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Abstract. Magnetic propertzes of rf-sputtered Fe/Pt mulhlayers with fired Pf-
layer thickness (tp; = )A) and variable Fe-layer thickness (2. 4A Ltpe 5 53A)

have been studied by magnetisation using a vibrating sample magnetometer at room
temperature. The results show that in the Fe/ Pt interfaces, which formed by a Pt —
Fe alloy. a positwe polarisation of the induced Pt-moment with respect to F'e-moment
was found and a perpendicular interfacial anisotropy was evidenced. These behaviors
are described in terms of the hybridisation between the 3d(F'e) and 5d( Pt) states.

[. INTRODUCTION

T/X multilavers consist of the magnetic transition metals T(T = Fe, Co and N1)
and other non-magnetic transition metals X, which are heavy transition metals (HT =
C'u. Ag, Pd, Pt ...) or light transition metals (LT = Se¢, T4, V,Y, rare earth elements, ...)
exhibit several novel physical properties, such as giant magnetoresistance, oscillating in-

terlaver coupling, perpendicular magnetic anisotropy [1]. These multilayers, therefore,

J
attached considerable attention. For the understanding of such effects, it is important to
learn what is magnetic behavior at the interfaces, where questions concerning the magnetic
moments, the type of magnetic exchange coupling and spin orientation may be answered.
[n this context, the hyvbridisation between the d(T) and d(X) states, which occur in the
mterfaces was thought to be the reason [2,3]. In more details, it has been predicted that
the d(T)-d(HT) hybridisation drives an out-of- plane spin orientation for the Fe/HT
multilavers (denoted as group I multilavers) and the d(T)-d(LT) hybridisation drives an
in-plane spin orientation for the Fe/LT ones (group Il multilayers). Additionally, hybridi-
sation effects also govern the magnetic moments induced on the HT and LT sites. It is
expected that a positive HT magnetic moment is present in Fe/HT multilayers and a
negative LT one in those of Fe/LT [4].

Fe/Pt multilavers are one of the well-known examples. As Pt is a heavy transition
element. the multilayvers under consideration belong to group /. In fact, an interfacial posi-
tive anisotropy. which is in good agreement with above mentioned proposal, was evidenced
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[5]. Magnetic properties of these Fe/Pt multilavers with variable ratios of Fe-thickness
(tpe) and Pt-thickness (fp,) have also been studied by means of Mossbauer spectroscopy
[6] and Kerr effect [7].

I this paper. analysis of nragnetisation data measured at helium liquid and room
temperatures are presented. The role of the 3d(Fe)—5d(Pt) hybridisation on the enhance-

ment of the magnetisation and on the perpendicular interfacial anisotropy is discussed.

II. EXPERIMENTS

Fe/Pt multilavers were deposited onto glass substrates at room temperature by

cathode rf-sputtering. The thickness of the Pt lavers was kept constant (fp; = 15/‘\1)) while
o

the thickness of the iron laver (t;.) was varied in the range of 2.4 = 53 A. The number

of periods n was varied from 5 to 22. The thickness of the elemental lavers was controlled

during deposition by the reflectivity of low-angle X-ray. These artificial multilavers were

covered with a 10 nm-thick Pt top-laver to prevent corrosion and oxidation.

For the samples under consideration, the global structure and the room-temperature
conversion electron M”ossbauer spectrometry were investigated [8]. The results show that
the thickness of the iron laver must be enough for the centre of the iron laver to be
constituted of pure iron. Combining these data, it was estimated that the space of the
interface region 4, is about 20 (4)

Magnetisation and magnetic hysteresis loops were measured at 300 K with a vi-
brating sample magnetometer (VSM) in the applied magnetic fields up to 1.3 T along the

film-plane and film-normal directions.

HI. RESULTS AND DISCUSSION

Fig. 1 presents the magnetic hysteresis loops measured at room temperature for
several Fe/Pt multilavers with the magnetic field applied in the film-plane and along
the film-normal direction. For all samples. the coercive field (pgH¢) ranges from 2.8
mT to 4.8 mT. The values of the saturation magnetisation (Mg) calculated per volume
unit is listed in table 1. The magnetisation (M) with respect to the magnetic volume.
My = Mq(A/ty,.), is also listed in table 1 and plotted as a function of the Fe-thickness
in fig. 2. For comparison, the data published by Katavama et al [5] and Fuidiki et
al. [8] are also included. One finds that, at T = 300K, My initially increases stronglv
with increasing fp., then tends to saturate with a magnetisation value of 2.5 T, which
excesses that (2.2 T') of the bulk Fe, in the high t, region. This observation is in good
consistence to that already reported in [5]. The small magnetisation value with respect to
the bulk Fe-magnetisation is due to the low Curie temperature of the Fe-Pt alloy in the
samples with low Fe-layer thickness. At low temperatures (i.e. at T = 5K), My of the
Fe/Pt multilavers, however, is always larger than that of bulk Fe for all ranges of Fe-laver

thickness.
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Table 1: Magnetic data for the Fe/Pt multilayers: saturation magnetisation per

volume unit (Mg), magnetisation with respect to Fe volume (My), anisotropy (poH 4)

and coercive (pugHce) fields.

tp(R) tre(A) n M((T) M(T) (LHD(T) | (poHc)(mT)
15 24 22 0.148 1.07 0.05 3.0
15 8.4 12 0.716 1.99 0.81 4.6
15 9.0 15 0.772 2.06 1.06 4.6
15 12 15 1.013 2.28 1.31 4.8
15 21 15 1.395 2.44 2.00 4.8
15 34 10 1.729 2.49 2.68 4.6
15 53 5 1.962 2.44 2.80 2.8
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F19. 1: Magnetic hysteresis loops with the magnetic field applied in the film-plane

(solid ciuve] and along the film-normal (dash curve) directions for the Fe/Pt multilavers.
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saturation magnetisation, see table 1.
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Data presented in fig. 2 are values averaged over the whole Fe thickness. In
agreement with the results of the structural and K'Ibssl.)am'r studies mentioned above.
one can describe the multilavers by cousidering that (i) the inner Pt subsystem is non
magnetic, (ii) the Pt-Fe interface of thickness 2t;, and (iii) the a-Fe magnetic subsystem
of thickness t,,(= tp. — ;). In this context, the measured magnetisation of the samples
is related to the magnetisation M. of the a — Fe in the core, the magnetisation Mg, ¢,

and Mp; ;, in the interfaces as the following:

Motpe = 2{Mpesr + Mpy irJtiv + Mpo(tpe = tir). (1)1
4
o
=]
(a]
3 -
o o o
om
| ]
= » . o 8 .
‘:t5 £ o Fe-bulk
=
O T=300K
l __O [ | T"—'SK
o T=5K
0 1 1
0 20 40 60
tFe(A)

Fig. 2: Variation of My as a function of the . for the Fe/Pt multilayers.

(Q)~T = 300K, (M) —T — DK[38) and (O) - T - DI [D].

Assuming that the composition Fe: Pt at the interfaces is 50:50 and the magnetic
moment of Fein the interfaces ( Mg, 4, ) is the same as that in the Fe core (Mg, ), equation

(1) can be written as

Motpe = Mpity + Mpetpe. (2)

For the samples under consideration (i.e., tp; = 15.:1) and tp, = 2.4 + 53/(4‘), a plot
of Myt vs. tp, is presented in fig. 3. from which we obtain My, = 2.21 T(2.18 T) and
Mpity, = 0 T.m(2.55 x 10719T.m) at 300K (5K ). Taking the value of #,, as mentioned
above, we derived Mp, = 0.125T at 5K.A value about 0.43p5/Pt-at, thus, was estimated
for the induced 5d(Pt)-magnetic moment in the Fe/Pt interfaces. A similar value (of
0.37pup/at) has been reported for Pd in the Co/Pd interfaces [9]. The 3d(Fe)-5d(Pt)
hybridisation was proposed to result in a positive 5d-polarization (with respect to the 3d
moment ) and then to the enhancement of the magnetisation in the Pt — Fe alloys [4.10]. In
their work, Mirbt et al. [4] have theoretically pointed out that a ferromagnetic coupling
between the d(HT) and 3d(7") moments is favoured when a magnetic T(= Fe, Co, Ni)
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surface (or. in general, interface) is covered by a fow lavers of a non-magnetic HT element
such as C'u, Ag., Pd, Pt.... At present, the mechanism of the 3d(Fe)-5d( Pt) ferromagnetic
spin ordering can be understood by a simple model with rectangular local density of states

of the 3d and 5d electrons as the following,
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Fig. 4: Variation of Myt as a function of the t1e for the Fe/Pt multilavers.

(O) = T = 300K. (W) - T = 5K[8] and (0) -~ T = 5K 5],

In fig. 4. the rectangles denote the schematic local density of states of the 3d states
of Fe and 5d states of Pt. The 5d(Pt) states are positioned at energies lower than those of
the 3d( Fe). Due to the 3d-3d splitting, the spin-up 3d( Fe) subband shifts to lower energies
and therefore is closer to the 5d(Pt) states. The 3d( F'e)-5d( Pt) hybridisation of the spin-
up states is stronger than that of the spin-down states. The larger energv-separation for
the down-spin electrons leads to less hvbridisation than for the up-spin electrons. A direct
consequence is that more spin-up 5d(Pt)-electrons appear in the lattice and a positive

moment is iduced on the Pt sites.
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Fig. 4: Schematic illustration for the 3d(Fe)-5d(Fe)

ferromagnetic spin ordering in the Fe/Pt multilavers.

The magnetic anisotropy is inferred from fig. 2. For ahmost all samples investigated.
o

the in-plane direction is always easy to magnetise. The sample with tp. = 2.4 A, however.
shows an approximate isotropy. It could be due to a perpendicular amsotropy. which
roughly cancels the shape anisotropy. This finding is in good agreement to that reported
in [5].

The intrinsic anisotropy constant K, has been evaluated bv K, = Kj4
(Alé)(f;;-,,/A\)/on\ where the anisotropy energy Ka = (uoHaMg)/2. The phenomeno
logical relationship between the interface (Kg), volume (Ky) and the intrinsic (K, |

anisotropies is usually given as
tF‘r I\,i ntr — ‘21\"\' + fl”e' [\’\f . { 3

From the plot of tpe X Kint, versus tp. (fig. 5), we deduced that the interfacial
perpendicular magnetic anisotropy constant Ks = 0.3m.J/m? and the volume contribu-
tion Ky = —0.5M J/m®. These obtained results are comparable to those already reported
for the Fe/Pt systems [5]. but larger than those deduced for the Fe/Ti and Fe/V multi-
layers, where the interfaces are paramagnetic at room temperature and the perpendiculai
anisotropy is caused by the Fe-topmost layers [11,12]. At present, the stronger perpen-
dicular anisotropy may be caused by an interfacial anisotropy of the same sign as that
originates from by the surface (and/or the topmost F e-layers).
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Fig. 5: tpe Ky 0o a function of 14 for the I’c/ Pt multilayers.

The surface anisotropy on the magnetocrystalline anisotropy of the transition metal
free-monolayers can be understood on the basis of the characteristics of the two sub-bands
formed m the in-plane states (IPS) and in the out-of-plane states (OPS). The sign of
the anisotropy can then be derived by considering which symmetry states are dominant
in the vicinity of the Fermi level (Eg). In the metallic thin films, the OPS cannot form
bonds directed towards the surface, then the corresponding sub-band is narrower than
that in the bulk. By contrast, the IPS, and be consequence the corresponding sub-band,
are essentially unaffected when going from the bulk to the monolayer. In addition, the
OPS sub- band is shifted toward higher energy with respect to the IPS sub-band due to
the increased electrostatic repulsion for more localized states. Assuming a strong ferro-
magnetism, only states in the minority band need to be considered. The characteristics
of these sub-bands are illustrated in fig. 6, see also in refs. [4,11]. For the low band
filling the anisotropy is perpendicular as IPS are dominated. As band filling increases,
the contribution of the OPS increases and the anisotropy becomes an in-plane one. For
further filling, the anisotropy decreases and vanishes when the band is full. This results
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product well the calculation anisotropy reported in [9,13] for the transition metal mono-
lavers: Fe - very weak perpendicular, Co - in-plane and N7 - weakly in-plane. This simple
approach can be applied to the interfacial anisotropy of the multilayers by considering the
modification of the band structure, and by the consequence of the (effective) band-filling
through hybridisation at the interfaces [4]. In this case, as a general rule. one assumes
that the IPS do not depend on the nature of the interface and only the OPS are important
in this consideration. For the investigated Fe/Pt multilayers, see (fig. 5) above, due to
the 3d(Fe)-5d(Pt) hybridisation the number of the 3d(Fe) OPS around the Fermi level
is reduced. This tends to favour a perpendicular anisotropy. Moreover, the hybridised
Fe-states are fully occupied because they are well below Ep. Thus, the total number of
electrons to distribute in the bands which are crossed by Ef is reduced. The total number
of states under Ep before hybridisation, however, is relatively less reduced than the num-
ber of electrons to distribute. This effect is equivalent to removing some electrons from
these bands and this leads to a reinforcement of the interfacial perpendicular anisotropy

as observed in this study.

4 N(E)
IPS OPS
\ /
E
T T ' L
Fe Co Ni
K=>0 K<0 K=>0

Fig. 6: Schematic illustration of the OPS- and IPS-subbands (see text) and the
variation of the sign of the surface anisotropy as a function of band filling. Arrows indicate
the position of the Fermi level for Fe,Co and Nu.

IV. CONCLUDING REMARKS

We have presented a study of the interfacial magnetism and anisotropy of Fe/Pt
multilayers.” Qur analysis pointed out that in Fe/Pt interfaces the F'e-magnetic moments
and the induced Pt-ones are oriented parallel along the film- normal direction. This
leads to a positive contribution to the magnetisation and to the interfacial perpendicular
anisotropy in investigated multilayers. We have discussed these behaviours by evoking
a simple band structure model and by considering hybridisation effects as proposed by
Givord et al. [4]. It appears that this very simple model can be successful in describing
the magnetism and anisotropy of F'e/Pt interfaces.
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TAP CHI KHOA HOC DHQGHN, KHTN, t.XV, n’2 - 1999

TU TINH VA DI HUONG TU CUA CAC LOP CHUYEN TIEP (INTERFACES)
TRONG CAC MANG MONG DA LOP Fe/Pt

Nguyén Hiru Dirc, Trinh Thi Léc,
Tran Mau Danh vaNguyén Thé Hién
Phong Thi nghiém Vat ly Nhiét dé thap, Khoa Vat ly,
Dai hoc KH T nhién - DH QG Ha Noi.
A. Fnidiki and J. Teillet
Phong Thi nghiemT*r hoc va I]ng dung, Dai hoc Tong hop Rouen, CH Phap
Tinh chat tir cia cdc mang mdng da 16p Fe/Pt c6 chieu day lop Pt ¢S dinh
(tpe = 154) va chidu day 16p Fe thay d8i (2.4A < tr. < 53A) da duoe nghién ciru bing
phép do tir do & nhiét d6 phong sir dung tir ké mau rung (VSM). Céc két qua nhan duoc
cho thay rang cdc viing chuyeén tiép (interface) ctia mang duwoc tao bdi hop kim cia Pt
va Fe. Trong cdc viing nay, momen tir cdm 1tng cua Pt sip xép song song v&i mémen tir
cia Fe va dinh hwdng vuéng goc véi mit phiang cia mang. Céc thudc tinh-nay da duwoc
thdo luan dwa trén mo hinh lai hod cia céc trang thai 3d(Fe) va 5d(Pt).



