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Interface magnetism in Permalloy/Cu multilayers: Ferromagnetic-resonance study

J. Dubowik,* F. Stobiecki, and T. Lucin´ski
Institute of Molecular Physics, Polish Academy of Sciences, Smoluchowskiego 17, 60-179 Poznan´, Poland

~Received 11 August 1997!

Ferromagnetic resonance has been applied to study sputtered@Permalloy/Cu#100 multilayers with Permalloy
~Py! and Cu layers thicknesses 5 Å,dPy, 40 Å and 8 Å,dCu, 40 Å, respectively. The effective magneti-
zation is analyzed in the vicinity of nominal critical thicknesses of Py layers, 2Dd 5 4.9, 7.6, and 8.3 Å, 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 monolayer~ML ! ~1 ML 5 1.8 Å! 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 asdPy
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I. INTRODUCTION

Magnetic films, and multilayers in particular, reveal
broad range of magnetic properties which depend both
thickness and the growth conditions.1 In connection with the
interest in the giant magnetoresistance~GMR! and efforts
directed to its optimization, much of the recent work h
been aimed at understanding the role of interfaces with n
magnetic spacers: their roughness and intermixing.2 The ef-
fects related to the presence of interfaces are very subtle
the corresponding microstructural changes are complex
dependent on the preparation details.3

Since in multilayers interface effects show a tendency
accumulate with the increasing number of repetitions, st
magnetization measurements are often used to get sta
cally averaged information on them provided that an app
priate analysis of the dependence of magnetic propertie
magnetic layer thickness is performed. In particular, from
intercept of the magnetic momentMs vs dPy, a quality of
interface and a degree of interdiffusion have be
deduced.4–9

In this work we have extensively applied the ferroma
netic resonance~FMR! technique to elucidate the magnet
behavior of the Permalloy~Py 5 Ni83Fe17) layers stacked in
Py/Cu multilayers which have been frequently used for c
structing magnetic structures with a fairly large GM
effect.9–11 The ferromagnetic resonance method has alre
proved useful for providing information on magnet
anisotropies even in the monolayer thickness range,12 for
studying the critical behavior at the Curie temperature,13 and
for determining the magnetic moment of ultrathin magne
films.14 Stress is put on a thickness dependence of the ef
tive magnetization 4pMeff in the thickness range 4 Å
,dPy, 15 Å where the FMR response weakens and ev
tually ceases at a critical thickness. In this range of Py thi
ness, the magnetic properties are substantially influence
the presence of interfaces.

Our measurements were performed on a large numbe
samples in which the thickness of an individual layer w
determined with the highest possible accuracy, which
570163-1829/98/57~10!/5955~6!/$15.00
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abled us to have better confidence and a better data stati
The FMR data are discussed in the framework of a reali
model which focuses on a relation between microstructu
characteristics of interfaces and thermal fluctuations of d
continuous magnetic structures below a percolation thresh
or due to the spin wave excitations in ultrathin magne
layers.

II. EXPERIMENTAL PROCEDURE

The samples were produced by a double face-to-face s
tering method11 on Si~100! substrates with a 200-Å-thick Cu
buffer. Substrates were wet-chemically etched with hydr
luoric acid in order to promote epitaxial growth of a Cu~100!
seed layer. Several series of@Py/Cu#100 ~i.e., consisting of
100 repetitions! multilayers were prepared withdCu anddPy
covering a broad range~Fig. 1, inset! of individual Py and
Cu layer thicknesses. The thicknesses were later contro
by analysis of low-diffraction scans and an x-ray fluore
cence method.15 The results obtained were in good~better
than 95%! agreement with each other. The clear observat
of peaks associated with the superperiodicity at large
small angles indicated a good structural quality of o
samples which shows a dominating~100! texture.11,16 GMR
measurements on the same set of samples revealed the
ence of two ranges with a relatively weak antiparallel co
pling centered at;10 and 21 Å, respectively.16 The FMR
data were taken at theX band~9.4 and 9.08 GHz! with the
external magnetic field parallel and perpendicular to the s
face of the films. Magnetic field modulation was employ
so that the detected signal was proportional to the field
rivative of the absorbed power in a TE102 rectangular c
ity. Most data were taken at 77 K, 293 K, and 400 K. F
some of the samples the temperature dependence of the
nance spectra was measured from 77 K up to 800 K i
quartz Dewar with flowing nitrogen gas.

To determine the effective magnetization

4pMeff54pMs22KU /Ms , ~1!
5955 © 1998 The American Physical Society
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whereMeff5Meff(dPy), we use the resonance conditions f
a thin film17 for a magnetic field (HP) applied perpendicula
to the film plane,

S v

g D5HP24pMeff , ~2!

and for the magnetic field (HR) in the film plane,

S v

g D 2

5HR~HR14pMeff!, ~3!

wherev/2p is the microwave frequency, 4pMs is the satu-
ration magnetization, andKU is the uniaxial anisotropy
which may contain surface and volume terms.18 To compare
4pMs with 4pMeff , we measured FMR absorption intens
ties at 293 K for several samples. An Fe-doped MgO crys
placed into the cavity, served as a reference for abso
calibration of the FMR intensityI , which is proportional to
the total magnetic momentMs of the specimen,14

I}Ms

H14pMeff

2H14pMeff
. ~4!

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

III. RESULTS

Figure 1 shows the dependence of 4pMeff on dPy at 77,
293, and 400 K. Almost no dependence ondCu was detected
except a very narrow range below;9 Å where pinholes
through Cu layers enhance the effective magnetization,
this effect is not substantial for the present discussion.
curves which fit the experimental data points correspond
frequently used formula

4pMeff54pMeff~`!S 12
2 Dd

dPy
D , ~5!

which expresses an effect of the reduced magnetization
the two interfaces between Cu and Py. The inset shows

FIG. 1. Dependence of the effective magnetization on the
layer thickness for 77, 293, and 400 K. Lines are least squares fi
the data points according to Eq.~5!.
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earized plots of Eq.~5! for 77 and 293 K. The slopes of th
plots give a bulk value of 4pMeff(`) equal to 106 0.05 kG
for each temperature. 4pMs determined with a vibrating-
sample magnetometer~VSM! for 15 Å<dPy< 40 Å gives
nearly the same value of 10.860.8 kG. The offset 2Dd from
the origin, attributed to nonmagnetic layers at the Py/Cu
terfaces, varies from 4.9 Å to 7.6 Å and 8.3 Å for 77, 29
and 400 K, respectively. Assuming that 1 monolayer~ML ! of
Permalloy with~100! texture is 1.8 Å thick,DD77 5 1.3 ML,
DD293 5 2.1 ML, andDD400 5 2.3 ML for a single average
interface.

The behavior of the effective magnetization in a regi
where ferromagnetism sets on may provide some additio
information on the morphology of the average Py layer in
Py/Cu multilayers. The important point is thatMeff ~or Ms)
is proportional to a derivative of the magnetic moment w
respect to the thickness, and therefore it is more sensitiv
small departures from the normal behavior expressed by
~5! ~see Fig. 1, inset!. In Fig. 2 we plot 4pMeff vs D ~the
nominal thickness in ML! in the vicinity of the critical thick-
ness at each temperature of measurements. The depa
from the dependences predicted by Eq.~5! ~dashed lines! is
clearly seen in the thickness range from 3 to 5 ML for da
taken at 77 K and extends to about 6 ML for 293 and 400

All these features of the magnetization behavior forD
<6 ML will be tempting to relate in the discussion to
transition from continuous layers to clusters or spin bloc
whenD decreases. It is, however, also possible that such
anomaly may be induced by the interplay of the uniax
anisotropyKU ~of a surface origin, in this case! and the
shape anisotropy, yielding a thickness range in which
two contributions@see Eq.~1!# balance each other. To con
firm the above possibility, we measured the FMR intens
for several samples and, according to Eq.~4!, we evaluated
the dependence of the magnetic momentMs on D. Since the
correlation betweenMs and 4pMeffD is surprisingly good
~Fig. 3!, we believe that 4pMeff5 4pMs for Py/Cu multi-
layers at room temperature. Therefore, at least at room t

y
to

FIG. 2. Dependence of the effective magnetization on the
layer thickness~in ML ! for 77, 293, and 400 K in the vicinity of the
critical thickness. Dashed lines are plots of Eq.~5! with
4pMeff(`)510 kG and 2DD52.6, 4.2, and 4.6 ML. Solid lines are
fits according to Eq.~5! with 4pM (D) described by Eqs.~8! and
~9!.
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57 5957INTERFACE MAGNETISM IN PERMALLOY/Cu . . .
perature, the effective magnetization seems to be solely
to the shape of the Py layers down to a few ML. The sa
conclusion has been drawn by Smitset al.,19 for Py/Cu mul-
tilayers prepared by ion beam sputtering. Unfortunately
drift in the microwave cavity coupling did not allow us t
measure the FMR intensity at 77 K.

The dependence of the FMR linewidthDHpp on Py layer
thickness~Fig. 4! may also serve as a representative exam
of cooperative effects characteristic of magnetization fluct
tions due to the discontinuous nature of Py layers and
increasing role of defects with decreasing the thickness o
down to several monolayers. The linewidth is approximat
independent of Cu thickness, except the narrow regi
where antiparallel coupling occurs. The effect of exchan
coupling onDHpp is, however, more clearly seen for rath
thick Py layers withdPy*30 Å. For smallerdPy, even small
fluctuations in Py thickness can substantially destroy this
fect. The experimental data can be nicely fitted by the f
mula

DHpp5DH01
A

dPy
2

, ~6!

FIG. 3. Magnetic momentMs ~open squares! and the product of
effective magnetization and thickness 4pMeff D ~solid squares! as a
function of the nominal Py thickness at 293 K.

FIG. 4. Peak-to-peak linewidth~at the perpendicular configura
tion! vs dPy. The solid line represents a fit according to Eq.~6!.
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with DH0 5 64 Oe andA'53104 OeÅ2 but we have no
clear idea of its physical origin. Generally, the FMR lin
width may be decomposed into two terms14

DHpp5DH011.16
v

g

G

gMs
, ~7!

where the first term describes the role of magnetic inhom
geneities and the second determines the role of visc
damping. Since bothDH0 andG were found to be dependen
on thickness,20 we may only speculate that both terms a
involved in the apparentdPy

22 dependence.

IV. DISCUSSION

The effects related to the presence of interfaces are sh
in the total magnetic behavior of multilayers in inverse pr
portion to the thickness of the magnetic layer@see Eq.~5!#.
Therefore, this simple relation is often used in evaluating
thickness of magnetically inactive layers at interfaces. D
pending on the technological peculiarities used for prepar
Py/Cu multilayers or spin valves, the thickness of a magn
cally inactive layer Dd estimated from magnetic
measurements5–7,9 lies within a wide range of 1.5–10 Å. Ou
estimation ofDd 5 3.8 Å lies in the middle of this range
Such a remarkable scattering inDd values seems to be wort
explaining from the point of view of possible origins. It i
plausible that two main sources are responsible for the in
face magnetism in the Py/Cu multilayers:~i! magnetization
fluctuations due to size effects of ultrathin Py layers and~ii !
interdiffusion between Py and Cu during deposition or int
mixing related to interfacial roughness. It is worth noticin
that interdiffusion at distances of about a few ML, regard
as local spreading of one component into another, is actu
indistinguishable from roughness.

A. Magnetization fluctuations

According to the spin-wave theory, in ultrathin films a
enhanced thermal decrease in magnetic order is observ21

To estimate the size effects related to the spin-wave exc
tions we present in Fig. 5 the dependence of the thicknes
the magnetically inactive region on the reduced tempera
T/TC(`), where TC(`) is the Curie temperature of bul
Permalloy equal to 850 K. The straight line approximati
roughly the trend of our data is shifted about 3 ML abo
that calculated from the spin-wave theory22 and the experi-
mental points for Ni48Fe52 oligatomic films taken from Ref.
23. Hence, the presence of magnetically inactive interface
our Py/Cu structures may be mainly attributed to intermixi
at interfaces (; 1–2 ML per single interface! and partially
to the magnetization fluctuations~0.5 ML per single inter-
face! due to the spin-wave excitations. At room temperatu
the thickness of magnetically active Py layer isDm* 5D
22(DD20.5ML), whereD is the nominal thickness of a P
layer; 2DD is the nominal critical thickness and 230.5 ML
accounts for the spin fluctuations at room temperature.

For four samples with nominal Py thickness 7.4 Å~4.1
ML !, 8.9 Å ~5.0 ML!, 12.1 Å ~6.7 ML!, and 23.5 Å~13 ML!
we performed temperature measurements of FMR spectr
estimate how the Curie temperatureTC(D) depends on
thicknessDm* . A method proposed by Liet al.13 was applied.
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Figure 6 shows the reduced Curie temperatures versus th
nessDm* of a magnetically active layer for Py/Cu multilaye
together with relevant experimental data taken from Ref
Our experimental data lie well below the data which we
shown to obey the spin-wave theory~see Ref. 1, for details!.
Such a discrepancy with the spin-wave theory suggests o
significant sources determining the magnetic behavior of
Py/Cu multilayers in the ultrathin Py thickness range, but
the best samples5,9 with DD' 1 ML the enhanced therma
decrease of magnetic order, combined with changes in
electronic band structure due to proximity effects, may be
important origin of magnetically inactive regions at the i
terfaces and may have some relations to a Langevin-
magnetoresistance in multilayers with magnetically smo
interfaces.24

FIG. 5. Temperature dependence of the number of magnetic
inactive Py monolayers 2DD ~solid circles!. Experimental points
~solid circles! for Py layers are compared with Gradmann’s resu
~open squares! ~Ref. 21! and with the spin-wave theory~solid line!
~Ref. 22!.

FIG. 6. Reduced Curie temperature of Py layers vs the num
of magnetically active atomic layers. Our data~solid circles! are
compared with the relevant data for Cu/NiFe/Cu~open squares! and
Cu/Ni ~open triangles! taken from Ref. 1 and the spin-wave theo
~dotted line; see Ref. 1 for details!.
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B. Intermixing at interfaces

The departure from regular behavior of magnetizat
~see Fig. 2! expressed by Eq.~5! can be attributed to a mag
netic inhomogeneity across an averaged Py layer of th
ness range 2Dd<d<s, wheres is the characteristic thick-
ness of the intermixed region. Ford>s each additional
monolayer contributes to the total magnetization of Py lay
and a continuous growth mode is achieved. A simple mo
of the shape anisotropy of heterogeneous magn
structures25 seems to be useful in a quantitative descripti
of the magnetic behavior in the ill-defined region 2Dd<d
<s. According to this model, the effective magnetization
a film with roughness of the order ofs at each interface can
be expressed by

4pMeff54pM ~d!H 12
2@3se f ~12 f !#

d J , ~8!

where the term in square brackets has the meaning ofDd,
e f (12 f ) is a dimensionless factor describing peculiarities
the lateral geometry of roughness,f is a packing factor of the
roughness elements, ande is the ellipticity factor of the de-
magnetization tensor of an individual element formi
roughness~see Ref. 25 for details!. Since 0.5,e,1 (e 5
0.5 for a needlelike roughness, 1 for a flat island! and
0, f ,1, a rough estimate of 4pMeff is given by
4pM (d)(12s/2d), and hence, 2Dd*s/2 for a needlelike
roughness. Equations~5! and ~8! have the same physica
meaning provided 4pM (d) ~i.e., a magnetization profile! is
known.

The lack of detailed knowledge of the spatial depende
of any inhomogeneity across the average Py layer thickn
makes it difficult to make complete estimates of its effect
resonance. We may, however, choose an adequate mag
zation profile 4pM (d) that accounts satisfactorily for th
experimentally observed departure from regular behavio
turns out that the quality of fitting to the experimental data
Fig. 2 depends fairly sensitively on the magnetization pro
at the interface region. The best fitting results~depicted by
the solid lines in Fig. 2! have been achieved with the a
sumption of trapezoidal-like magnetization profiles with a
of parameters juxtaposed in Table I.

4pM ~d!5H 0 for d,2Dd,

4pMsg for 2Dd<d<s,

4pMs for d.s,

~9!

lly

s

er

TABLE I. A set of parameters of Eqs.~9! and ~10! obtained
from the least squares fitting to the experimental data in Fig. 2
ML51.8 Å.

T @K# 2DD @ML # s @ML # w @ML #

77 2.6 5.1 1.7
293 4.2 5.8 0.8
400 4.5 5.8 0.4
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with

g5expF2
1

2S d2s

w D 2G , ~10!

where the Gaussian distribution describes a trapezoidal
profile. The meaning ofs, Dd, andw is shown in Fig. 7. It
is seen from Table I that the characteristic thicknesss of
roughness is almost independent of temperature while 2Dd
grows with temperature and the width of distribution fun
tion w decreases. In Fig. 7 we present some magnetiza
profiles of Py layers expressed by Eqs.~9! and~10! for vari-
ous nominal thicknessesD in ML at 77 and 293 K, respec
tively. It is seen that at 77 K the central monolayer of
5-ML-thick Py layer is nearly continuous, while at 293 K
central continuous Py monolayer is expected for aD 5 6–7
ML thick Py layer. Such a shape accounts, for example, fo
kink in the 4pMeff vs D plot at 77 K far much better than th
more smeared diffusionlike profiles expressed by the e
function. In the next section we will give some physical re
sons supporting our model of the magnetic behavior of
rough interfaces.

C. Percolation at interfaces

It has been shown from the discussion of our experim
tal results that there is a direct interplay between the interf
morphology and magnetic properties of ultrathin magne
layers stacked in magnetic multilayers. In this thickne
range, the concept of a surface shape anisotropy does
require strong localization. In most cases, the interfaces
neither sharp nor flat because of interdiffusion and rou
ness, the latter presenting a locally sharp compositio
boundary whose depth varies irregularly in the plane of
structure~Fig. 8!. Therefore, the surface shape anisotro
may arise as well from the extended~of a few ML! inhomo-
geneities in the volume of an ultrathin film.

The main features of the interface magnetism of real m
tilayers, including the effects related to magnetization flu
tuations, can be described by a simple, intuitive model wh
is based on some concepts of percolation theory. Let us
sider a single interface between a magnetic~M! and a non-
magnetic~NM! layer ~Fig. 8!. Its roughnesss, generated
randomly with a computer program, is defined as the st
dard deviation from a mean surface. Moving across the

FIG. 7. Shapes of magnetization profiles calculated accordin
Eqs.~9! and ~10! with the set of parameters from Table I.
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terface, we find that slightly below the percolation thresho
at *s/2 there are finite clusters only. Depending on the te
perature, they may or may not contribute to the total mag
tization. Above the percolation threshold, an infinite clus
forms and provides the main contribution to the magneti
tion, resulting in its fast growth and, hence, a trapezoidal-l
magnetization profile. At low temperatures, finite cluste
contribute more to the total magnetization since the th
mally activated magnetization fluctuations are almost froz
At room temperature, a superparamagnetic behavior
Py/Cu multilayers withdPy,10 Å has been observed.16

Therefore, temperature plays the role of a scaling fac
which moves up the percolation threshold, which in effe
results in a shifting of the critical thickness.

The percolation probability defined as the ratio of t
largest cluster volume to the entire volume may be regar
as a measure of magnetization.26 In Fig. 9 we plot the per-
colation probability vs the height measured across the in
face. From a comparison of Figs. 7 and 8, it seems that th
is a qualitative agreement between the shape of magne
tion profiles at a single interface expressed by Eqs.~9! and
~10! and that predicted by the percolation model.

to

FIG. 8. A schematic sketch showing the cross section of
interface between magnetic~M! and nonmagnetic~NM! layers. In-
sets show the calculated pattern of finite magnetic clusters~shaded
regions! below the percolation threshold~left! and an infinite mag-
netic cluster above percolation threshold~right!.

FIG. 9. Site percolation probability as a function of heig
across the interface shown in Fig. 8.
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V. SUMMARY

A coherent, statistically averaged picture of the magne
structure in Py/Cu multilayers can be provided from t
FMR data taken on a large number of samples. It accou
for possible magnetization fluctuations due to spin-wave
citations in ultrathin magnetic layers and magnetization flu
tuations of finite clusters formed at the interfaces as well
tic
e
nts
x-
c-
as

explaining qualitatively the presence of an ill-defined thic
ness range in the vicinity of the percolation threshold.
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