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lon irradiation effects on bcc Fe/Th multilayers
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Fe/Tb multilayers with crystallized Fe layers were irradiated with Kr, Xe, Pb, and U ions at various fluences.
Damaging processes, investigated®ye Mtssbauer spectrometry at room temperature, give evidence for two
thresholds, one for Fe-Th mixindl'(~25 keV/nm) and one relative to the creation of defects in the bcc Fe
layers (T,~45 keV/nm). If the electronic stopping powedE/dx), value of ions is less thaf,, only a
demixing of Fe and Th atoms can occur at the interfaces, producing both a thickening of the pure bcc Fe layer
and a sharpening of the interfaces whatever the ion fluence is. Befiyemmd T,, the Fe-Tb demixing is still
observed at the lowest fluences, but then the mixing of Fe and Tb layers destroys progressively the layered
structure. At high-ion fluences, the samples exhibit the magnetic properties of the corresponding amorphous
Fe-Tb alloys. When the energy deposited by the ions exceed§,tlvalue, a third phenomenon appears in
addition to the two previous ones: the initial bcc Fe layers are transformed into “pure” disordered Fe layers.
A qualitative explanation of the evolution versus the ion fluences is proposed using the thermal spike model.
[S0163-18207)10417-9

. INTRODUCTION from a critical Fe thicknesét=2.2 nm, iron crystallizes
into the bcc structure in the center of the Fe layers.

Since the 1980s, it has been well established that swift This paper is dedicated to irradiation effects in tac
heavy-ion irradiations can induce structural transformationg-e/Th multilayers withtg, near the limit of crystallization of
in crystalline and amorphous metallic materialdWhen the  the Fe layers. The influence of the ion energy deposition on
energy deposition occurs mainly by electronic interactionthe damages creation is followed varying the energy of the
with the target, above an electronic stopping power threshincident ions. The kinetics of the damaging processes are
old, damages are created into amorphous latent tracks in tiietermined using various ion fluences. The results will be
ion path*® In magnetic materials, the structural changes cargorrelated with previous ones obtained on irradiated amor-
also produce modifications in the magnetic configurationphous Fe/Tb multilayers:
such as a reorientation of the magnetic moments along the
tracks, as already evidenced insF&0O,, (Ref. 6 and Il. EXPERIMENT
YCo, (Ref. 7). L . .

Recently, few studies were devoted to multilayered struc- The |on-|rr_ad|at|on experiments were performed at room
tures. For example, itbcc Fe/Si multilayers irradiated with temperature in the GANIL accelerator of Cagifrance in

U, only amixing of the Fe and Si layers was obserbed. gio M TEIG L 2O MR s
The Fe/Tb multilayer¢ML's) are potential candidates for ' P

. . . ) on a large area at a definite temperature with a continuous
perpendicular magneto-optical recording and it should beolnd homogeneous ion flux. In every case, the samples were

very interesting to create a perpendicular magnetic anismmounted with the plane of layers perpendicular to the inci-
ropy (PMA) in crystalline multilayers which initially exhibit dent ion beamE~1 GeV).

an in-plane magnetic anisotropy at room temperature. The The Fe/Tb ML'’s were deposited at room temperature on
aim of this work is to investigate by’Fe Mcssbauer spec- chemically etched $111) substrates using a reactive diode
trometry at 300 K the structural and magnetic changes prorf-sputtering system. The detailed procedure was reported
duced by ion irradiation in sputtered Fe/Tb ML's. TR&e  previously? The entire Fe/Tb stack is always located be-
Mossbauer spectrometry is a suitable technique for this kindween two layers of §N, (10 nm in order to prevent cor-

of investigation because it gives a direct and local characterrosion and oxidation. The periodic structure and the layer
ization of both structural and magnetic states of the iron laythicknesses of the nonirradiated films were determined by
ers. We reported previously on a detailed diagram of thegrazing x-ray diffraction. Their structural and magnetic prop-
structural and magnetic properties of the iron layers at roonerties were investigated by high-angle x-ray-diffraction,
temperature in sputtered Fe/Th ML’s as functions of the irortemperature-dependent conversion electrorsdibauer spec-
and terbium layer thicknessés-, and t,, respectively.’  trometry, and magnetization measurements versus tempera-
The magnetic properties of these ML’s depend strongly orture and applied magnetic field.

the modulation of composition inside the layér8.At low Here, we present the results concerning two multilayers
Fe thickness, the iron layers are structurally disordered butyith initial crystalline Fe layers, respectivelyl (2.30 nm
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TABLE I. Main experimental characteristics and calculated physical parametar1) (Ref. 13, R, is the projected range of ions,
(dE/dx), and dE/dXx), are, respectively, the ion energy loss by electronic excitations and nuclear colligizrthe fluence of iongr. and
t1p are the nominal iron and terbium thickness¥ds the mean Tb composition of the ML'’s.

tre trp X lons{MeV/amy (dE/dX), (dE/dX)e R, @
Sample (nm) (nm) (at. % TH -(MeV) (keV/nm) (dE/dx), (um) (10* ions/cnt)
S1 2.30 1.17 15.6 K(10.5 16.9 1408 44 6, 16
-(819
Xe-(5.0 34.4 702 22 8, 30
-(664)
Pb{4.2 52.7 435 23 0.1,05,1
-(870
U-(3.9 55.7 301 21 0.52, 1.76
-(810
S2 2.70 1.90 20.3 Xd7.4) 31.9 911 32 2,4,8
-(960
Fe/1.17 nm Th)s and S2 (2.70 nm Fe/1.90 nm Th). Ac- The mean Mesbauer parameters which are reported in

cording to previous resulfsthe Tb layers are amorphous Table Il agree with the_z layered structure. Whepinc_rease_s,
while the Fe layers are crystallized into the bce structurdhe mean isomer shifflS) and the mean hyperfine field
above the critical iron thicknegee.=2.2 nm. (Bp) tend towards the values relative tairon at 300 K
The main characteristics of ion irradiation for these two(I5=0 mm/s, By=33 T). For the two samples, the relative
multilayers are listed in Table I. In order to scan the damag@mount of Fe atoms involved at each interface; A,.re
ing processes, the samples were irradiated with different ioni$ equivalent to about two monolayers of iron. Thus, in
(Kr, Xe, Pb, U at various fluences in the 1% agreement with the increase of the contribution wfe,
3x 10" jons/cn? range. The total thickness of the Fe/Th the bcc iron layers are thicker fdie=2.70 nm than for
stack is always much smaller than the calculated projectebre=2-30 nm. _
rangeR, . Thus, the ions go through the complete (Fe{Tb)  The mean Mesbauer anglg which corresponds to the
layered structure. In every case, the calculated electronic arfi€an angle between the atomic magnetic moments of iron
nuclear stopping power value§TrRiMor (Ref. 13], @andthe norma}l to th_e plane Qf layers is close to 70°, dqe to
(dE/dX), and dE/dX),, respectively, indicate that the de- the demagnetizing f|elq relqnve to the volume which im-
fects due to the ion passage come mainly from excitation oPOS€s a planar magnetic anisotropy.
the electrons of the target. To reduce thermal effects in the
samples, incident ion flux was limited to a few
10® ions/cnt/s.
Before and after irradiation, conversion electron 9¢o 1. S1 (2.3 nm Fe/1.17 nm Tb) study

bauer spe_ctrometrQCEM_S) experiments were pe_rformed_ at  ag previously mentioned, the Nsbauer spectrum of the
300 K using a conventional spectrometer equipped With i giated sampl&L (Fig. 1) is the sum of a sextet re-

helium-methane proportional counter at room temperature,,  to bee Fe53% of relative spectral argand a broad-
and a°’Co source in a rhodium matrix. The samples were set

perpendicular to the incideng-beam direction. The Mgs-

B. Irradiated multilayers

bauer spectra were fitted with a least-squares techHigse Velocity (mm/s)
ing, for the disordered part of iron, the histogram metfiod -10 0 10
relative to discrete distributions, constraining the linewidths 104 ' =
of each elementary spectrum to be the same. Isomer shifts 20
are given relative to bcc iron at 300 K. =
;\? =) 10
;’ o
Ill. RESULTS AND DISCUSSION 2 0
A. Nonirradiated multilayers S g 40
The two Massbauer spectra and the hyperfine field distri- =
butionsP(Byy) are drawn in Fig. 1. The Vssbauer spectra :‘% 20
exhibit two contributions as evidenced on tRéB,;) distri- : 0
butions: the sextet characteristic efiron (B=33T at 0 10 20 30 40
300 K) and a broad component at lower fields. According to By (T)

a previous study witl®’Fe probe layers® this last compo-

nent is attributed to various environments around the iron FIG. 1. Mdssbauer spectra and hyperfine field distributions
sites due to the disordered Fe/Tb interfaces, while the crysP(B,,) for the nonirradiated multilayers at 300 K{a) S1 (2.30
tallized iron is located in the center of the iron layers. nm Fe/1.17 nm Th (b) S2 (2.70 nm Fe/1.90 nm Tb
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TABLE I1l. Mean fitted hyperfine parameters of the irradiated Fe/Tb ML's at 300 K. “No” refers to the nonirradiated
compounds. (IS) is the mean isomer shif{B) the mean hyperfine field3 the mean Mesbauer angled,._r. the relative fraction of Fe

atoms which are in the bcc iron phase compared to all iron atoms. For comparison, data concerning amorphous Fe-Tb alloys with the same
mean global composition are also repor{@efs. 17 and 18

Amorphous Fe-Tb

Fe/Tb multilayers alloys
X lons ¢ (IS) (B B Asre (Bnp) B

(at. % ThH (MeV/amy (102 cm?) (mm/s (M (deg (%) M (deg

Sl 15.7 No No —0.011(3) 24.5 66&%) 53 ~15 26
Kr(10.5 6 —0.006(3) 271 T8 57
16 —0.005(3) 271 T®) 59
Xe(5.0) 8 —0.007(3) 269 709 57
30 —0.095(6) 132 46) 3
Ph(4.2 0.1 —0.013(3) 26.5 66b) 57
0.5 —0.008(5) 24.3 7®) 46
1 ~0.031(8) 16.8 80 22
U(3.9 0.52 —0.045(5) 21.5 ) 42
176 —0.06(1) 86 367 1

S2 20.4 No No —0.007(3) 26.0 7®) 63 18 20
Xe(7.4) 2 —0.008(3) 260 18 54
4 —0.009(3) 24.9 861 45
8 —0.008(3) 232 8@ 33

ened contribution due to Fe atoms involved at the interfacebardment, is observed. Due to the increase of the fraction of
(47% of relative spectral argaThis sample is located close bcc Fe up to 57%Table 1), the mean hyperfine fiekBy;) is

to the limit of crystallization of the Fe layers. It was irradi- enhanced from 24.5 up to 26.9 (Fig. 3). As for the Kr
ated with four different iongKr, Xe, Pb, and ) at various bombardment, the mean ‘MsbauerS angle seems to in-
fluences(Table ). The results will be presented separatelycrease slightly. Taking into account uncertainties on ghe
for each type of ion, increasing the electronic stopping powewalues, no definite conclusion can be given, but it is likely to
(dE/dX),. have the same behavior as for Kr.

(@) Kr ion irradiation. For the two fluences At the higher fluence (& 10" ions/cnf), the usual step
(6x 102 ions/cnt and 1.6<10'ions/cnf, Table ), the  of mixing of layers is evidenced. The Msbauer spectrum
Mossbauer spectii@rigs. 4b) and 2c)] give clear evidence and the hyperfine fields distribution are characteristic of a
for a decrease of the amorphous part. Such an effect is alstisordered iron alloy. A dramatic increase of g contri-
shown onP(By) by a strong decrease of the hyperfine fieldbutions lower than 25 T is observdeFig. 2(e)], while a
contributions smaller than 20 [IFigs. 2b) and Zc)]. The strong decrease of the contributions related to bcc Fe
relative contribution of bcc Fe (30B <34 T) increases (By=30-34 T) occurs. ThéB;) value falls down to 13.2 T
(Table Il) and the mean hyperfine field) increases from (Fig. 3) and the most probable field &(By;) is only 15 T
24.5 to 27.1 T(Fig. 3). So it appears clearly that an addi- [Fig. 2(e)]. This last value is very close to the mean hyper-
tional crystallization of iron occurs during the Kr irradiation fine field of the amorphous Fe-Tb alloy at the same compo-
at these fluences. At the highest fluence (1.6sition (~15 T for 1516 at. % Th'"*® All these modifica-

x 10" ions/cnt), the fraction of bcc Fe seems to saturate totions indicate clearly the destroying of the bcc Fe layers due
a value which is estimated to be 59% instead of 53% inito the progressive thickening of the Fe-Tb interfaces. The
tially. This increase of the crystallized part of iron features aMossbauer angle dependence follows the same evolution.
thickening of the bcc Fe layers and, consequently, a sharglecreasing down to 43°, it seems to tend toward the value
ening of the Fe-Tb interfaces. Such a phenomenon did naelative to the corresponding amorphous Fe-Tb a(lbgble
appear onbcc Fe/Si multilayers® The mean Mesbaued I, Fig. 4). From these observations, and because it remains
angle, becoming slightly larger with the fluendeom 68° to  only 3% area fraction of bcc Fe, we conclude that the Fe and
77° (Fig. 4), indicates that the magnetic iron moments turnTb layers are nearly completely mixed certainly because of
more into the film plane. Thus, the increasing planar anisotthe very high value of the fluence. The mean isomer shift
ropy related to the thickening of the bcc Fe layers overtakesalue (Table Il) then close to the value of the amorphous
the increasing perpendicular magnetic anisotropy produceBe-Tb alloy(~—0.1 mm/s for 15-16 at. % Ttagrees with a

by the sharpening of the interfaces. final structure which tends towards an homogeneous amor-
(b) Xe ion irradiation. The fluences are listed in Table | phous state.

and the Maesbauer spectra are reported in Fig&) 2and (c) Pb ion irradiation. For the bombardments with Pb

2(e). ions, three fluences were usébiable ). At the lowest flu-

At the lower fluence (& 10% ions/cnt), the same in- ence (1xX 10!t ions/cnt), the additional crystallization of the
duced crystallization of iron, as evidenced for the Kr bome-iron layers is evidencetup to 57% of bcc Fe[Fig. 5(b)]. In
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FIG. 2. Masshauer spectra at{B;;) for the S1 sample at 300
K: (a nonirradiated; (b) 6x 102 Krions/cn?; (c) 1.6x10%
Kr ions/cn?; (d) 8x 102 Xe ions/cnt; (e) 3x 10 Xe ions/cnd.

agreement with our previous observatiofBy;) is increased
up to 26.5 T(Fig. 3). As observed in the Mgsbauer angle for
the smallest Xe fluenc@able Il, Fig. 4, the increase of the

bcc Fe part is not enough to produce a meaningful variation *

of the magnetic anisotropy. At 610 ions Pb/cri, the
mixing of the Fe and Tb layers occuB(B,) for the amor-
phous part exhibits a most probable value near 15-§.
5(c)], as for the 310" ions Xe/cnt fluence, and Byy) de-
creases down to 24.3 TFig. 3. At the highest fluence

(1% 10* ions/cnt), the bce Fe contribution has decreased a
lot and it remains only 22%. Nevertheless, this vanishing
seems to be not due to only the further mixing of the Fe and
Tb layers which would lead to B(By;) analogous to the one

of the corresponding Fe-Th amorphous alloy with a maxi-
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FIG. 3. (B vs the ion fluence for th&l sample irradiated
with Kr (@), Xe (A), Pb(#), and U(O) ions. The inset concerns
the Pb and U ion irradiations in the low fluence range.

Fe/Tb ML’s. As we will see later, it may be correlated with
the large ¢lE/dx). value of the concerned Pb ions.

For the two higher fluences, we observe an increase of the
mean Masbauer angléTable Il), so the iron moments rotate
towards the layers plane. This effect is in agreement with the
mixing of layers which destroys the interfaces and conse-
quently the perpendicular anisotropy. Added to the thicken-
ing of the Fe-Tb interfaces, it still exists enoughefron in
the center of the Fe layers to impose its shape anisotropy.

(d) U ion irradiation. The last investigations were per-
formed at two fluences with U ions having an electronic
stopping power value close to the one of the Pb igreble
I). So, the results were expected to be consistent with those
of the Pb irradiation.

80 1

4 ~
60 1!

B (deg)

mum near 15 T. It is noteworthy that the hyperfine field
distribution of the amorphous part exhibits a maximum value
near 5 T[Fig. 5d)], i.e., a very low value compared to the

(Bps) value of the corresponding amorphous Fe-Tb alloy
(~15T). This weakly magnetic component is also clearly
evidenced in the Mssbauer spectrufiFig. 5(d)]. This is a

0 ——

0

10

20

30

® (10" ions/cm?)

new phenomenon which never appeared up to now for theseadiated with Kr(®), Xe (A), Pb(4), and U(O) ions.

FIG. 4. B as function of the ion fluence for th81 sample
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Velocity (mm/s) fications indicate the destroying of the bcc iron layers due to
-10 0 10 the progressive thickening of the interfaces. The mean hy-
- . perfine field{B,y decreases slowly and continuously when
X 20 the Xe ions fluence increaséBig. 8) and it would tend to-
:'c.; wards the value of the amorphous alloy at the same compo-
g 10 sition (18 T for 20 at. % Th!’8 Moreover, iron magnetic
~ 0 moments rotate towards the plane with the fluetingially
. B=70°, after 8<10' jons Xe cm 2, 3=84°) (Fig. 9). In
103 ~ addition to the thickening of the Fe-Tb interfaces which re-
20 duces the perpendicular anisotropy, enoughon still exists
:_:10 in the center of the Fe layers to impose a planar anisotropy.
< - ) Loneoet®®tret o
£ C. Discussion
g a0 To summarize, for thesl sample, we evidenced three
&= = structural changes. An additional crystallization leading to
£ 10 thicker bcc Fe layers is observed in the whole range of the Kr
A~ - fluences(up to 1.6< 10" ions/cnt) and for small fluences of
0 sas? Xe and Pb ions. At higher fluences, the mixing of the Fe and
2 Th layers is observed for every type of ion, except for the Kr
=2 ion. The bombardment with heavy iofBb and U produces
=~ 8 the growing of a new weakly magnetic phase different from
;—: the amorphous Fe-Tb alloy state. For th2 sample irradi-
= 4 ated with Xe ions at small fluences, only the mixing process
‘ between the layers is evidenced.
00 10 20 30 From the kinetics of thew-iron transformation, the energy

B (T) deposition process of ions in matter can be determined for
the two samples. If we assume that the observed structural
and magnetic changes occur along continuous ion tracks

FIG. 5. Mcssbauer spectra ané(By;) at 300 K for theS1 with an effective cross sectioA, one can writedF/d¢
sample irradiated with Pb ions:(a) nonirradiated;(b) 1x10"  =A(1—F) where ¢ is the ion fluence andF is the trans-
ions/cn?; (c) 5x10™ ions/cnt; (d) 1x10' ions/cnt. formed fraction of iron calculated from the initial state of the

ML's, i.e., either the bcc Fe part which becomes disordered

For the first fluence (5211011 ions/crﬁ)’ the results ©Or the fraction of disordered iron which Changes into the bcc
[Fig. 6b)], and the mean hyperfine figlohset of Fig. 3, are,
as expected, between those of the two last fluences of Pb

[Figs. c) and d)], already showing o (Byy) the growing Velocity (mm/s)
of the component located around 5 T. For the fluence of -10 0 10
1.76x 102 ions/cnt, the bcc iron has disappeardeFig. 104 ;\?
6(c)]. The hyperfine field distribution presents a dramatic ~ 20
enhancement of the weakly magnetic phase around 5 T, with :-;5 10
an extended tail up to 22 T. The enhancement of the weakly oy
magnetic phase has a strong influence on the mean hyperfine . 0
field: (Bys) decreases down to 8.6(Fig. 3) which is a very ~ e —_
low value compared to the one of the corresponding amor- s § 20
phous alloy(15-16 at. % Thand the mean Mgsbauer angle g —_
goes down to 36¢Fig. 4). This value will be discussed later % & 10
(Sec. 11 O. £ &
= 0
1.00 - *
2. S2 (2.70 nm Fe/1.90 nm Th) study e c|®
This sample is farthest off the limit of crystallization of =
iron. The nonirradiated multilayer presents a larger crystal- e 8
lized bcc iron thickness in the center of iron layer than the . A~
previous one. 10 f S 0 ®
This multilayer was irradiated only with Xe ions at vari- 0 10 20 30
ous fluencegTable ). Increasing the ion fluence, the &® ‘ Byr (T)

bauer spectra and hyperfine field distributigkfy. 7) show

a clear decreasing of the contributions between 30 and 34 T FIG. 6. Mdssbauer spectra am(By,) for the S1 sample at 300
while a strong enhancement occurs for the componentg irradiated with U ions:(a) nonirradiated;(b) 5.2x10 ions/
smaller than 30 T. As for the previous sample, these modien?; (c) 1.76x 10'? ions/cnf.
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< & ) o 10 L
< I
= _ 0 e e
S <
2 c < 0 2 4 6 8 10
= =10
= 2 ® (10"? ions/cm ?)
1.00 0
1.03
= FIG. 9. The mean Mssbauer anglg as function of the Xe ion
_3'_ fluence forS2.
a‘ 8
n-‘ . . . .
100 0 \ mixing of layers and the growing of the weakly magnetic

phase, are relative to a positive slope. The obtained straight
lines confirm that the creation of defects occurs by excitation
of the electrons of the target in the ion path, which means by
a statistical deposition along the tracks of ions. It is notewor-
thy that the points deduced from the Pb and U irradiation
experiments are located on the same curve agreeing with
their closely lying values ofdE/dX),.

Because of the relatioR (¢)=1—exp(—Adg), the slope
structure. The parametér can be easily deduced from the Of the representation-In(1—F) versus the ion fluence

fitted relative fraction of Fe atoms in the bcc iron phase(Fig- 11 allows one to determine the effective cross-section
A,.r (Table 10). A and the effective radiuR of the latent tracks in the hy-

First, let us discuss the results for tit sample. To pothesis of continuous tracks. The deduced values are listed
obtain a striking view of the different processes, the noncrystn Table 1lI. , o
talline part of iron is plotted versus (@) (Fig. 10. The As far as the Kr ions are concerned, the straight line has a
additional crystallization of the bcc iron layers is clearly N€gative slopeFig. 11) because the bcc Fe fraction increases
pointed out by the part of the curves which exhibits a negaW'th the fluence. The straight line effectively goes through

tive slope and the amorphization processes, including thée origin of the diagram because the extra-crystallization
step begins from the nonirradiated multilayer. In this case,

0 10 20 30
Byus (T)

FIG. 7. Mcssbauer spectra ané(By;) at 300 K for theS2
sample irradiated with Xe ions:(a) nonirradiated;(b) 2x10'2
ions/cn?; (c) 4x10% jons/cnt; (d) 8x10% ions/cnf.

30
i 100 —_—
A
25 P-— -~ /
A ~ -
r B e T > 80 *
£ | /
/t 20 _: 8l 60 o
£ L - é
o alloy , /
Y 40 4 el Tl
15 +
/_mq_x_uJuuF_n_u.muHu.um'_uu.uu*_u_uuu
[ 0 0.01 0.4 1 10 100 1000
10 . t t i . } . t

@ (10" jons/cm )

12 . 2
® (10" ions/cm °) FIG. 10. Percent of disordered iron (108 ,.g) in the S1

sample as function of the ion fluence: nonirradiated), Kr (@),

FIG. 8. (Byy) vs the Xe ion fluence for th&2 sample. Xe (A), Pb(#), and U(O).
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FIG. 11. —In(1—F) vs the ion fluence for th&1 sample irradi- FIG. 12. —In(1—F) vs the Xe ion fluence for th&2 sample.

ated with nonirradiated< ), Kr (@), Xe (A), Pb(¢), and U(O).
pure bce FeRef. 19 irradiated with U ions can be attributed

to the two simultaneous processes which occur in these

where the Fe-Tb demixing process occurs alone, the deducéd/Tb ML's.

track radius actually corresponds to an effective demixing 1he damage evolution described by the lain(1—F)
track radius. =A¢ for the S2 sample is reported in Fig. 12. The best fit

For the other iongXe, Pb, and U, the lack of points at gives an effective cross sectidn=7.5 nnf which means an
ffective radius of traclR=1.54 nm. The discrepancy with

the lowest fluences does not allow one to study the demixinﬁ i : > ) v
process and only the points relative to the mixing of layers ofhe previous value obtained for tld sample irradiated with

the weakly magnetic phase growing were considered, i.eX€ ions R=2.1 nm) is due to the hypothesis of the continu-
the points belonging to the linear part with a positive slopePUs tracks, the smaller radius value corresponding to the
(Fig. 10. According to what was previously seen, the pointsthicker (Fe/Th bilayer. In striking contrast with the previous

relative to Pb and U irradiations are lying along the samdnultilayer, the straight line intersects the origin. Thus, the
straight line. additional crystallization of the iron layers at small fluence
In contrast to what was observed until now, the straighd0€S not occur. . _
lines relative to the Xe, Pb, and U ion bombardments do not We will now interpret the different observed damaging
intersect the origin of the diagram which corresponds to thdrOCesses. Let us recall that increasing the ion deposited en-

nonirradiated multilayefFig. 11). This is a signature of the ©rgy, and increasing the fluences, we showed that the ion

small fluences and changes the initial state of the ML's bethrée phenomena: a demixing between the atoms, a mixing
fore the further transformations. of layers and the appearance of a weakly magnetic phase.
The slope of the straight lines allows one to determine the The mixing of layers is a commonly observed effect on
effective radii of the continuous tracks corresponding to thenultilayers'* and confirms the initial layered structure of
mixing of layers for the Xe ion irradiation, and to the mixing the samples. With the assumption that it starts from the in-
of layers added to the weakly magnetic phase appearance fiifaces, this process produces in a first step a progressive
the bombardment with the heaviest iof®b and U. As ex-  thickening of the interfaces and finally destroys the layered
pected, the values of the effective tracks radii increase witi$tructure. Thus, the samples exhibit structural and magnetic
the electronic stopping power of the ions. The higher-valué’r()pert'es which tend towards those of the amorphous alloys
obtained for the Pb and U ion irradiatiofiable 11l) com-  at the same global composition. As for the amorphous Fe/Th

pared to those obtained dbcc Fe/Si multilayerd and on ML’s,! the defect creation causing this mixing does not oc-
cur for the Kr ions, even at the highest fluence, but it is

observed during the Xe, Pb, and U bombardments. So, the
damage creation threshold for mixing of the iron and terbium
atoms appears only above a critical value of the electronic

TABLE lll. Effective cross sectiorA and effective radiuR of
the tracks assumed to be continuous$arirradiated with different

'ons. stopping power, which is estimated between 17 and 32
keV/nm which are, respectively, the electronic stopping
lons A (nn?) R (nm) powers for the Kr and Xe ionéTable |). Above this thresh-
Kr 0.25 0.3 old, the mixing of the Fe-Tb atoms will occur in the ion
Xe 13.3 2.1 tracks because the deposited energy has reached the mixing
Pb 287 95 energy value.
U 287 95 For theS1 multilayer, an additional crystallization of iron

is first observed for all types of ions. We explain it by a
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demixing of Fe and Tbh atoms at the interfaces. This segretizing field, and so the vanishing of the planar anisotropy. So,
gation increases the pure iron part, which is initially in thefinally, the perpendicular magnetic anisotropy is enhanced.
center of the iron layers of the sample and sharpens the in- Because the progressive mixing of the layers by U ions
terfaces. So, the defects are created at the boundary of tlseems to continue during the amorphization of the iron lay-
Fe/Tb and Tb/Fe interfaces. Thus, in the layered structure ddrs, the final state of the samples, at higher fluences, would
the multilayers, a supplementary discontinuity of the trackdbe a homogeneous amorphous Fe-Tb alloy.
is introduced as compared to the usual one produced by the As previously mentioned, the kind of the created damages
statistical energy deposition. depends not only on the electronic energy deposition but also
In contrast to the mixing, this demixing process occurs foron the ion fluence.
the four types of studied ions, but it occurs in a fluence range This dependence with the ion fluence, when the
which decreases when the electronic stopping power of thédE/dx). value of ions is larger than the threshold value for
ions becomes larger, because the fluence needed to start the-Th mixing or for defect creation in bcc Fe, could be ex-
mixing process decreases when the@E(dx). value in- plained by the thermal spike mod€lthe melting point be-
creases. If there is a threshold of demixing, it is less than 1thg reached in the middle of the tracks would lead to the
keV/nm. mixing or the amorphization of the bcc iron, while, outside
This demixing process does not appear for t82  the tracks where the temperature is lower, only the demixing
multilayer, which contains thicker bcc iron layers before ir- would occur. Increasing the ion fluence, the number of tracks
radiation. This means that the demixing of Fe and Tb atomalso increases and the part of mixing would increase. To
at the interfaces occurs only for the multilayers located neaconfirm this assumption, further experiments are in progress
the crystallization limit of the bcc Fe layers. It could origi- to determine precisely thelE/dx). value corresponding to
nate from a structural metastability of the ML’s near thisthe Fe-Tb mixing and to estimate the activation energy lead-
transition zone, related to the preparation process. This FHag to the demixing process.
and Tb demixing process would correspond to a structural
relaxation of the system, the equilibrium solubility of Fe into
Tb or of Tb into Fe being inferior to one atomic percéht, IV. CONCLUSION
because of a strong positive heat of mixing between Fe and

Tb. A similar demixing process due to stress relaxation was |n irradiated(bcc Fe/Th multilayers, three structural ef-

observed on laser-deposited Fe/Ag multilayers irradiatedects are evidenced: the demixing of Fe and Th atoms at the
with low-energy ions (350 keV Ar).** Up to now, only one  interfaces, the mixing of layers, and the creation of defects in
observation of induced crystallization by ion bombardmenthe core of the bce iron layers. The first process leads to an
was evidenced In initially amorphous W/Si multilayers, a increase of pure Fe in the center of iron layers producing a
new crystallized WSi compound was observed after highsharpening of the interfaces, while the second destroys pro-
energy heavy-iot*?| and **3) irradiations, but this did not  gressively the layered structure and leads to the formation of
separately concern the W or Si layers. ~__ the corresponding amorphous alloy at high fluence. The elec-

_The weakly magnetic phase, which appears by irradiationyonic stopping power threshold of Fe-Tb mixing has been

with heavy ions(Pb,U is similar to what is observed near ogstimated between 17 and 32 keV/nm. The demixing pro-

the critical thickness of crystallization of the iron layers in .osq opserved only at low fluence before the step of mixing
nonirradiated amorphous multilayers, which contain a Iargqor the multilayer close to the thickness limit of crystalliza-

th'Ckng_sfi of «pure» amorphous iron in the center of the I:‘ta’lon of the Fe layers, features the structural metastability of

layers: . . .
. o this multilayer. The third phenomenon occurs only above the
This result suggests a damage creation in the center of th efect creation threshold in bulk bcc iron and induces the

bcc iron layers without mixing between the Fe and Th atom )
ppearance of a paramagnetic phase at room temperature

and is in agreement with the values of the electronic stopping™™ o M S
powers of the Pb and U ion&able ) which exceed the hich corresponds tq the “pure” amorphous iron in the cen-
defect creation threshold in the bulk bce ir6t0 keV/nny.23 ter of Fe layers. The improvement of the PMA in these ML'’s

In this case, the damages created along the tracks would OPtained because of the sharpening of the interfaces which
disorder the center of the bcc iron layers producing a phasiicreases the PMA and the partial amorphization of the bcc
of “pure” amorphous iron at room temperature. This phasefe layers which produces a vanishing of the planar magnetic
has a Curie temperaturéc, close to 200 K and is paramag- anisotropy due to the decreasing demagnetizing field. To ex-
netic at 300 K12 agreeing with what is observed here. ~ plain the evolution versus the ion fluence, a qualitative inter-
These iongPb and U are likely included in the energetic pretation has been proposed using the thermal spike model.
domain where the latent tracks are continuous along the ion
path with defect creation at the interfadgemixing or mix-
ing) and also in the center of the Fe layers. This allows one
to explain the strong decrease of the mearsdbmuer angle ) -
after the U irradiation at the highest fluen@eble II). First, The authors would like to thank Philippe Houdy from the
the demixing process produces a sharpening of the intefJniversity of Evry (France for providing the samples, Em-
faces, and so increases the PMA. Second, the amorphizatiéhanuel Balanzat for helpful discussion, and Jacques Dural
of the iron layers producing a paramagnetic phase in th@nd Francis Levesque for their efficient help during the irra-
center of the iron layers yields the decrease of the demagneliation experiment$GANIL, France.
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