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Patterning ferromagnetism in Ni  ggFe, films via Ga * ion irradiation

W. M. Kaminsky? and G. A. C. Jones
Semiconductor Physics Group, Cavendish Laboratory, University of Cambridge, Madingley Road,
Cambridge CB3 OHE, United Kingdom

N. K. Patel”)
Toshiba Research Europe Limited, Cambridge Research Laboratory, 260 Science Park, Milton Road,
Cambridge CB4 OWE, United Kingdom

W. E. Booij and M. G. Blamire
Department of Materials Science and Metallurgy, University of Cambridge, New Museums Site,
Pembroke Street, Cambridge CB2 3QZ, United Kingdom

S. M. Gardiner, Y. B. Xu, and J. A. C. Bland
Thin Film Magnetism Group, Cavendish Laboratory, University of Cambridge, Madingley Road,
Cambridge CB3 OHE, United Kingdom

(Received 3 April 2000; accepted for publication 30 December 2000

We demonstrate that focused Gan irradiation can comprehensively modify the ferromagnetic
properties of NjgFeyq thin films. Magneto-optic Kerr effect measurements at room temperature and
magnetoresistance measurements at temperatures between 1.5 and 270 K characterized the
irradiation effects. Irradiation steadily reduced the films’ room temperature coercivity, and a dose of
1.0x 10'° ions/cnt at 30 keV was found sufficient to cause a loss of ferromagnetism at room
temperature in films of thickness up to 15.5 nim.situ end-point detection and postirradiation
atomic force microscopy confirmed that the sputtering which accompanied doses up to 1.0
X 10% jons/cnt did not compromise the protective caps on thesgMé, films. We therefore
conclude that the modification of ferromagnetic properties occurred primarily because of difect Ga
ion implantation. From these results, we speculate that focusédi@airradiation could be a
convenient tool for the nanoscale patterning of magnetic properties in 3d transition metal thin films.
© 2001 American Institute of Physic§DOI: 10.1063/1.1351519

In reports over the last three years, ion irradiation hagem (FEI Corporation 200 xP focused ion beam worksta-
emerged as a promising tool for the nanoscale patterning dfon).
highly structured magnetic thin film systems such as ultra- Such G4d ion irradiation can sputter 3d transition metal
thin Co/Pt multilayeré‘8 and chemically-ordered FePt targets rather quickly. The relatively thick 9.0 nm cap of
superlattice§7° In this letter, we demonstrate the promise NigiCryo Was chosen to ensure that the ions did not sputter
of ion irradiation for patterning two important thin film sys- through to the underlying magnetic film. lon beam sputtering
tems that are not so highly structured and thus so fragile withvas monitoredin situ by end-point detectiof?. With this
respect to irradiation: NiFe,, and NigFe,/Cu/NiggFes. method, it was determined that a dose of 2.3
Specifically, we demonstrate that focused 30 keVf Gaa- X 10° ions/ent sputtered away the entire 9.0 nmghGryg
diation can comprehensively modify the magnetic propertie§ap- Computer simulations using tf&imM-90 program by
of NiggFey (=15.5 nm) thin films up to and including ren- Zlegler and Blgrsadﬁ closely corrqborated this empirical
dering them non-ferromagnetic at room temperat(Peevi- figure, calculating that 20106 ions/cn? on average
ous research on the ion irradiation ofgfie,, has used films ~ Would completely remove the cap. The maximum dose used
that were an order of magnitude thicker than those used hef8 t€seé experiments was only X0** jons/cnt, and

and thus found comparatively more minor irradiationtherefore the remaining BYCry Cap should have always

effects?) E(;en ample, having a mean thickness between 4.5 and 5.2

The samples employed were a series OfgRi(15.5 lon-induced roughening of the cap, potentially a major

Emmgogzog'g :nr?/l\}‘:lmcsr a(gdo T}%F?ﬁf'grsnmfvyfﬁ concern as it hypothetically could have compromised the cap
80" C20(9- 807201 Yers g Y with pinholes, was not a problem. Atomic force microscopy

thermal evaporation at 10~ mbar onto room-temperature , . . S
. .confirmed that the ion beam did not significantly roughen the
GaAq100. The samples were then homogeneously irradi- g y roug

ted with il 30 keV Gaf dion b surface of the targets. At the doses usee<1(0
ated with a commercia € ocused 1on beam Sys- 116 ions/cnt) the root-mean-squar@ms) roughness of

the irradiated regions never exceeded 0.9 nm. In comparison,
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Massachusetts Institute of Technology, 77 Massachusetts Avenue: Rooga: ; 6 ;
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bpresent address: Cambridge Display Technologies, Ltd., GreenwicROth in situ end-point detection and computer simulations

House, Madingley Rise, Madingley Road, Cambridge CB3 0OHJ, UK. imply that =4.5 nm of NjyCr,o, cap remained on average
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Applied Field (Oe) FIG. 2. Magnetoresistance response at 40 K of the samem®100 um

- . . .. _mesas of NjFe(15.5 nm/NigCr,(9.0 nm) homogeneously irradiated
FIG. 1. Longitudinal Kerr microscopy at 290 K of easy axis magnetization, .+ 30 kev Ga ions as Fig. 1. Traces from different doses are offset for

reversal in 10um>x100 um mesas of N*.’Fez‘)(lS'S nM/Nig,Crg(9.0 nm) clarity. The applied field was always perpendicular to the current and in the
that were homogeneously irradiated with 30 keV'Gans. Measurements plane of the mesa

were dc, and each plotted curve represents the average of 20 magnetization '

loops. Full magnetization loops for a control and three representative doses

are plotted. The inset displays coercivity vs dose, as determined from Kerr .
microscopy on all samplggontrol, plus seven doses between>61@' and possessed much wider AMR responses at 40 K than the con-

1.0x 10 ijons/cn?, inclusive. trol. This is notable because room-temperature MQKIg.
1) measured these highly dosed samples to have lower coer-
civities than the control. This implies that irradiation reduced
pinholing of the cap should have been negligible. the coercive force des_plte mdt_Jcmg pinning def_ects_,. At the
Figure 1 outlines how irradiation reduced the room tem-S&me time, the dramatic reduction of Kerr angle in Fig. 1 and
perature MOKE response of the dyfey(15.5 nm/ AMR ratp |n_F|g. 2 |m!oly that compositional chan.ge resu_lt—
NigoCr,g(9.0 nm) films to nil within experimental accuracy. N9 from ion implantation rgduced the ej>§change interaction.
All samples dosed with<8.5x 10'S ions/cn? possessed a Such an exchange-reducing compositional change could
clearly hysteretic MOKE response. At a dose of 1.0Cause a room temperature coercivity reduction despite the
X 10% jons/cn?, which was the next highest dose per- introduction of pinning defects. However, possibly also play-
hysteresis. Therefore, the minimum dose necessary to d&€nds could be a reduction of the planar magnetocrystalline
Stroy ferromagnetism at room temperature in theanisotropy due to ion-induced displacement cascades that

NiggFex(15.5 nm/NigCr(9.0 nm films employed here @amorphize the sample.
was between 8810 and 1.0< 10'® ions/cn?. Third, all samples dosed with<8.5x 10 ions/cnt

The effect of lower doses on room temperature magneti®0ssesse®y_soo oe Values significantlylower than that of
properties is best seen in the inset to Fig. 1, which plots althe control sample. This may seem surprising, as the main
the coercivities obtained by MOKE. The coercivity of the effect of such doses was likely to amorphize the film through
flms steadily decreased as the ion dose was increasdlisplacement cascades. However, such amorphization could
through the entire investigated range of #10'“-1.0  potentially reduce resistance relative to the control sample if
X 108 ions/cn?. the control had nanometer scale gaps that could be erased by

Magnetoresistance measurements characterized irradithie nanometer-scale displacements induced by the irradia-
tion effects on low temperature behavior. Figure 2 depictdion. This assumption is plausible given that the control
AMR measurements performed at 40 K on the same samplegample was deposited onto a room-temperature substrate
depicted in Fig. 1. The data of Fig. 2 contain three notablevithout undergoing subsequent annealing. Such a mecha-
results. nism can explain why resistance drops with the lowest doses

First, by 40 K, ferromagnetism was clearly regained inand then increases with dose. There are hundreds of displace-
the NiggFe,o(15.5 NM/NigiCrg(9.0 nm) film dosed to 1.0 ments per incident Gaion. As there are~ 10"’ atoms/cr
X 10% jons/cnt. This sample, which lacked any measurablein the NiggFe,o(15.5 nm/NiggCry(9.0 nm) film targets,
hysteretic MOKE response at room temperature, demoneven a low dose of just=10™ ions/cnt will have essen-
strated a readily measurable hysteretic AMR response at 4tally displaced every single atom from its original lattice
K. However, irradiation had reduced the AMR ratio site. Hence, low doses<(10™ ions/cnt) should have fully
AR/Ry =500 0e by over fivefold with respect to the control, achieved whatever benefit amorphization provided. As the
while it had increased the baseline electrical resistancejose increased, the growing ion implantation reversed the
Ru=500 0e ONly by 1.8%. beneficial effects of these first ion-induced displacements.

Second, the samples dosed wi#B8.5x 10'° ions/cnf  (Note that calculations show that the actual heating of the
Downloaded 28 Nov 2002 to 144.32.136.70. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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mechanism for the measured changes in ferromagnetic prop-
erties. Some magnetic changes were observed even in mildly
dosed samples that could not have receivedat. % of di-
rect G ion implantation(such as the 8010 ions/cn?
sample depicted in Figs. 1 andl 2on-induced mixing of Cr
from the NpyCr,o cap can account for this, because such
indirect implantation can be significant even at low doses of
~10% ions/cnt since each incident 30 keV Gaion can
displace hundreds of Cr atoms. However, given the thickness
of the films and the fact thatriM-90 simulations show such
indirect Cr implantation would be essentially restricted to
within 2 nm of the NjgFe,/Nig,Cr,o interface!® direct Ga
ion implantation appears to be the decisive factor for the
dramatic reduction in Curie points eventually observed with
doses of 1.6 10 ions/cnf.

In conclusion, we have demonstrated that focused Ga
irradiation can comprehensively modify the magnetic prop-

erties of NjgFe, (<15.5 nnj films, up to and including
. . . rendering them non-ferromagnetic at room temperature. We
Jomboel racited wih 30 v Gaons. Traces rom dferen doses are€Simate that the beam used here could a3 nm reso-
offset for clarity. The applied field was always parallel to the current and inlution with a dosage ratio of 100:1 between “dosed” and
the plane of the mesa. “undosed” regions given that it is has a full-width-at-half-
maximum of 8 nm and thatriM-90 simulations predict that
n lateral straggling in NpFe,o(15.5 nm/NiggCryo(9.0 nm)
ms is only 3.2£2.0 nm (mean = standard deviation
Combined with the results on Co films from Ref. 8, the work
here suggests that focused ‘Garadiation can be a conve-
nient tool for the nanoscale patterning of magnetic properties
in 3d transition metal thin films.

FIG. 3. Magnetoresistance response at 1.5 K ofuh®<100 um mesas of

sample by the ion beam is negligible, and thus the ion beart?

should not have induced any conventional annealing. )
Further corroboration that 30 keV Gaion irradiation

could dramatically reduce the Curie point ofghfiey films

came from electrical measurements at 1.5 K ogyR8,o(9.0

nNm)/Cu(8.0 NmM/NiggFe,o(9.0 nm/NigyCry(9.0 nm multi-

layers exhibiting giant magnetoresistan@&MR). Figure 3 | .

encapsulates the resuls of these experimens. G e e e
The remarkable aspect of Fig. 3 is not that the GMR 280 1919(1998.

response steadily decreases with increasing ion dose. lorfH. Bemas, T. Devolder, C. Chappert, J. Feive Kottler, Y. Chen, C.

nduced _ displacement cascades  compromising the e .7, ST ¥ et E S O sey ® Lenene £

NiggFex/Cu interfaces readily explain this steady decrease. g7 (1999, ' T ' v

Instead, the remarkable aspect of Fig. 3 isuhdth of AMR 3T. Devolder, C. Chappert, Y. Chen, E. Cambril, H. Bernas, J.-P. Jamet,

response. The AMR response, which became more and mor‘;l::aalnol J. FerreAppl. Phys. Lett.74, 3383(1999. '

visible as GMR vanishes, firroadenedwith dose and then ~~: Feérre C. Chappert, H. Bemas, J-P. Jamet, P. Meyer, O. Kaitasov, S.

. Lemerle, V. Mathet, F. Rousseaux, and H. Launois, J. Magn. Magn.
suddenlynarrowedat a dose of 1.8 10'® ions/cn?. Mater. 199, 191 (1999.

This trend in the AMR cannot be explained by any al- °B. D. Terris, L. Folks, D. Weller, J. E. E. Baglin, A. J. Kellock, H.
teration of the NjgFe,o/Cu interfaces. It also seems counter- GSOmUi|Ten'Jagd g-g/et}igek AJPF}J('- ITh);(s.KLe}\S’H4O3 (_t9?9m c A
H H H H s H.. . Weller, J. E. E. baglin, A. J. Kellock, K. A. Hannibal, M. F. A. loney,
intuitive. More ion |rrad|at|(_)n should haye meant more pin- - " Lia S Al Lang, L. Folks, M. E. Best, and B. D. Terris, J.
ning defects and thus a higher saturating ﬂeld_and a wider appl. Phys.87, 5768(2000.
AMR response. However, the sudden narrowing becomesB. D. Terris, D. Weller, L. Folks, J. E. E. Baglin, A. J. Kellock, H.
explainable once it is realized that the bottomJNe,, layer 8$°X?U'Zegv slnd P. \S/Eti'gefv IJ AJPPF')- JPh)?«it 7;’0'?(5?2&% et o

. . . ) 0 . Algn, P. Meyer, 5. Lemerle, J.-P. Jamet, J. rewreMathet, C. ap-

Was essentla”y qnlrradlateleM 90 CaICUIateS<O'7@ of pert, J. Gierak, C. Vieu, F. Rousseaux, H. Launois, and H. Bernas, Phys.
ions penetrate this degp’ A narrow AMR response is ex-  Rev. Lett.81, 5656(1998.
pected if the relatively pristine bottom fFe,o layer domi-  °D. Ravelosona, C. Chappert, V. Mathet, and H. Bernas, J. Appl. Bfys.
nated the AMR response. The data shown in Fig. 3 thug,5771(2000.
. . D. Ravelosona, C. Chappert, V. Mathet, and H. Bernas, Appl. Phys. Lett.
imply that the 30 keV Ga& ions at some dose between 3.0 76, 236/(2000.
X 10'° and 1.0 10 ions/cnt rendered the AMR response 1. E. E. Baglin, M. Tabacniks, R. Fontana, A. J. Kellock, and T. Bardin,
of the top NigFex(9.0 nm) layer at 1.5 K negligible within 12Mater_. Sci. Forun248-249, 87 (1997.
experimental accuracy. Therefore, it possible that Gan That is, a picoampmeter monitored bearsample-stage current. In a

. . . . . multilayer target, when the beam sputters completely through one layer to
irradiation reduced the Curie point of the top 9.0 nngoﬂezo reveal a new material, there will be a sudden, sharp change in this current.
layer to below 1.5 K.

This effect allows one to determine what dose is necessary to destroy each
Overall, the experimental results—especially the fact layer.

13 ; ;
; ot ; _ s inglon ranges were calculated wittrim-90 computer program, J. F. Ziegler
that irradiation steadily reduced room-temperature coercivity and J. P. Biersackl990; algorithm presented in J. P. Biersack and L.

despite having creatgd pi_nning defects—imply that Com_pOSi' Haggmark, Nucl. Instrum. Methods74, 257 (1980 (TRIM program made
tional changes from ion implantation were the predominant available for PCs by J. F. Ziegler, Ziegler@usna)edu
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