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Experimental study of the structural and magnetic properties of Fe/Tb multilayers
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Sputtered Fe/Tb multilayers of various Fe and Tb thicknef8&2<t-.<3.3 nm, 0.Z&t,<1.9 nm have
been investigated by x-ray diffraction, Msbauer spectrometry, and magnetic measurements in the 4.2—-300 K
temperature range. A compositionally modulated structure is shown with the appearance of pure amorphous
iron in the center of the Fe layers thicker than 1.2 nm. When the Fe layers are thick gae2i@h-2.4 nm,
the Fe layers will crystallize. The magnetic properti¥s T omp, T ,.-) were analyzed in relation with Fe and
Tb thicknesses and also with mean Tb composition. In agreement with the structure, the departure of magnetic
properties from those of the corresponding amorphous alloys is observed when pure amorphous iron appears in
the center of the layers. The dependence of the magnetic anisotropy axis on temperature and thicknesses is
interpreted taking into account the composition modulation in the multilayers and the dominant magnetic
subnetwork[S0163-182806)05725-9

[. INTRODUCTION Here, we report on the structural and magnetic properties
of Fe/Tb multilayers using x-ray diffractiofiXRD), °'Fe
In recent years, materials with an artificial layered struc-conversion electron Mgsbauer spectrometfCEMS) and
ture have attracted considerable attention because of the p@agnetization measurements in the 4.2—-300 K temperature
tential improvements in magneto-optical storage. Many exfange. The’’Fe Mcssbauer spectrometry is a suitable tech-
perimental and theoretical investigations have beerfique because it gives access directly to the local structure
performed. In particular, many studies have been devoted t8Nd the direction of magnetic moments of iron. The study
rare-earth—transition-metalRE/TM) multilayers, such as will be_performed on Fe/_Tb multll_ayers in a wide thickness
Th/Fel° which can exhibit a strong perpendicular magneticange in orde_r to determme the different structural and mag-
anisotropy(PMA), a compensation point close to room tem- netic properties. Prewo_usly_ we have re_ported on a detailed
perature, and a high coercive field needed for perpendiculaitructural and magnetic diagram obtained by sstwauer
magneto-optical recording. spectrometry at 300 K Ou_r aim is to corre_:late the d_etalled
In magnetic RE/TM multilayers, the PMA is mainly at- structure of _the layers with the_ magnetic properties. The
tributed to the presence of interfaces and the large magnet§?@gnetic anisotropy of the multilayers will be analyzed in
crystalline effect of RE ion&>1! detail. _The analogles and the differences with the Fe-Tb al-
Several experimental studies have been performed to déeys Will be explained.
termine the role of interfaces on PMA. In amorphous Th/Fe
multilayers!* the PMA is found to be stronger for small
thicknesses of individual layers. In Nd/bcc Fe multilay®rs,
Mossbauer spectrometry has revealed that the PMA was re- The Tb/Fe multilayer films were deposited at room tem-
inforced when the thickness of the interfaces decreased. Iperature on commercially available @il1) substrates using
contrast, in the Th/bcc Fe multilayers studied bysdbauer a reactive diode rf-sputtering system with a deposition rate of
spectrometry, a broader alloyed interface is claimed to b®.05 nm s*. They were chemically etched before insertion
responsible for the PMA® Scholzet al® showed on Tb/Fe into the deposition chamber and covered with a 10-nm-thick
bilayers or trilayers that the Th/Fe and Fe/Tb interfaces hav&i;N, buffer layer. The Th/Fe stack always began with an Fe
different magnetic behaviors and that the PMA mainly origi-layer and systematically finished with a 10-nm-thickN&i
nated from the Th/F€Tb deposited on Benterface, but no top layer to prevent corrosion and oxidation.
structural effect was evidenced in"Nkbauer spectra to ex-  The layer thickness and the periodic structure of the film
plain the difference between the two interfaces. Very fewwere determined by grazing x-ray reflectometry. The global
investigations using the Misbauer spectrometry were per- structure of the films was investigated by high-angle x-ray
formed on amorphous Fe/Th multilayers and the results condiffraction using a ((INEL CPS 120) curved position-
cerned only one or two sampl&&? This is very surprising sensitive detector in an evacuated tank. The x-ray generator
because the amorphous Fe/Tb multilayers exhibit a strongas equipped with a cobalt anticathode, udihg radiation.
PMA at room temperaturt-1® Magnetic measurements were determined from SQUID and
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FIG. 1. Grazing x-ray patterns ¢2.1 nm Fe/1.9 nm Thwith 75

bilayers. The solid line is the experimental curve, the dashed line is
the fitted curve.

[

AGFM measurements versus temperature and applied field.
The diamagnetic signal of the Si substrate was systematically
subtracted. CEMS Mgsbauer spectra were recorded using a
conventional spectrometer equipped with a homemade
helium-methane proportional counter at room temperature

and a channeltron detector in the 4.2—-300 K temperature //{\/\’/‘
range. The source was®4Co source in a rhodium matrix. ]

The samples were set perpendicular to the incidebeam.

The spectra were fitted with a least-squares techiqusing ]

the histogram method relative to discrete distributibnson- ]

straining the linewidths of each elementary spectrum to be //W

INTENSITY

the same(in the case of amorphous spegtresomer shifts
are given relative tax-Fe at 300 K.

The thickness of terbium layets, varied in the range
0.2-1.9 nm and of iron layelts, in the range 0.22—3.3 nm.
The samples were deposited with 67—120 periods.
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Ill. X-RAY-DIFFRACTION STUDY O (deg)

A. Grazing x-ray reflectometry

. FIG. 2. High-angle x-ray diffraction patterns for multilayers
Some of the samples were checked by grazing x-ray ISith t1p=21.2 nm and various values btf,: a, 0.37 nm;b, 0.7 nm;
flectometry(GXR). As an example, the GXR pattern of the 1 35 nm:d, 1.9 nm;e, 2.1 nm:f, 2.3 nm. The symbolss, 18°;

(2.1 nm Fe/1.9 nm Thamorphous multilayer, reported in _, pec Fe lines.
Fig. 1, exhibits clearly the three diffraction peaks expected in

the angular range studied, evidencing a good layered struc- . - .

ture. The estimated period length is in agreement with th&h€an interatomic distance. Increastg(0.9 nm [Fig. 3b)]
value expected from deposition parameters. For sample¥!its the main peak to the right and broadens it. The shift
with crystalline iron layers, the GXR pattern gives all the Means that the mean composition of the interface is higher in

superstructure peaks expected in the angular range of tHiPn and that the relative intensity of the interface phase ver-
measurementé°—49. sus the pure terbium phase is increased, i.e., the thickness of

the Th-Fe amorphous interface is increased. The broadening
of the peak, wheng, increases, gives evidence of a compo-
sition modulation in the Th-Fe interface. Next, the peak be-
The experimental pattern for two different series with comes asymmetrically shaped with the progressive appear-
fixed terbium thicknes&,=1.2 and 1.9 nhand varied iron  ance of a pure amorphous iron phase, according talthe.
thicknesses are drawn in Figs. 2 and 3, respectively. Let ulength estimated to be 0.25@.004 nm by several
consider first the series with,=1.9 nm. At lowtg, (0.22  authors®=2° This peak, broad at firdiFig. 3(d)], becomes
nm) [Fig. 3@] a broad peak typical of an amorphous or narrower and, simultaneously, higher-order diffraction peaks
nanocrystalline structure is observed, with a maximum intenef iron grow, evidencing a crystallized bcc phaség. 3e)].
sity for a diffraction angle#=18°, corresponding to the Furthermore, the relative intensities of these lines are in
Tb-Tb interatomic distancéd;,=0.35 nm.®1° The tail of  agreement with the results of Piere¢ al,?* who conclude
the peak for higher diffraction angles is attributed to anthat the(110) iron plane is lying in the layers. Nevertheless,
amorphous Th-Fe interface where the progressive mixing othe width of higher-order peaks indicates a slight misorien-
Fe and Tb atoms produces a progressive decrease of thation. For the iron phase, our interpretation is as follows:

B. High-angle x-ray diffraction
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M served fort1,=1.9 nm. Nevertheless, the first peak is shifted
right, showing that pure amorphous terbium, which would be
located at#=18°, does not exist or is negligible. For these

] a terbium thicknesses, we will probably only have a composi-

] tionally modulated amorphous Fe-Th interface and, wiien
is sufficient, a pure Fe phase in the center of the iron layers

Y, will appear.
Pure amorphous iron is clearly observed from 1.7 nm
whent,=1.0 nm, 1.9 nm when,=1.2 nm, and 2.1 nm

] b whent;,=1.9 nm. Taking into account the sensitivity of this
technique means that it actually appears at thinner thick-

" nesses. For example, assuming that pure amorphous Fe ap-
pears from 1.2 nm whety,=1.0 nm, as we will see later, it
means that it would be experimentally observed from about
two monolayers. The value seems to increase wigh but,

c due to the experimental uncertainties, no definitive conclu-
sion can be made on the dependence of the pure iron appear-
ance threshold withy,. However, the iron thickness needed

) for crystallization of pure iron increases slightly with, . It

d is estimated at 2.3 nm fdr,=1.2 nm and between 2.4 and
2.7 nm forty,=1.9 nm. There is no reason for this depen-
dence not to work for the appearance of pure amorphous

y iron. These crystallization thicknesses are in rough agree-
ment with most other studies on sputtered or evaporated

Tb/Fe multilayer$:>®24 |t is noteworthy that few authors

found smaller value$0.8 nm?® 1.0 nm?%?” 1.5 nm (Ref.

28)], but, in these cases, the terbium layer was in the 1-2

monolayer range.

Here, assuming that pure amorphous iron appears from
1.2 nm, the Th/Fe or Fe/Tb interface would spread on a
thickness close to 1.2 nm, i.e. aboyfTB+Fe) monolayers
(dge=0.25 nm,d,=0.35 nm). So, an interdiffusion of ter-
bium and iron atoms takes place, probably related mainly to

the defects in the interfacevacancies, surface steps, &tc.
i+ According to the different iron and terbium atomic radii,

1020 es(%eg )40 50 such an interdiffusipn process should lead to different Tb on
Fe and Fe on Tb interfaces, the Fe on Tb interface being

) ) ) thicker. This is what was observed by Richometeaal. using

FIG. 3. High-angle x-ray diffraction patterns for the 1.9 nm Tb 57¢ \ssbauer spectrometry for multilayers with crystal-

series with various values 6fe: a, 0.22 nmib, 0.9 nmiC, 2.1 0M;  jizaq jron, but, surprisingly, not for multilayers with amor-
d, 2.35 nm;e, 2.7 nm;f, 3.3 nm.(=, 18°; —, bcc Fe lines phous iror®

INTENSITY

pure amorphous or nanocrystalline iron appears in the
middle'of thg “iron layers” when the thicknes; pf this'amor- IV. 5Fe MOSSBAUER STUDY
phous iron is large enough, higher than a critical thickness.
This is clearly observed from,=2.1 nm. Then, the pure Most of the results at room temperature have already been
iron crystallizes, probably following a nucleation-growth previously published® The ty,-tr, diagram(Fig. 4 summa-
process. This result is in agreement wiithsitu kinetic ellip-  rizes our structural and magnetic results on itoa layers
sometry measuremerftsWith the appearance of pure crys- For tr,>0.35 nm(one terbium monolaygr the iron layers
talline iron, a narrowing of the first broad peak is observedare amorphous up to an iron thickness, which, in agreement
The interface seems to be poorer in iron. This behavior looksvith x-ray studies, increases slightly with, (2.3 nm for
like the segregation observed in a demixing process. Such,=1.2 nm, 2.4-2.7 nm fot;,=1.9 nm. They then crys-
behavior has already been reported when iron crystallizes itallize, the remaining amorphous part being attributed to the
amorphous Th-Fe alloys, by Krishnan and Machiz&ugur-  Th-Fe interface. Fitting of spectra agrees with 2 iron mono-
ther experiments showed that the nanosegregation is prdayers involved in each interface. The magnetic anisotropy,
duced by the nucleation and growth of the stable Fe-rictwhich at first is perpendicular, rotates towards the basal
amorphous phase. When this phase crystallizes, then Tb plane fromte.~1.5 nm. The rotation is achieved at about 2.0
excess is ejected. So, such a mechanism should be en-nm. According to the x-ray studies, this rotation is correlated
hanced by the alternating deposition of Fe and Tb occurringvith the appearance and the thickening of the pure amor-
in multilayers. phous iron at the center of the iron layers.

For series witht1,=1.0 nm andt,=1.2 nm(Fig. 2), the The temperature dependence of $dbauer spectra is re-
evolution of the pattern withg, is similar to what was ob- ported in the amorphous range for three typical iron thick-
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nesses: 1.3 nm Fe/1.0 nm TBig. 5a], 1.7 nm Fe/1.0 nm 1.03 £ 0l 208K
Tb [Fig. 5b)], 2.1 nm Fe/1.9 nm TbFig. 5(c)]. The spectra F b
are characteristic of an amorphous structure and their shape 2
strongly depends on temperature. Because of their asymme- & 1004 0t
try and their broadening which are related to the distribution g 101 g B
. : . . 8 e g . 180K
of Tb and Fe environments, they were fitted with a linearly g = . .
correlated distribution of both isomer shif§) and hyperfine = Loo sl R % .
field. Let us discuss the shape of the hyperfine field distribu- e 0 "
tion P(By,) at room temperature. Fog.=1.3 nm, it is very ro S 12
similar to what is observed in Th-Fe alloys of the same glo- = o s 2K
bal composition, indicating that such a multilayer behaves as 00 ¥ g °
an alloy: this is in agreement with the compositionally modu- ’ 0

0 10 20 30 40

lated structure. This is confirmed by tti&) values(~—0.10 B, (T)

mm/9. Forte=1.7 nm,P(B}) shows two components: the

higher field component, which is analogous to the above- FIG. 5. CEMS spectra and their corresponding hyperfine field

mentioned ,Sample’ is attributed to the CornposmOnallydistributions for some Fe/Tb multilayers at 298, 180, and 20 K:
modulated interface. The lower component, located at |0V\(a) 1.3 nm Fe/1.0 nm Tb(b) 1.7 nm Fe/1.0 nm Tb(c) 2.1 nm

field (<5 T), is assumed to be due to the pure amorphouge/1 9 nm Th.

iron at the center of the iron layers. Whag increaseg2.1

nm), the contribution at low field is increased, in accordanceamorphous iron which is not disturbed by the magnetic
with the increasing of the pure amorphous iron part. ForFe-Tb interfaces, i.e., which is outside the magnetic correla-
tee=2.1 nm andte,=1.7 nm, the mean hyperfine field is tion zone. At 180 KP(B;) curves show unambiguously that
much lower than that observed in corresponding Fe-Tb alall the phases are magnetic. At 20 K, tRéB;) spreads up
loys. The amorphous iron is thought to be paramagnetito 45 T, fort,=1.7 and 2.1 nm, which is much higher than
aboveT,~200 K33 and the low component could be due the value found in bcc FE84.3 T) at 4.2 K, and is probably
mainly to quadrupolar effects related to structural effects indue to the amorphous iron structuiateratomic Fe-Fe dis-
this paramagnetic phastne overall splitting due to a field of tance and coordination number

3 T is of the order of a quadrupolar splitting of 1 mi/s The fitted Masbauer parameters are reported in Table |
Probably, some neighboring magnetic effects will also confor the whole range of iron thicknesses, including one
tribute to P(By;). The amorphous iron, paramagnetic at 300sample with crystallized iron. In the amorphous range, at
K, seems to appear above 1.5 nm of Fe, which means that tlmwnstantt;,=1.0 nm, the dependence on the iron thickness
pure amorphous iron appears at a thinfgr. Indeed, the of the mean hyperfine field at the iron site at 20 and 300 K is
observed nonmagnetic iron corresponds to the part of purshown in Fig. 6. Fotg=1.5 nm,(B,;) reaches a maximum
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TABLE I. Fitted Mossbauer parameters for sputtered Fe/Tb multilayggandty, are, respectively, the nominal Fe and Tb thicknesses,
X is the mean atomic Tb compositiol,is the temperaturg]S) is the mean isomer shif{B; is the mean hyperfine fielgi the mean
Mossbauer angle, and an asterisk means that the iron layer is crystallized.

Fe/Tb multilayers Fe-Tb
alloys (Refs. 32 and 38
tre trp X T (S) (= B (B
(nm) (nm) (at. % TH (K) (mm/9 (M ) ©)

0.9 1.0 29.0 300 -0.10 154 33 17.0
180 20.6 33
20 22.8 33

1.3 1.0 22.1 300 -0.10 15.6 10 18.5
180 23.0 23
20 25.3 27

1.7 1.0 17.7 300 —-0.08 11.3 20 17.2
180 23.0 29
20 28.2 30

2.2 1.0 14.0 300 —-0.06 1.9 84 11.7
180 19.3 45
20 27.2 45

2.1 1.9 24.8 300 —0.08 4.9 74 18.2
180 21.1 59
20 27.7 61
3.3 1.9 4.8 300 —0.002 28.9 90
180 31.2 70
20 325 63

value of 28 T and remains nearly constant at 20 K, while itat room temperature could be due to a change in the micro-
dramatically decreases at room temperature, at a much faststtuctural iron layers, a grain size effect or an appearance of
rate than Fe-Tb alloys with the same mean composffigit.  multidomain grain$:?"3° We show that the decrease is, in
20 K, the increase dB,) with t.is related to the increasing fact, due to an effect of Curie temperature in multilayers,

number of iron neighbors at a given iron site. larger than in the corresponding amorphous alloys. This ef-
The temperature dependence of the mean hyperfine fielgct will be explained in Sec. V B.
(Fig. 7) allows us to estimate the Curie temperatuiEable The greater mean hyperfine fieltl @K is related to the

II), which are found to be lower than those of 3m0rphouqower Curie temperature, in agreement with appearance and

Fe-Tb alloys of same compositidof. Sec. V B.*3*It has  increasing of pure amorphous iron in the center of the Fe

been suggested that the decrease of the mean hyperfine figlers. The effect of amorphous iron can also be evidenced
from the normalized curv8«(T)/B(0)=f(T/T,.) (Fig. 8),

which exhibits, whent, increases, a flattening related to
30 T

fluctuations of magnetic exchange integrilslue to the in-
//\ﬂ crease of the composition gradient.
25
20K
- 20 7 30 +
g
A L
o 15T 300 K 25
v
20 +
10 T ~
=)
A
5 - p\,f‘ls I @ 2.2 nm Fe
10 ® 1.7 nm Fe
o 1 ; 0 1.3 nm Fe \;\\
] 0.5 1 1.5 2 2.5 5 | + 0.9 nm Fe \‘\‘
iron thickness (nm) \ Y
o A
FIG. 6. Mean hyperfine fieldBy;) as a function of iron thick- ° 100 200 300 400
ness(tgy at 20 and 300 K. Solid line, Fe/Tb multilayers with T )

t1p=1.0 nm; dashed line, Fe-Tb amorphous alloys at 30(RKf.
32). [The iron thicknesses corresponding to the mean atomic Tb FIG. 7. Temperature dependence of the mean hyperfine field
composition were calculated using relati@t). ] (Byy) for some Fe/Tb multilayers with 1.0 nm Th.
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TABLE II. Curie temperatures of amorphous Fe/Tb multilayers

deduced from Mesbauer and magnetization measurements.
tre (NM) trp (NM) X (at. % TH Tc (K) 08
0.9 1.0 29.0 420
1.3 1.0 22.1 400 . 06 T
1.7 1.0 17.7 355 F
2.2 1.0 14.0 320 § el [ ——osnmre
0.9 1.9 44.0 415 ~0— 1.3 nm Fe
1.95 1.9 26.2 340 1.7 o Fe
2.1 1.9 24.8 325 021 AN
—>— 2.2nm Fe l\ \
2.35 1.9 22.7 315 by Y
[ \
0 : i : : : NN
0 50 100 150 200 250 300 350 400 450
V. MAGNETIC STUDY T K
This study was performed for the two previotig=1.0 FIG. 9. Reduced magnetization curvégM ., VS temperature

and 1.9 nm series in the temperature range 4.2—300 K angy some samples of thig,=1.0 nm series.
the magnetic field range 0-1.8 T, limited to the amorphous
samples.
The results will be interpreted in relation tg, andty,
but also in relation with the mean atomic Th composition of The temperature dependence of the magnetization for a
the multilayer, notedX, in order to compare these results magnetic field 61 T applied perpendicularly to the layers is
more easily with the results of corresponding Fe-Tb amorreported in Fig. 9 for thér,=1.0 nm series.
phous alloys. Forte.<1.5 nm(X>0.19, we showed that the multilayer
The mean atomic Th compositiotof the multilayer can s essentially made up of a compositionally modulated alloy,
be defined from the as-depositeg andtr, thicknesses tak- \yhere Th and Fe moments are ferrimagnetically coupled.
ing into account the atomic volumes of Tb and Fe atoms: The rare-earth sublattice dominates at all temperatures for
tge=0.9 or 1.3 nm, but fotc=1.7 nm, this sublattice domi-
Ntp, tro/ V1o nates only at low temperatures and the iron sublattice domi-
" Nygt Nee  tro/Vrpttre/ Vee nates at higher temperatures. The compensation temperature
defined by the minimum of the curve seems to be around 30
K. This minimum does not vanish to zero because of the

A. Magnetization versus temperature

X

B 1 effects related to the applied field and to composition inho-
1+ (dpp/ded) 3 (tee/tyy) mogeneities.
(1 Fortg.=2.2 nm(X=0.14), the multilayer is made up of a

compositionally modulated interface and a pure amorphous
whereNy, (Ngo) is the number of THiFe) atomsVq, (Vo) is  iron phase in the center of the iron layers. So the interpreta-
the atomic volume of TiFe), dy,, (dgo) is the atomic diam- tion of the magnetization curve is more difficult, because we
eter of Th(Fe) with d,=0.35 nm andd,=0.25 nm*8-2° need to take into account several magnetic zones inside the
Fe/Tb multilayer at low temperature: a ferrimagnetically
coupled Th/Fe interface, a ferromagnetically coupled iron
phase, and exchange interactions between these two phases.
It can be assumed that, according to the previous result for
tee=1.7 nm, Tb is still magnetically dominant in the inter-
face, but the pure amorphous iron phase, ferrimagnetically
coupled to this interface, will enhance the iron subnetwork.
Here, we will show later that the Fe sublattice dominates at
all temperatures despite the observed flat minimum, which is
probably an artefact related to the two phases.

Fort;,=1.9 nm andg.<1.5 nm, the multilayers are com-
posed at low temperature of two magnetic zones: composi-
tionally modulated interface with Tb dominant and pure Tb
phase. So the RE sublattice would dominate at all tempera-
. tures. Whert, thickness is sufficient to provide a third mag-

o 01 02 03 04 05 06 07 08 08 1 netic zone, i.e., a pure amorphous iron ferromagnetic phase
T, (from tee=1.5 nm), this phase is coupled ferrimagnetically to
the interface. At high temperatures, pure amorphous iron and

FIG. 8. Normalized curves of the mean hyperfine field vs tem-terbium phases are no longer magnetic, but the iron sublat-
perature for various iron thicknessés,=1.0 nm). tice could dominate in the interface, due to the decrease of

<By> (T)/<By> (0)
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X (at. % Tb) FIG. 11. Dependence of Curie temperatuigson tg.. Solid

line, our results for thé,=1.0 and 1.9 nm series; dashed line, our
curve translated towards lower values tef; ((J), experimental
results for Fe/Tb multilayers from Honda al. (Ref. 5.

FIG. 10. Curie temperatur€. as a function of terbium atomic
fraction X for Fe-Tb amorphous alloys and some Fe/Th multilayers
of the 1.0 and 1.9 nm Tb series.

) . o X=0, in agreement with estimatelj, values of pure amor-
terbium moments. The complexity of the exchange inside th@nous iron. Let us now consider the,=1.9 nm series. Us-
layers does not allow an interpretation of the curves in terMsng again the linear assumption givég=0.37 from Fig. 10
of a dominant sublattice. _ _ and, sotp=1.2 nm; this value is in remarkable agreement

The extrapolatedl;, which are in agreement with the ith the previous value, showing once more that the depar-
values deduced from Misbauer measurements, are reporteqyre is mainly due to the pure amorphous Fe phase.
in Table II. This confirms that the threshold value is lower than what
was deduced from x-ray diffraction~1.7 nm and Mass-
bauer spectrometri~1.5 nm). This could be related to the
) o ) _sensitivity of these two techniques.
In the thickness range where no crystalline iron is evi- The dependence df, on t, is reported in Fig. 11. It is
denced, the experimental Curie temperatures of mult_ilaye.r(<§|ear|y seen that it depends strongly &g, but not(or very
can be compared to those of the amorphous Tb-Fe films ifa\y) of t, . It means that the pure amorphous terbium phase
order to characterize the influence of the multilayered strucy s |ittle influence O .. This is probably due to the mag-
ture, especially of thér, andt, thicknesses. netic properties of this phase and we have no definitive con-
The calculateX values are reported in Table Il and tde  ¢jysjon on this result. In Fig. 11, we have also reported re-
dependence of is reported in F|3%. 10, both for multilayers g its of Hondaet al® on sputtered samples with the/tr,
and for amorphous Fe-Tb filni$:> Both curves show that i fixed at 0.5. It is striking to observe a similar behavior,
the T value depends not only oX (i.e., thetry/tre ratio),  pyt with a global translation of 0.6 nm towards lower values
but also Ortyy andt. independently. o . of tg.. This translation agrees with different experimental
For high X values,T; seems to be similar to what is regyits for crystallization of iron: they found that this crys-
observed in amorphous alloys. Down to a threshold valugyjjization occurs from 1.7 nm in their samples, in place of
X=Xs, T; departs from the value of alloys and decreases 2_» 4 nm in our samples. So the difference seems to be

faster. This result is consistent with previous results. Let Ugjated only to the interfaces, which are probably smoother
consider first they,=1.0 nm series. FOK>Xs, the ML is 5 our samples.

only composed of a compositionally modulated alloy, for
which T, is very close to thel . of amorphous alloys. For
X<Xg, the appearance of pure amorphous ifdp=200 K)

is responsible for the faster decreaseTef Experimental At room temperature, the data were obtained with a field
results suggest there will be a roughly linear decrease. Witf 1.0 or 1.8 T applied parallel or perpendicular to the layers.
this assumption, the intersect with the alloys curve provide$-or the lower field, the results are still slightly dependent on
Xs=0.24 and, consequentty.=1.2 nm. This could provide the orientation of the field, but not for the higher field. If we

a true value for the appearance of pure amorphous iron. Ireport the results for the whole set of samples ved$uso

fact, it is the value for which the departure is observed andtraightforward evolution can be deduced, indicating that, as
for which the alloy model is no longer valid. The departurealready observed for the Curie temperature, the results are
could also start when the modulation becomes too high, leaddlso dependent on the multilayer structure, i.et;gandtg,

ing to a slightly highettg, value for the appearance of pure separately. Consequently, we will study separately three se-
amorphous iron. Nevertheless, a linear decreade @fould  ries, either at fixedy, and varied g (t;,=1.0 and 1.9 nmor
suggest that the first assumption is correct. It is noteworthyat fixedtg, and varied 1, (tre=1.0 nm. The three series are
that the linear extrapolation would givie, close to 200 K at  studied in relation tdg,, t1, (Fig. 12, andX (Fig. 13.

B. Curie temperature of amorphous multilayers

C. Magnetization versusX
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FIG. 13. Magnetization curves v§$ for the 1.0 nm Th(varied
tre), 1.0 Nm Fe(variedty,), and 1.9 nm Tb series. The magnetic
field (1.0 T) was applied perpendicular {o# ) and parallel to( ©)
gthe film plane. The dominant sublattices are reported in the figure.

FIG. 12. Magnetization curves vs individual thicknesses for the
1.0 nm Th(variedtgy), 1.0 nm Felvariedty,), and 1.9 nm Tb series.
The magnetic field1.0 T) was applied perpendicular {o#) and
parallel to( <) the film plane. The dominant sublattices are reporte

in the figure. .
The decrease d¥l observed on the experimental curve at

. . ) . room temperature foX<0.17 is correlated to the low values
The curves give evidence of a compensation compositiogf the Curie temperatures which are close to room tempera-
X comp (Teomp=300 K), indicating the change of the dominant tyre, due to the pure amorphous iron at the center of the Fe
sublattice at room temperaturé,y, is found to be not de- |ayers.
pendent on the applied field.0 or 1.8 T and the experi-
mental values oK., and associatetk, andty, (calculated V1. MAGNETIC ANISOTROPY
using relation ] are reported in Table Ill. It is seen that
Xcompdepends otyy, andt, separatelyX oy, is not found to
be the same as those of corresponding Fe-Th amorphous al- This dependence will be visualized from magnetizatibn
loys. Its variation is probably complex, depending on the(see abovg the coercive fieldH. deduced from hysteresis
thickness of the interface between layers, i.e., on the rougHeops, which will be published elsewhere and from the
ness of the multilayers. Mossbauers angle, which is deduced from the relative in-
It is noteworthy that the thre¥ ., values(correspond-  tensities of the Mesbauer lines and which is a measurement
ing to the saméd ¢, =300 K) correspond to three multilay- ©of the mean angle of the hyperfine field with theay direc-

ers with three different, the highetX ., corresponding to  tion, i.e., with the normal to the layers. o
the lower T.. For amorphous alloysT .,m,=300 K for _ Lgt us recall that the Mssbauer spectrum is _f|tteq as a
Xcomp=0-22,33’34’37 which is somewhat surprising, because distribution of elementary sextets with relative line intensi-

we would expect the lowest value for allogsighestT ). ties 3y,1,1y,3 for a sextet. Theg angle is given by the
For thety,=1.0 nm series, measurements were also pertelationy=4 sirfg/(2—si’g). Here, the value was con-

formed at 10 K(Fig. 14). As observed in amorphous alloys,

decreases with the temperature according to the higher TABLE IIl. Data concerning the compensation point in Fe/Tb
H&JItiIayers at 300 K.

A. X dependence at room temperature

><comp
temperature dependence of the rare-earth magnetization. T

change of the dominant subnetwork with the temperature is

confirmed for the samplél.7 nm Fe/1.0 nm ThX=0.177 Fe tro Keomp tre comp b comp
in good agreement with thB1(T) curve, which exhibits a (nm) (nm) (at. % T (nrm) (nrm)

Tcomp higher than 10 K. Examination of the two curves varying 1.0 19.7 15 1.0
M(X) at 10 and 300 K confirms that the small decreasevarying 1.9 28.0 1.8 1.9
observed on th&1(T) curve fortee=2.2 nm(X=0.14 is not 1.0 Varying 18.0 1.0 0.6

due to a compensation point.
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X {at.% Tb) FIG. 16. X dependence of the magnetizatidh, the coercive
field H., and the mean Mesbauerg angle for multilayers of the
FIG. 14. X dependence of the magnetizatidd for some  constant 1.0 nm Fe series at 300 K. The lines are indicated only as
samples of the 1.0 nm Tb series at 10 and 300 K. The magnetic fielguides to the eye.
(1.0 T) was applied perpendicular to the plane.
. isotropy and the Th-Fe ferrimagnetic exchange coupling. It is
s_tramed to t.)e the same for all the elementary.sext'ets an.d trﬁ%tew%{thy that the PMA in mSItiIayers appegars to Fl))e gtron-
fitted value is thus an averaged value of the direction of Iror o+ than in amorphous Fe-Tb alloys where the minimum
moments. In a few Mssbauer spectra, overlapping of lines Méssbauer anale is 26238
occurs, leading to less accurate fitf@dalues. In such cases, rang ' .
a systematic study of the shapeRfB,,) versus the3 value .For X higher than?(mmp (tFe<1'5 nn’), the Increase oB
allows us to determine this value accurately. It is noteworthyEVidences for a rotation of the direction of the iron moments.
that 8 is measured in a zero applied field, wh¥e and H, This increase is very S|_m|Iar to tha.t of m.agnetlza'uon. Sp, the
need an applied magnetic field. demagnenzmg field ywll progressively increase, leading to
The X dependence of these quantities is reported in Figthe progressive rotation Qf moments towards the I_ayer plane
15 for the constant 1.0 nriy, series and in Fig. 16 for the and it is expected thas will tend towards 90° for higheX
constant 1.0 nr, series. Let us discuss first thg=1.0 nm  values. The iron layers are getting thinner. They do not con-
series. As usuaki. exhibits a strong maximum at the com- tain pure iron and become richer in terbium atoms. It can be
pensation compositioXqom, defined byM=0. Indeed, the assumed that, for sufficiently thin iron layers, pure nonmag-
demagnetizing field, proportional to the magnetization, vanfetic amorphous terbium will appear in the center of the Th
ishes. The extrapolate@ value is thus zero, indicating a layers. This appearance of nonmagnetic layers will isolate
perfect perpendicular anisotropy, related to the interface arthe different layers and so could reduce magnetic interactions
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FIG. 15. X dependence of the magnetizatith, the coercive
field H,, and the mean Mgsbauerg angle for multilayers of the . .
constant 1.0 nm Tb series at 300 K. The lines are only guides to th&ec. V Q. Neverthelesss continues to increase faster than

eye.

between them, enforcing planar anisotropy. This is in agree-
ment with what was suggested to explain the variation of
anisotropy with RE thickness in RE/bcc HRRE=Pr, Nd, Th
crystalline multilayers by Mibet al*® Nevertheless, this is
only an assumption for this part of the curve because the
samples studie(D.29<X=<0.35 only contain a composition-
nally modulated phase and the experimergalalues are
similar to what was observed in corresponding amorphous
alloys.

Below Xcomp, the iron sublattice dominates magnetically.
tge increases, the iron layers become poorer in terbium atoms
and nonmagnetic pure amorphous iron layers, present from
tre=1.2 nm, will grow. For this part of the curveyl in-
creases first. The explanation is similar to that given above
and, whenM increases, the demagnetizing field, which
forces the iron moments to lie in the plang®=90°), con-
tributes to the rotation of iron moments from the perpendicu-
lar direction. Then, forX<0.17 (tz.>1.8 nm, when non-
magnetic pure amorphous iron is thick enoulghdecreases
because of the decreaseTqf close to room temperatufsee

in corresponding amorphous Th-Fe allojor X=0.14,
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moments in the interface. The value is intermediary be-
tween the RMA valué€54,79 and the perpendicular interface
anisotropy value(0°). This behavior is in agreement with
predictions of a model developed by Dieayal,*> where a
strong pinning of spacially distributed RE moments is ob-

90 T

80 +

70 T

£ o infebiai

- 60 4 F— — — —— served for a large anisotropy, when RE magnetization is
© 50 + dominant. For these multilayers, ti#evalues at 300 K were

g explained in the Sec. VI A and the evolution of tBeangles
g7 is progressive between 20 and 300 K.

g0 13 * At 20 K, for tge=2.2 nm, the iron subnetwork contains an
=

2 ‘—\\ amount of pure amorphous iron, which is now magnetic, and
dominates at low temperature. So, the competition between

10 + the PMA of interfaces, the RMA of terbium at the interfaces

o { , i , , ; , and the planar anisotropy of the pure iron part provides an
0 50 100 150 200 250 300 350 intermediate valu¢~45°). The variation of8 with tempera-
T K ture is more peculiar. It remains constant up to 200 K, in a

temperature range where pure iron is supposed to be mag-
FIG. 17. Temperature dependence of the fitted meassiauer  netic.

B angle for some multilayers of the 1.0 nm Tb sefias 0.9 nm Fe; At 20 K, the higherg value fort;,=1.9 nm and,=2.1
0, 1.3 nm Fe;®, 1.7 nm Fe;¢, 2.2 nm F¢ and of the 1.9 nm Tb  nm compared to that for th@.2 nm Fe/1.0 nm Thsample is
series{ 4, 2.1 nm Fe;+, 2.7 nm F¢. assumed to be due to pure amorphous terbium, which is

magnetic at low temperature and which will give an extra

B(ML)=85°>p(alloy)=23° (Refs. 32 and 3f. This could shape anisotropy. At high temperature, the anisotropy is par-
be explained by the reduction of interactions related to nongllel and, at low temperature, the angle decreases only
magnetic layers. around 60° due to the counterbalancing of the interface an-

For tg,=1.0 nm seriegFig. 16), experimental results are isotropy(30° due to PMA and RMAby the volume anisot-
scarcer and the experimenigicurve belowX=0.20 is less ropy due to pure amorphous iron and terbig@®°) in the
accurate. For example, it cannot be concluded thatghe center of Fe and Tb layers.
angle at the compensation point is zero, but only that it is For t;,=1.9 nm andtg,=2.7 nm, x-ray diffraction and
less than 20°. Nevertheless, extrapolated variation curves afg@ossbauer results show that pure iron is crystallized and this
in agreement with the previous explanation and are probablgan be compared to the previous behavior. Here the volume
close to the true experimental values. Abd¥g, (tr,>0.6  anisotropy of pure amorphous iron is replaced by a stronger
nm), the curves oM and g are similar to those observed for magnetocrystalline anisotropy of begFe. When the tem-
thetr,=1.0 nm series. BelowX.,m,, the experimental point perature decreases, the interface anisotropy increases, as pre-
(1.0 nm Fe/0.38 nm ThX=0.12 exhibits ag angle value viously, but theg angle decreases more slowly because of
(B=24 °) lower than the multilayer of the same composition the higher anisotropy of crystalline-Fe.
in the 1.0 nm Tb serie$2.2 nm Fe/1.0 nm TbX=0.14, To our knowledge, there has been no previous systematic
B=84°). The difference is probably due to a different lay- Mossbauer study of the magnetic anisotropy in amorphous
ered structure related to the thinner thickness of terbiumTh/Fe multilayers. Some studies have been devoted to
Indeed, the sample of this series exhibits a highewhich  evaporated multilayers with higher iron thickness, where Fe
means that the thickness of pure amorphous iron is thinngayers are crystallize®¥®**3A reorientation can also be ob-
(for 0.38 nm of Tb the estimated pure iron thickness is 0.7served, as in our last sample with crystalline iron. The results
nm instead of 1.2 nm for 1.0 nm of ThThe pure amorphous in the literature are not consistent. Sajieddinel*® found a
iron is not sufficient to greatly reduce the interlayer coupling.behavior in rough agreement with our results, i.e., the influ-

ence of Fe and Tb thicknesses on {hangle at low tem-

B. Temperature dependence perature. However, Scho& al® and Mibuet al* found a3
thgngle at low temperature independenttpf or try ar_1d al-
qways in the 30°-40° range. These surprising differences
ng:ould be attributed to different preparative elaborations,

leading to structural differences, such as the spread of the
interfaces, which governs the strength of the perpendicular
value is close to 30°. As previously seen, terbium atoms ar hisotropy. Some authors '_”‘e”ded452 modelize the tempera-
magnetically dominant. Pure amorphous iron or terbium ure depe_ndence of the anisotropy"*In f"?‘Ct’ the_se mod- .
phases are absent or negligible. Tb is a Gostate rare earth els take Into account only a part of the interactions and it
with a strong spin-orbit coupling, giving rise to single-ion would be interesting to develop a more complete model.
anisotropy. In RE-Fe amorphous materials, this magnetic an-

isotropy is randomly distributed because of the structural dis- VIl. CONCLUSION

order[random magnetic anisotrogRMA)].*** So, the mis-

orientation of iron moment§3=30°) at low temperature can We have presented the first systematic structural and mag-
be attributed, via the Th-Fe ferrimagnetic coupling, to thenetic study of Th/Fe multilayers in the amorphous range, i.e.,
enhancement of the random distributed terbium magnetidh the range where the thicknesses of the layers are small. It

In Fig. 17 is reported the temperature dependence of
fitted MossbauerB angles for some samples of 1.0- an
1.9-nm fixed terbium series. Let us first discuss the 1.0-n
Tb series.

At low temperature(20 K) and for tg.<1.7 nm, theg
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is to be noted that this is the domain which is of industrialthe reduction of magnetic interactions. All magnetic experi-
interest, because it is the range of perpendicular magnetimental results are interpreted consistently in agreement with
anisotropy. For low g, andt, thicknesses, all results show a the structure.
compositionally modulated interface with magnetic proper-

ties (T.) very close to the Fe-Th amorphous alloys of the

same global composition. Whepg, or t1, is sufficient, a pure

amorphous iron or terbium phase appears in the center of the The authors would like to thank P. Veillet for help in
layers. In our samples, pure amorphous Fe appears ffigpm magnetization measurements which were performed in the
close to 1.2 nm and interface spreads on abqlib2Fe) Institut d’Electroniqgue Fondamentale at Org&JRA CNRS
layers. The pure amorphous iron layer gives specific magf22, Francg This work was supported by the French Min-
netic propertiegT., magnetic anisotropy In particular, at istere de la Recherche et de la Technologie under the MRT
room temperature, when it is paramagnetic, it contributes t&ontract No. 92S0151.
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