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Curie-temperature enhancement of ferromagnetic phases in nanoscale heterogeneous systems
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The dependence of Ni Curie temperatufg,, on the Ni thickness in Co-Ni and Ag-Ni multilayers is
reported. It is shown thak. increases 60 °C for the Co-Ni samples, as the Ni thickness decreases from 100 to
50 A. The difference inT. between Co-Ni and Ag-Ni multilayers increases as the Ni thickness decreases,
reaching 75 °C for 25 A thickness. We propose as a possible explanation that the molecular field of Co layers
penetrates into the Ni layer so enhancifig. The influence on the coercive field of the Ni transition from
ferromagnetic to paramagnetic state is also shown.

It is to be noted that magnetic materials with outstanding Soft magnetic Fe-based nanocrystals consist of an ul-
technical properties are heterogeneous systems. Softer mateafine structure of randomly oriented crystallites, with dize
rials, as Fe rich nanocrystdig,as well as the harderd34f and volume fractiorx, which are surrounded by an amor-
intermetallic compoundsare characterized by the coexist- phhous integranular matrix. Therefore, the magnetic softness
ence of different structural and magnetic phases. The influg,idences that exchange propagates through the interfaces

ence o_f th_e microstructure on the macroscopic magnet'%rystallite-amorphous matrix. Recently Hernando and Kulik
properties is governed through the degree of coupling be-nd Slawska-Waniewsket al,'® by measuring thermal de-

tween the different magnetic phases. The degree of couplin . : ;
is described through the ratio between the exchange correl@endence of coercivity, concluded that exchange interactions,
tion length,L, and the structural fluctuation length, For ~ responsible for the magnetic softness, also act between the

L>| the magnetization process is a collective procesgrains through the paramagnetic intergranular region, i.e.,
whereas folL<| each phase magnetizes separdtdjano- aboveT2. We have also observed that when the distance
crystals or, more generally, materials for whiths of the  between crystallites is smaller than 6 nm the Curie tempera-
order of nanometers—along one, two or three dimensions—ture of the amorphous intergranu|ar region is h|g(ﬁ]’ °C)

have been shown to be of particular relevance not only fogyan the corresponding for an amorphous ribbon of the same

technical purposes but also for basic studies as is the case @(gmpositionl_l,lz Nevertheless, even though important inter-

magnetic multilayers. As concerns exchange interactions be "o, ohange phenomena have been detected in soft nanoc-
tween the different magnetic phases, the more |mportanf’]l

characteristic of nanostructured samples is the enormous ar tals there is an essential difficulty—associated with both

of the phase boundary which gives rise to an enormous nunin€ir complex chemical composition and the lack of knowl-
ber of magnetic atoms at the interfate. edge about some structural details of the nanocrystallization

For the sake of simplicity let us restrict our discussion toProcess—to interpret them.
systems consisting of two different phases, nanfelgnd B In order to inquire into the influence of the interface ex-
phases. Three types of exchange constants can be distif?ange on the macroscopic properties of samples with
guished, corresponding t6) atoms in the bulk of phase nhanoscale fluctuations of magnetic properties, the thermal
A, JA (i) atoms in the bulk of phad®, JB, and(iii) atoms dependence of coercivity as well as the dependence of the
at the interface with exchange constant ranging fitfto ~ Curie temperature of Ni layers with the layer thickness,
JB. J is expected to change locally as we move along thdy;, have been studied in Co-Ni and Ag-Ni multilayers.
perpendicular direction to the interface. As far as exchang&hese multilayers present a remarkable advantage with re-
interactions are concerned, we can introduce here the cospect to nanocrystalline materials which is the geometrical
cept of exchange interface thicknedsIT), which can be and chemical simplicity. The thickness dependence of the Ni
defined as that along which evolves fromJ* to JB. The  Curie temperature for Ag-Ni multilayers has been previously
characteristics of the exchange matching thickness should kiketermined and shows a decrease with decredgjras pre-
of great interest to understand the magnetic behavior of muldicted by the mean-field approximatiéh'*
tiphase magnetic systefnas well as to improve understand- ~ Co-Ni and Ag-Ni multilayers, consisting of 40 bilayers,
ing of exchange between ferromagnetic layers through parawere prepared by planar magnetron sputtering technique on
magnetic spacersAs the exchange interface thickness is(111) Si wafer substrates kept at room temperature. Co and
expected to be restricted to one or two interatomic distanced\i layers were grown in the rf mode whereas the dc mode
its influence on the macroscopic magnetic properties should/as used to grow Ag. For all cases the discharge gas was Ar
be noticeable in those samples with outstanding interfacevorking at a pressure of*$10~ > mbar. Sample thicknesses
area per unit volum&.The macroscopic property which is have been calibrated by low-angle x-ray diffractfdiCo and
expected to be more affected by the nature of the interfacAg thicknesses were kept constant at 150 A. This is the
exchange is the coercivity, through the influenceLorbut it typical dimension of crystallites embedded in the amorphous
is worth noting that also the Curie temperature might beow Curie temperature phase of the Fe-based nanocrystals.
influenced. The Ni layer thicknesd,y;, varies between 25 and 100 A.
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FIG. 1. Low-angle x-ray spectra in a Ni 25 A-Co 25 A Sl C e oas® ]
multilayer, as deposited and after each heat treatment. 2 | ..Ag(ISO A) / Ni(50 A)_:
ol , ., e . . ]
Low-angle x-ray diffraction§XRD) have been performed 45 [0 o e ]
in a D-5000 Siemens Diffractometer. Due to the experimen- 36 [ b
tal limitations of this equipment, it is not possible to detect [ o ]
the multilayer periodicity peaks in samples with this rather 7 F o -
!arge pe_riO(_jicity, for which Iovy—angle reflexions would lie LS Co(150 A) /Ni(25 A) ]
into the incident beam. The minimum work angle is around 18 o E
0.5°, which means that maximum detectable periodicity is . Qg ]
around 100 A. In order to establish the quality of the inter- ? i Sleleloeloeee! ]
face in the multilayered structure, a sample with lower peri- P N T T T
odicity (25 A of Co, 25 A of Ni, 40 bilayershas been de- 0 100 200 300 400 500 600
posited under the same conditions. XRD of as deposited T (°C)

sample, exhibits a neat superlattice periodi¢fig. 1). The
same piece of the sample has been submitted to four con-
secutive annealings in argon atmosphéas in magnetic FIG. 2. Thermal dependence of coercivity of Ag-Ni and Co-Ni
measurements XRD spectra after each annealing are alsomultilayers for different Ni thicknesses, 100(&), 50 A (b), and 25
displayed in Fig. 1. During heat treatments, the sample wad (c). The full dots correspond to the Ag-Ni samples.
held to a given temperatufahich designates the treatmgnt
fo_r 12 min. Warr_ning_ up and cooling down times_were 10 0-Ni sample withl ;=25 A, H_ is higher(45 O@ at room
min. Thus, total time in each treatment was approximately 3 . .

emperature and decreases with a smooth increadg. at

min. This XRD observation shows that the interface quality. ) _— )
is not too much degraded during high-temperature magneti'éluStr""tEd by Fig. o). These results indicate thhy is too

measurements. At least, the possible interdiffusion length iSO t reduce effectivelid., but for the same reason the
much lower than 25 A. coupling between the Co layers is less affected by the para-
Magnetization curves and hysteresis loops, which allowmnagnetic transition of Ni. Thg general trenq exhibited by the
the saturation magnetization and coercive fidldto be de- thermal dependence ¢ pointed out that(i) below Tc,
termined, were measured by means of a LDJ 9500 VSM, fofxchange interactions through the interfaces leald karger
temperatures ranging from room temperature to 500 °C. Figthan the bilayer thickness arti) the Ni transition from the
ures Za) and 2b) illustrateH, as a function of temperature ferro to the paramagnetic state produces hardening as a con-
for Co-Ni and Ag-Ni multilayers, withl ;=100 A and sequence of the shortening bf
Ini=50 A, respectively. The behavior exhibited Hy, for the The dependence of saturation magnetization on tempera-
Co-Ni multilayers points out, after comparing with tiks,  ture in Co-Ni multilayers is shown in Fig. 3 fdg; 50 and
behavior of the Ag-Ni multilayers, that the magnetization100 A. The maximum measuring temperature is far below
reversal process is nucleated in the Ni layers, presumably @aee Curie temperature of CAL087 °Q. T was approxi-
a consequence of its lower anisotropy. Between 20 andhately obtained from the thermal dependence of the magne-
200 °CH. decreases with temperature, as is the cadd of tization, as the intersection of the steepest tangent to the
for Ag-Ni samples up toT. This decrease corresponds to magnetization curve with the extrapolation at lower tempera-
the normal thermal dependence of coercivity. HoweMer tures of the magnetization curve of Co layers, as indicated in
stabilizes and shows a subsequent increase for Co-Niig. 3. It can be clearly seen tha@t increases 60 °C ds
samples ad approached . This anomalous thermal de- decreases from 100 to 50 A. The dependenc&obn | ; is
pendence, which has also been observed in nanocrystallinkustrated in Fig. 4 for the two types of multilayers. It is
materials as in other type of multiphase systéfris, origi-  worth noting that the differences between the experimental
nated by the shortening &f produced by the transition from points corresponding to Co-Ni and Ag-Ni multilayers are
the ferro to the paramagnetic state of the Ni layers. For thenuch larger than the experimental error associated with the
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FIG. 3. Thermal dependence of saturation magnetization nor-

malized to its room-temperature value, for Co-Ni multilayers 50

and 100 A in the Ni thickness. It is also shown the estimatgdn

both samples.

FIG. 5. Dependence ohy; of the difference betweeif¢ in
Co-Ni and in Ag-Ni samplesAT¢).

approximated method used for determinifig, which has comparing tlyi, Tc is affected by the presence of the Co

also been indicated by means of the error bars. The behavidiYers- This effect can be described by assuming an enhance-
exhibited byT. in Ag-Ni samples is in good agreement with ment of the average molecular field in Ni layers. Such en-
the results previously reported for Au-Ni and Ag-Ni hancement would depend on the EIT. Two factors may con-
multilayers'®4 Figure 5 illustrates the difference between tribute to EIT: (i) structure of the interface; roughness and

the T values corresponding to Co-Ni and Ag-Ni multilay- interdiffusion lead to a compositional gradient through the
ers,ATc, as a function of, . According to this figure, it is perpendicular direction of the ideal interface. Therefore a

clear that, for any,, lower than 100 AT, strongly depends distribution of local Curie temperature associated with struc-
H ] ] - .

on the magnetic nature of the adjacent layers. When tho ral EIT should be expectedii) Electron-electron interac-

layers are ferromagnetic, as is the case of Tg,is well tions through the interface; it is known that exchange inter-

above the correspondinf: observed for paramagnetic ad- actions propagate thrqugh paramagnetic Spacers v!a electron
jacent layers, as is the case of Ag. In Fig. 6, Mg; /M polarization, even for ideal interfacéDetails of this inter-
ratio is plotte’d againgty WhereMNi. andM;;o r;lre, rlespceoc- action are conditioned by band matching at the interface,

tively, the Ni and Co magnetizations in the multilayer, atexst_ence_of ti(;und states, and in general by electronic
room temperature. They have been obtained from the drop &onﬂguranong.’ L . .
the multilayer magnetization when the temperature reaches In a rpugh approxmatlon., V\_/hen a ma_gnefuc material
Tc. In all casesM has been considered as the muItiIayerreaChes itsc, the thermal agitation energy Is high _enough
magnetization affc, supposing that it remains approxi- to overcome the ferromagnetic ordering energy. This can be

mately constant within this temperature range. The value o@stabllshed by means of the immediate relation

My Which is expected to be independentIgf, approxi- #8Bmo=KTc, where ug is the Bohr magnetonByg the

mately 30% of the cobalt magnetization, shows a drastic inTmolecular field andk the Boltzman constant. After consider-

crease with decreasirlg; as illustrated by the figure. ing that in Ni, AT¢ reaches 75 °C fofy;=25 A, we found

The results plotted in Figs. 4, 5, and 6 point out that, Whenthat the contact with the Co layers is equivalent to an in-

the Co-Ni exchange interface thickness is not negligible in-rease of the average molecular fiekBmq, of the order of
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FIG. 4. Dependence of¢ on ly; for Co-Ni and Ag-Ni multi- FIG. 6. Dependence d¥l; /M, on ly; for Co-Ni multilayers.

layers. The Co and Ag thickness remains constant in all the smapléghe value ofM\; is approximately 30% of the cobalt magnetiza-
and equal to 150 A. tion, however it shows a drastic increase with decreaking
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100 T. Taking into account the Ni-Co miscibility, such in- should be performed in order to elucidate the relative contri-
crease could be explained by the gradient of Curie temperadution of these two factors to EIT. _
tures associated with the possible gradient of Co-Ni compo- The experiments reported in this work support the idea
sitions at the interface. At the interfade would range from  that the exchange interface thickness becomes a relevant pa-
the Co Curie temperature to the Ni one, following an almost'ameter for magnetic structures with nanoscale fluctuations
linear law!® But it can also be explained by assuming a@S is the case of nanocrystalline materials and multilayers. In
molecular-field penetration, originated by electron-spin poJarticular it has been shown that the Curie temperature of
larization, with an exponential decay into the Ni layers. Asthin magnetic layers is not only dependent on its thickness
the molecular field in Co at 300 °C is of the order of 1000 T PUt @lso on the magnetic nature of the neighbor layers.

an average of 100 T and Ni can be obtained if the exponen- This work has been supported by Spanish CICYT through
tial decay is of one atomic distance. Further experiment®rojects No. MAT92-0405 and MAT92-0491.
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