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Interface magnetism in Permalloy/Cu multilayers: Ferromagnetic-resonance study
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Ferromagnetic resonance has been applied to study sputfeeeahalloy/Cu, oo multilayers with Permalloy
(Py) and Cu layers thicknesses 5<,1idpy< 40 A and 8 A<d.,< 40 A, respectively. The effective magneti-
zation is analyzed in the vicinity of nominal critical thicknesses of Py layeks| 2 4.9, 7.6, and 8.3 A, at 77,
293, and 400 K, respectively. From its behavior and the temperature measurements of ferromagnetic resonance
(FMR) spectra we argue about the magnetic structure of a statistically averaged interface between Py and Cu:
At room temperature, about 0.5 monolaydtL) (1 ML = 1.8 A) may be magnetically inactive due to spin
wave excitations in ultrathin films and about 1.5—2 monolayers—due to intermixing resulting from roughness.
Trapezoidal-like magnetization profiles in ultrathin Py layers 4—7 monolayers thick are discussed in terms of
percolation of magnetic clusters within a rough interface. The FMR linewidth depends on the thickness of Py
layer asdp, . [S0163-182698)00510-4

I. INTRODUCTION abled us to have better confidence and a better data statistics.

Magnetic films, and multilayers in particular, reveal aThe FMR.data are discussed in'the framework_ofa realistic

’ . . . ’ model which focuses on a relation between microstructural

brpad range of magnetic propgrtles which d,epe’“,’ both OBharacteristics of interfaces and thermal fluctuations of dis-
thickness and the growth conditiohn connection with the ¢ ntinuous magnetic structures below a percolation threshold

interest in the giant magnetoresistan@MR) and efforts o que to the spin wave excitations in ultrathin magnetic
directed to its optimization, much of the recent work haslayers.

been aimed at understanding the role of interfaces with non-
magnetic spacers: their roughness and intermigifige ef-
fects related to the presence of interfaces are very subtle and Il. EXPERIMENTAL PROCEDURE

the corresponding microstructural changes are complex and The samples were produced by a double face-to-face sput-

dep‘?”de’.‘t on the prepgraﬂon detdils. tering methodf on Si(100) substrates with a 200-A-thick Cu
Since in multilayers interface effects show a tendency t

magnetization measurements are often used to get statisflyoq layer. Several series [fy/Culy (i.€., consisting of
cally averaged information on them provided that an appro- g repetitions multilayers were prepared wittic, and dp
priate a.nalysis of. the dep_endence of magneti.c properties O(Ebvering a broad rang€Fig. 1, inset of individual Py anyd
magnetic layer thickness is performed. In particular, from ancy, |ayer thicknesses. The thicknesses were later controlled
intercept of the magnetic momentt( vs dpy, a quality of  py analysis of low-diffraction scans and an x-ray fluores-
interface _gand a degree of interdiffusion have beencence method® The results obtained were in godbetter
deduce_d‘. _ _ than 95% agreement with each other. The clear observation

In this work we have extensively applied the ferromag-of peaks associated with the superperiodicity at large and
netic resonancé-MR) technique to elucidate the magnetic gy g angles indicated a good structural quality of our
behavior of the PermallogPy = NigsFe,;) layers stacked in samples which shows a dominatif00) texture*'® GMR
Py/Cu multilayers which have been frequently used for conyeasyrements on the same set of samples revealed the pres-
structing magnetic structures with a fairly large GMR gnce of two ranges with a relatively weak antiparallel cou-
effect”** The ferromagnetic resonance method has alreadﬁ”ng centered at-10 and 21 A, respectiveff. The FMR
prqved l_JsefuI for_ providing informat_ion on magnetic yaia were taken at thé band (9.4 and 9.08 GHewith the
anisotropies even in the monolayer thickness rdfiger  oyternal magnetic field parallel and perpendicular to the sur-
studying the critical behavior at the Curie temperatirand  face of the films, Magnetic field modulation was employed
for determining the magnetic moment of ultrathin magneticgy that the detected signal was proportional to the field de-
films.** Stress is put on a thickness dependence of the effeG;yative of the absorbed power in a TE102 rectangular cav-
tive magnetization 4Mey in the thickness range 4 A ity. Most data were taken at 77 K, 293 K, and 400 K. For
<dp,< 15 A where the FMR response weakens and evengome of the samples the temperature dependence of the reso-
tually ceases at a critical thickness. In this range of Py thicky5nce spectra was measured from 77 K up to 800 K in a
ness, the magnetic properties are substantially influenced Q}’uartz Dewar with flowing nitrogen gas.

the presence of interfaces. To determine the effective magnetization
Our measurements were performed on a large number of

samples in which the thickness of an individual layer was
determined with the highest possible accuracy, which en- 47M g=4mMg— 2Ky /Mg, @
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FIG. 1. Dependence of the effective magnetization on the Py FIG. 2. Dependence of the effective magnetization on the Py
layer thickness for 77, 293, and 400 K. Lines are least squares fits tiayer thicknesgin ML) for 77, 293, and 400 K in the vicinity of the
the data points according to E). critical thickness. Dashed lines are plots of E() with

A7Mg(0) =10 kG and 2D =2.6, 4.2, and 4.6 ML. Solid lines are
whereM ¢g=M eq(dp,), We use the resonance conditions for fits according to Eq(S) with 47M(D) described by Eqsi8) and
a thin film'” for a magnetic field Kip) applied perpendicular (9)-

to the film plane, earized plots of Eq(5) for 77 and 293 K. The slopes of the
® plots give a bulk value of #M .(0) equal to 10+ 0.05 kG

(—) =Hp—47Mgg, (20  for each temperature. M determined with a vibrating-
Y sample magnetometéVSM) for 15 A< dpy< 40 A gives
and for the magnetic fieldHz) in the film plane, nearly the same value of 10:8.8 kG. The offset Ad from

the origin, attributed to nonmagnetic layers at the Py/Cu in-
w\? terfaces, varies from 4.9 A to 7.6 A and 8.3 A for 77, 293,
v - Hr(Hrt+47Mes), (3 and 400K, respectively. Assuming that 1 monolaipét ) of
Permalloy with(100) texture is 1.8 A thick AD " = 1.3 ML,
wherew/27 is the microwave frequency, ™M is the satu-  AD2% = 2.1 ML, andAD*%®° = 2.3 ML for a single average
ration magnetization, and& is the uniaxial anisotropy interface.
which may contain surface and volume tertfigo compare The behavior of the effective magnetization in a region
47Ms with 4mMer, we measured FMR absorption intensi- where ferromagnetism sets on may provide some additional
ties at 293 K for several samples. An Fe-doped MgO crystalinformation on the morphology of the average Py layer in the
placed into the cavity, served as a reference for absolutpy/Cu multilayers. The important point is this. (or M)
calibration of the FMR intensity, which is proportional to is proportional to a derivative of the magnetic moment with

the total magnetic moment/, of the specimen? respect to the thickness, and therefore it is more sensitive to
small departures from the normal behavior expressed by Eq.

| M H+47M e ) (5) (see Fig. 1, inset In Fig. 2 we plot 4rM 4 vs D (the

S2H+47M 4 nominal thickness in MLin the vicinity of the critical thick-

ess at each temperature of measurements. The departures
rom the dependences predicted by E%). (dashed linesis
clearly seen in the thickness range from 3 to 5 ML for data
taken at 77 K and extends to about 6 ML for 293 and 400 K.
Ill. RESULTS All these features of the magnetization behavior Ebr

Figure 1 shows the dependence afM . on dp, at 77 <6 ML will be tempting to relate in the discussion to a
293 and 400 K. Almost no dependencede}p Was éetectéd transition from continuous layers to clusters or spin blocks
excépt a very narrow range below9 A V\;Jhere pinholes whenD decreases. It is, however, also possible that such an
through Cu layers enhance the effective magnetization, b@@nomaly may be induced by the interplay of the uniaxial
this effect is not substantial for the present discussion. Th@NisotropyKy (of a surface origin, in this caseand the

curves which fit the experimental data points correspond to &N"aPe anisotropy, yielding a thickness range in which the
frequently used formula two contributiongsee Eq.(1)] balance each other. To con-

firm the above possibility, we measured the FMR intensity
2 Ad for several samples and, according to E4), we evaluated
) : (5)  the dependence of the magnetic momémg on D. Since the
correlation betweenM and 4rM 4D is surprisingly good
which expresses an effect of the reduced magnetization offFig. 3), we believe that 4M = 47Mg for Py/Cu multi-
the two interfaces between Cu and Py. The inset shows linayers at room temperature. Therefore, at least at room tem-

The absolute FMR intensity was determined by numerical
integration of the field derivative of absorption.

47TMeﬁ:47TMeﬁ(oo)( 1-
dpy
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clear idea of its physical origin. Generally, the FMR line-
width may be decomposed into two terths

[+2]
(=)

' ' EE with AH, = 64 Oe andA~5x10* OeA? but we have no
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where the first term describes the role of magnetic inhomo-
geneities and the second determines the role of viscous
damping. Since bothH, andG were found to be dependent
on thicknes$® we may only speculate that both terms are
involved in the apparerd;y2 dependence.
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4 5 6 " IV. DISCUSSION

D [ML] _ The effects relat_ed to the_presence_of interfaqes are shared
in the total magnetic behavior of multilayers in inverse pro-
portion to the thickness of the magnetic laysee Eq.(5)].
Therefore, this simple relation is often used in evaluating the
thickness of magnetically inactive layers at interfaces. De-
pending on the technological peculiarities used for preparing
Py/Cu multilayers or spin valves, the thickness of a magneti-
perature, the effective magnetization seems to be solely dugylly inactive layer Ad estimated from magnetic
to the shape of the Py layers down to a few ML. The samgneasurements”°lies within a wide range of 1.5—-10 A. Our
conclusion has been drawn by Smtsal,* for Py/Cu mul-  estimation ofAd = 3.8 A lies in the middle of this range.
tilayers prepared by ion beam sputtering. Unfortunately, asych a remarkable scatteringAnl values seems to be worth
drift in the microwave cavity coupling did not allow us t0 explaining from the point of view of possible origins. It is
measure the FMR intensity at 77 K. plausible that two main sources are responsible for the inter-
The dependence of the FMR linewidfH,, on Py layer  face magnetism in the Py/Cu multilaye($} magnetization
thickness(Fig. 4 may also serve as a representative exampl@|yctuations due to size effects of ultrathin Py layers éind
of cooperative effects characteristic of magnetization fluctuamterdiffusion between Py and Cu during deposition or inter-
tions due to the discontinuous nature of Py layers and thehixing related to interfacial roughness. It is worth noticing
increasing role of defects with decreasing the thickness of Pyhat interdiffusion at distances of about a few ML, regarded

down to several monolayers. The linewidth is approximatelyas |ocal spreading of one component into another, is actually
independent of Cu thickness, except the narrow regiongdistinguishable from roughness.

where antiparallel coupling occurs. The effect of exchange
coupling onAH,, is, however, more clearly seen for rather
thick Py layers withdp,= 30 A. For smalledp,, even small ] ] _ o
fluctuations in Py thickness can substantially destroy this ef- According to the spin-wave theory, in ultrathin films an
fect. The experimental data can be nicely fitted by the forenhanced thermal decrease in magnetic order is obsérved.
mula To estimate the size effects related to the spin-wave excita-
tions we present in Fig. 5 the dependence of the thickness of
the magnetically inactive region on the reduced temperature
T/Tc(), where Te(e) is the Curie temperature of bulk
d_z’ 6) Permalloy equal to 850 K. The straight line approximating
roughly the trend of our data is shifted about 3 ML above
that calculated from the spin-wave thetfand the experi-

FIG. 3. Magnetic moment 1 (open squargsand the product of
effective magnetization and thickness ¥l .+ D (solid squaresas a
function of the nominal Py thickness at 293 K.

A. Magnetization fluctuations

1000 mental points for NjgFe;, oligatomic films taken from Ref.
800 L 23. Hence, the presence of magnetically inactive interfaces in
— our Py/Cu structures may be mainly attributed to intermixing
S 600l at interfaces ¢ 1-2 ML per single interfageand partially
‘—'m to the magnetization fluctuatior(®.5 ML per single inter-
o™ 400 | face due to the spin-wave excitations. At room temperature,
< the thickness of magnetically active Py layer Og,=D
200 | —2(AD—0.5ML), whereD is the nominal thickness of a Py
layer; 2AD is the nominal critical thickness and<.5 ML
0 0 accounts for the spin fluctuations at room temperature.

For four samples with nominal Py thickness 7.4(41
ML), 8.9 A(5.0 ML), 12.1 A(6.7 ML), and 23.5 A(13 ML)
we performed temperature measurements of FMR spectra to
FIG. 4. Peak-to-peak linewidtat the perpendicular configura- €stimate how the Curie temperatufie;(D) depends on
tion) vs dp,. The solid line represents a fit according to ). thicknessD¥,. A method proposed by lét al'* was applied.




5958 J. DUBOWIK, F. STOBIECKI, AND T. LUCINSKI 57

5 T T > TABLE I. A set of parameters of Eq49) and (10) obtained
P . from the least squares fitting to the experimental data in Fig. 2. 1
4 ML=1.8 A.
-\
Pid T [K] 2AD [ML] o [ML] w [ML]
—~ 3 d .
= 77 2.6 51 1.7
3 ML
A L ] = 293 4.2 5.8 0.8
g 2 0O _A 400 45 5.8 0.4
A4
1+ - . .
B. Intermixing at interfaces
~]1 ML ) o
0 . . The departure from regular behavior of magnetization
0.0 0.2 0.4 0.6 (see Fig. 2 expressed by E(q5) can be attributed to a mag-
netic inhomogeneity across an averaged Py layer of thick-
T/T () ness range 2d<d< o, wherec is the characteristic thick-

ness of the intermixed region. Fat=0 each additional

)rénonolayer contributes to the total magnetization of Py layers
inactive Py monolayers 2D (solid circleg. Experimental points Pd f;l]cont;]nuous grpwth mOdefIS ﬁchleved. A simple mOd?'
(solid circles for Py layers are compared with Gradmann’s results® the ~shape anisotropy 0 eterogeneous magnetic

(open squardsRef. 21 and with the spin-wave theorgolid line) structure® seems to bg u;eful in_ a qugntitativg description
(Ref. 22. of the magnetic behavior in the ill-defined regiodA@<d

<. According to this model, the effective magnetization of
Figure 6 shows the reduced Curie temperatures versus thicR-film with roughness of the order of at each interface can
nessD?¥ of a magnetically active layer for Py/Cu multilayers be expressed by
together with relevant experimental data taken from Ref. 1.
Our experimental data lie well below the data which were A3oef(1-)]
shown to obey the spin-wave thedisee Ref. 1, for details oel(l—
Such a discrepancy with the spin-wave theory suggests other AmMer=4mM(d)) 1- d ’ (8)
significant sources determining the magnetic behavior of the
Py/Cu multilayers in the ultrathin Py thickness range, but for
the best samplés with AD~ 1 ML the enhanced thermal where the term in square brackets has the meaningchf
decrease of magnetic order, combined with changes in thef(1—f) is a dimensionless factor describing peculiarities of
electronic band structure due to proximity effects, may be arthe lateral geometry of roughnedss a packing factor of the
important origin of magnetically inactive regions at the in- roughness elements, amds the ellipticity factor of the de-
terfaces and may have some relations to a Langevin-likenagnetization tensor of an individual element forming
magnetoresistance in multilayers with magnetically smoothroughnesgsee Ref. 25 for details Since 0.5xe<1 (e =
interfaces®* 0.5 for a needlelike roughness, 1 for a flat islarahd
0<f<1, a rough estimate of #M. is given by
10 —T—T—T——1—— 47M(d)(1—o/2d), and hence, Rd=o/2 for a needlelike
roughness. Equationg) and (8) have the same physical
0.8 | S A meaning provided #M(d) (i.e., a magnetization profilés
: LA known.
. The lack of detailed knowledge of the spatial dependence
0.6 - DS - of any inhomogeneity across the average Py layer thickness
SO makes it difficult to make complete estimates of its effect on
0.4 K ® ] resonance. We may, however, choose an adequate magneti-
: s o zation profile 4rM(d) that accounts satisfactorily for the
O experimentally observed departure from regular behavior. It
Ig - turns out that the quality of fitting to the experimental data in
Fig. 2 depends fairly sensitively on the magnetization profile
0.0 ! ! ! ! at the interface region. The best fitting resuliepicted by
o 1 9 3 4 5 the solid lines in Fig. P have been achieved with the as-
* sumption of trapezoidal-like magnetization profiles with a set
D, [ML] of parameters juxtaposed in Table I.

FIG. 5. Temperature dependence of the number of magneticall

*

To(D )/ Te()

0.2 -

FIG. 6. Reduced Curie temperature of Py layers vs the number
of magnetically active atomic layers. Our ddtolid circles are 0 for d<2Ad,
compared with the relevant data for Cu/NiFe/@pen squargsand _
Cu/Ni (open trianglestaken from Ref. 1 and the spin-wave theory 4mM(d)={ 47Mg for 2Ad<d<a, ©)
(dotted line; see Ref. 1 for detalls 47Mg for d>o,
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Magnetization profile
Magnetization profile

POSITION ACROSS INTERFACE

CROSS SECTION OF INTERFACE

FIG. 7. Shapes of magnetization profiles calculated according to

Egs.(9) and(10) with the set of parameters from Table I.
as-(9) (0 P FIG. 8. A schematic sketch showing the cross section of an

with interface between magnetitM) and nonmagnetié€NM) layers. In-
sets show the calculated pattern of finite magnetic clugstraded
1/d—o)\2
9 20w

regions below the percolation thresholteft) and an infinite mag-
, (10 netic cluster above percolation threshétijht).
where the Gaussian distribution describes a trapezoidal-likgsrface, we find that slightly below the percolation threshold
profile. The meaning o, Ad, andw is shown in Fig. 7. It ot = /2 there are finite clusters only. Depending on the tem-
is seen from Table I.that the characteristic thicknessf perature, they may or may not contribute to the total magne-
roughness is almost independent of temperature whlld 24, 54i0n Above the percolation threshold, an infinite cluster

grows with temperatur_e and the width of distribution f_unc_- forms and provides the main contribution to the magnetiza-
tion w decreases. In Fig. 7 we present some magnetizatiop

orofiles of Py layers expressed by E¢@ and (10) for vari- on, resulting in its fast growth and, hence, a trapezoidal-like

ous nominal thicknesse in ML at 77 and 293 K, respec- magnetlzat|0n profile. At low temperatu_res, flmte clusters
. ) contribute more to the total magnetization since the ther-
tively. It is seen that at 77 K the central monolayer of a

5-ML-thick Py layer is nearly continuous, while at 293 K a mally activated magnetization fluctuations are almost fr.ozen.
central continuous Py monolayer is expe,cted f & 6-7 At room temperaturg, a superparamagnetic behavior of
ML thick Py layer. Such a shape accounts, for example, for £¥/Cu multilayers withdp,<10 A has been obs_ervéEi.
kink in the 47M o vs D plot at 77 K far much better than the Th_erefore, temperature plays_ the role of a sgahr_\g factor
more smeared diffusionlike profiles expressed by the errof/hich moves up the percolation threshold, which in effect
function. In the next section we will give some physical rea-"€Sults in a shifting of the critical thickness. _
sons supporting our model of the magnetic behavior of the The percolation probability d_eflned as the ratio of the
rough interfaces. largest cluster volume to the entire volume may be regarded
as a measure of magnetizatifnin Fig. 9 we plot the per-
colation probability vs the height measured across the inter-
face. From a comparison of Figs. 7 and 8, it seems that there
It has been shown from the discussion of our experimenis a qualitative agreement between the shape of magnetiza-
tal results that there is a direct interplay between the interfacéion profiles at a single interface expressed by Egsand

morphology and magnetic properties of ultrathin magnetiq10) and that predicted by the percolation model.
layers stacked in magnetic multilayers. In this thickness

range, the concept of a surface shape anisotropy does not
require strong localization. In most cases, the interfaces are
neither sharp nor flat because of interdiffusion and rough-
ness, the latter presenting a locally sharp compositional
boundary whose depth varies irregularly in the plane of the
structure (Fig. 8). Therefore, the surface shape anisotropy

may arise as well from the extendéaf a few ML) inhomo-

geneities in the volume of an ultrathin film.

The main features of the interface magnetism of real mul- Q
tilayers, including the effects related to magnetization fluc- I oﬁ
tuations, can be described by a simple, intuitive model which 0.0 Bmmmp=@=O" | !
is based on some concepts of percolation theory. Let us con- 0.0 03 06 0.9
sider a single interface between a magnéi and a non- Height across interface
magnetic(NM) layer (Fig. 8). Its roughnessr, generated
randomly with a computer program, is defined as the stan- FIG. 9. Site percolation probability as a function of height
dard deviation from a mean surface. Moving across the inacross the interface shown in Fig. 8.

C. Percolation at interfaces

1.0 T |

Percolation probability
o
(o]
T
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V. SUMMARY explaining qualitatively the presence of an ill-defined thick-

A coherent, statistically averaged picture of the magneticness range in the vicinity of the percolation threshold.

structure in Py/Cu multilayers can be provided from the
FMR data taken on a large humber of samples. It accounts
for possible magnetization fluctuations due to spin-wave ex-
citations in ultrathin magnetic layers and magnetization fluc- Financial support for this work was provided by the Pol-
tuations of finite clusters formed at the interfaces as well agssh Committee of Sciences, Grant No. 2-P03B-099-11.
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