 2 Â ˚ = 0 : 2 4 3 , corresp onding to a change in
the latti ce constant by 0.4%, but no signi Ùcant ion- induced increase in the grain
size (D = 18 (1) nm before i rradi ati on, D = 21( 1) nm after i rra dia ti on). Hence
no ion- induced gra in growth appears to happ en as found for sim i lar i rradi ati ons
of Ag layers [19, 20].

5 . Su m m ar y

In conti nuati on of our previ ous wo rk on ion i rra diated ferromagneti c Ùlms
[8, 9, 13, 15], we have shown tha t Xe- i rradi ati ons of thi n polycrysta l l ine Ni and Fe
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Ùlms produce stro ng magneti c polari zati on e˜ects, vi sible as pro nounced ani sotro -
pi es of the m agneti c rem anence M , satura ti on Ùeld H a and coercive Ùeld H c . In
the process one m ay disti nguish tw o stages: upon low- Ûuence Xe- im planta tio n,
the magneti c Ùeld swi tches from a m ore or less isotro pic spati al di stri buti on into
the Ùlm plane, as demonstra ted by PAC and CEMS (i n the case of Fe), and
the coerci ve Ùeld H c i s strongly reduced (as dem onstra ted by MOKE). A second
e˜ect is the in-plane polarizati on of the m agneti zati on along certa in axes, cal led
m agneti c texturi ng here. W e have studi ed the inÛuence of vari ous param eters, as
for exam ple the ion range (rel ati ve to the Ùlm thi ckness) and the externa l stresses
duri ng implanta ti on. The dependence of the m agneti c ani sotro py of an externa l
polari zing magneti c Ùeld, on the impla nta ti on and anneal ing tem perature and on
m ulti ple i rradi ati ons wi l l be di scussed separatel y. Fi rst analyses vi a MFM and
VSM have been carri ed out, but m ore deta i led experim ents are needed.

Inverse m agneto stri cti on [21, 22] and an externa l m agneti c Ùeld duri ng im -
pl anta ti on are am ong the decisive parameters governi ng the m agneti c texturi ng
e˜ect. As the local stresses depend in a compl icated wa y on the condi ti ons of the
Ùlm depositi on process, the range and density of the impl anted (i nsolubl e) noble
gas ions and wanted or unwan ted externa l stresses, no ful l separati on into these
components has been possibl e so far. The XR D spectra reveal latti ce di lati ons due
to the impla nted Xe- ions, but ra ther l i ttl e ion- induced gra in growth.
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