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Abstract—It has been found that the magnitude and sign of exchange interaction between Co(5 nm) and
CoNi(5 nm) ferromagnetic layers through Pd depend on magnetization orientation of ferromagnetic layers. If
magnetization is oriented in a layer plane, exchange interaction can be both ferromagnetic and antiferromag-
netic. If magnetization orientation is orthogonal to a layer plane, the exchange constant is always positive at
dpy < d; and equals zero at dpg > d,. (d. is the characteristic length). © 2003 MAIK * Nauka/Interperiodica’ .

1. INTRODUCTION

A great number of experimental and theoretical
papers [1, 2] are devoted to investigation of the mag-
netic properties of multilayer systems with alternative
layers of ferromagnet/ferromagnet, ferromagnet/para-
magnet, ferromagnet/diamagnet types. The interest in
these systemsis explained by the possibility of creating
film materials with a set of necessary magnetic proper-
ties by selecting the thickness and chemical composi-
tion of individual layers. It is well known that ferro-
magnetic layers formed of Fe, Co, Ni, and their aloys
and separated by nonferromagnetic layers of Ag, Pt, Cr,
Cu, etc., can be exchange-coupled either ferromagneti-
cally or antiferromagnetically depending on the nonfer-
romagnetic layer thickness. This exchange interaction
between ferromagnetic layers separated by a metal
interlayer leads to the formation of a magnetically uni-
fied system in amultilayer film. Asaresult, the integral
electrical and magnetic characteristics (remagnetiza-
tion curve, perpendicular anisotropy, etc.) of these mul-
tilayer structures are mostly governed by some effec-
tive exchange interaction. At the same time, traditional
methods (low-temperature run of saturation magnetiza-
tion, neutron diffraction analysis, etc.) used to evaluate
the exchange integral describing the interaction of a
local magnetic moment with its nearest surroundingsin
ferromagnets turn out to be poorly informative for the
study of effective exchange in multilayer structures.
Resonance methods of investigation, i.e., ferromag-
netic resonance (FMR) and spin-wave resonance
(SWR), seem to be the only methods which alow both
the detection of signals caused by this exchange-cou-
pling effective constant and measurement of the value
of this constant in such composite materials as ferro-
magnetic multilayer films.

In this paper, we report the results of an experimen-
tal study on the FMR and SWR spectra in a complex
composition system, Co/Pd/CoNi multilayer films,
with the aim of determining the effective exchange-
coupling constant and of finding the dependence of this
constant on the thickness of individual layers.

2. EXPERIMENTAL

The main attention in the work was paid to the study
of the resonance characteristics of Co/Pd, Co/CoNi,
and Co/Pd/CoNi multilayer filmsin two different orien-
tations (external field parallel or perpendicular to the
film plane). Experimental results alowed us to deter-
mine the exchange-coupling effective constants of
these composite materials and to calculate partial val-
ues of the exchange-coupling constant in individual
layers of amultilayer film.

SWR is known to be a very sensitive and specific
method of investigation with certain requirements on
the quality of the film (absence of macroscopic het-
erophase zones in the layer plane, narrow resonance-
absorption line, etc.). We used a chemical precipitation
method which allowed us to synthesize high-quality
multilayer structures suitable for resonance investiga-
tion.

Let usconsider FMR and SWR spectraof Co/Pd and
Co/Pd/CoNi multilayer films. SWR spectra of these
filmswere studied using a standard x-band spectrometer
with a frequency of the resonator pumping f = 9.2 GHz
at room temperature. For ferromagnetic films 200 nm
thick, SWR isusualy realized in the range of wavenum-
bers of standing spin waves from 10° to 10° cm2.

Multilayer films for the investigation were obtained
through chemical precipitation from awater solution of
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Fig. 1. Typical resonance spectra of three series of samples
measured in two orientations: magnetic field (H)) parallel

and (Hp) perpendicular to the film plane. (a) Co/Pd series;
(b) Co/Pd/CoNi series; and (c) Co/CoNi series.

the appropriate metal salts onto a glass substrate. The
first series of samples consisted of three pairs of Co/Pd
layers. The Co layer thickness d; = 5 nm was constant,
and the Pd-layer thickness d, varied from 0.5 to 4 nm;
the total thickness of the film did not exceed 30 nm.
Previous x-ray study of Co—P thin films showed that, if
5-9at. % Pisintroduced into a Co solution, the precip-
itate has the structure characteristic of a face-centered
cubic (fcc) packing of atoms. Thus, the introduction of
7 at. % phosphorus provided fcc-structure in the Co
layers in CoPd multilayer films and undistorted fcc-
structurein the Pd layers precipitated on Co layers. The
second series of samples under investigation differed
from the first one in the introduction of an additional
CoNi layer to the Co/Pd multilayer structure. The pres-
ence of 20 at. % Ni in the Co solution alowed us to
form ferromagnetic layers with different magnetization
in [Co/Pd/CoNi] * 7 multilayer films. As in the first

series of samples, the Co and CoNi ferromagnetic layer
thicknesses were constant, d; = 5 nm, while the Pd-
layer thickness d, varied from 0.5 to 4 nm; the total
thickness of the [Co(5 nm)/Pd(x)/CoNi(5 nm)] » 7 film

varied from 70 to 130 nm. The third series of multilayer
films was produced as [Co(X nm)/CoNi(X nm)] * 10

type. The thicknesses of the Co and CoNi ferromag-
netic layers were selected equal and varied from 2 to
10 nm, so that the total thickness of these films varied
from 40 to 200 nm.

The resonance characteristics of these three series of
samples, measured in two orientations (magnetic field
paralel or perpendicular to thefilm surface), are shown
in Fig. 1. Asis evident from the experimental curves,
the FMR spectrum in parallel geometry in Co/Pd sam-
plesisrepresented by a single resonance line, the coor-
dinate (resonance field H, value) and width AH, of
which weakly depend on Pd-layer thickness. This reso-
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Fig. 2. The dependence of the ferromagnetic resonance
fields of individual ferromagnetic layers on Pd-interlayer
thickness in Co/Pd/CoNi filmsfor samples oriented parallel
to an external magnetic field.

nance field magnitude can be determined from a stan-
dard expression:

$ = [H(4TMg + H)] 2, )

wherey is the gyromagnetic ratio.

The films of the second and third series featured a
specific FMR spectrum; at parallel orientation of both
[Co(5 nm)/Pd(x)/CoNi(5 nm)] * 7 and [Co/CoNi] * 10
films to the external field, there were two distinct reso-
nance peaks in the FMR spectrum, i.e., low-field
(caused by Co layers) and high-field peaks (caused by
CoNi layers). The dependences of resonance fields of
individual ferromagnetic layers on Pd-layer thickness
in Co/Pd/CoNi films are shown in Fig. 2. These results
cannot be described using formula (1); therefore, it
requires modification. When the film is oriented per-
pendicular to a magnetic field, the SWR spectrum is
observed in al three series. SWR spectra in
Co/Pd/CoNi and Co/CoNi films have as many as nine
peaks and in Co/Pd films up to five peaks. The analysis
of the spectra allows us to conclude that surface spin
pinning similar to Kittel pinning takes place here; the
intensities of odd peaks exceed those of even peaks by
more than an order of magnitude. The angular depen-
dence, peak-intensity behavior and the arrangement of
the peaks indicate that spin-wave modes are observed
in these films. Resonance fields of these modes are
described by a standard Kittel expression:

W _ 2 A [nTDZ

V = H—4T[Meff+VDFD ) (2)
where nis a peak number, d is the total film thickness,
and My and Ay are the basic parameters of the com-
posite system requiring determination. By plotting H,
vs. the square of n, we can measure the value of Ay
experimentally. Dependences of the resonance field H,
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Fig. 3. Typical dependences of resonance field H, on the
square of the spin-wave mode index n of SWR spectra for
Co/Pd/CoNi films. (1) [Co(5 nm)/Pd(0.9 nm)/CoNi(5 nm)] * 7;
and (2) [Co(5 nm)/Pd(2.7 nm)/CoNi(5 nm)] 7.
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Fig. 4. The dependence of the constant of interlayer
exchange interaction in Co/Pd/CoNi filmson Pd-layer thick-
ness as calculated from FMR spectra obtained at paralel
orientation of the filmsin an externd field.

on the square of the spin-wave mode n? of the SWR
spectrain the [Co(5 nm)/Pd(x)/CoNi(5 nm)] * 7 multi-

layer film seriesare shownin Fig. 3 (the SWR spectrum
shapeisshownin Fig. 1).

3. ANALY SIS OF EXPERIMENTAL RESULTS

Let us assume that the shift in the CoNi- and Co-
layer resonance peaks in Co/Pd/CoNi multilayer films
from the H, values for reference films (Co and CoNi
single-layer films were characterized by a single reso-
nance peak corresponding to the conventiona FMR)
results from exchange modification of the value of the
internal field inindividual layers[3]. An expression for
this exchange modification can be obtained using a
model of a connected two-layer film system consisting
of two ferromagnetic layers interacting through an
intermediate nonmagnetic layer with interaction energy
per unit areaE g = —JM sM g, Where J¢ isthe exchange-
interaction constant and the vectors M , and M z denote
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magnetization in layers A and B, respectively [4]. If
d, = dz = d and the anisotropy field can be ignored
(Hkerta = Hierrg = 0), we assume that it is possible to
expressthe total energy for atwo-layer system of inter-
action in the following form:
E=[-(HM,) +2nMicosZG)A]d 3
+[—(HMyg) + 2mMzcos’Ogld — JeM \Mg.

The dispersion relation for this system is defined by
the solution to the Landau—L ifshitz equation and can be
written as

(0ly)* = (w/y) THAT(M, + M)
+8TIM Mg + JZ(M 4 + M)°] + H* 16T M M @
+H16T M MgJe(M 4+ Mg)
+HATIE (M, + Mp) (M4 + M2) = 0.

At large values of Jg, thisrelation hasroots correspond-
ing to acoustical and optical oscillations of magnetiza-
tion vectors in the A and B ferromagnetic layers. If
Je — 0, there are also two roots which describe two
resonance curves for zones with different magnetiza-
tion values (M4, Mg):

%L%El 4TIM AH + JcM M,

(%)

EK/%E 4TMgH + JcM AM.
2

Plotting the experimental values of the resonance field
for the two modes obtained from FMR spectra for the
Co/Pd/CoNi multilayer film and fitting the curves cal-
culated from equation (5) allows us to determine the
dependence Je(dpy) (see Fig. 4). The calculated Je(dpy)
magnitudes vary in the range from 0.005 to 0.01 erg/cm
depending on the Pd-layer thickness. The oscillation
period Je(dpy) isequal to 0.7 nm. It can be seen that the
Je(dpy) dependence is described by the product of an
oscillating function and some function f, which
decreases with increasing dpy.

Our previous systematic investigation of the magne-
tooptical properties (Faraday effect, equatorial Kerr
effect) of Co/Pd and Co/Pd/CoNi multilayer films[5, 6]
revealed corresponding oscillations, which allows usto
conclude that the electronic structure of these compos-
ite materials is different from that of Co single-layer
films. Thus, analysis of the specific featuresinthe FMR
spectrum for Co/Pd/CoNi films, as well as of the spe-
cific features of magnetization curves for Co/Pd films,
shows that individual ferromagnetic layers in these
films are linked to each other through an interlayer
exchange interaction Jg, the magnitude and sign of
which change as the Pd-layer thickness varies.
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We now consider the SWR spectra. Plotting the lin-
ear dependence H,(n? alowed us to calculate the
exchange-coupling effective constant Ay for the com-
posite material formed by combinations of Co/Pd,
Co/Pd/CoNi, and Co/CoNi multilayer films. For exam-
ple, it can be seen from dependence Ag(dsy) for
Co/Pd/CoNi filmsin Fig. 5 that, while dpy changesfrom
1to 3 nm, the value of Ay increases monotonically; at
dpy > 3 N, it is evidently equal to zero. The latter fact
means that there are no standing spin waves which
propagate through the entire sample thickness in
Co/Pd/CoNi multilayer filmswith Pd-layer thicknesses
exceeding 3 nm; i.e., Ag(dpy > dy) = 0. An important
point is that the experimental Ag(dpy) Values for the
Co/Pd/CoNi system are considerably smaller than the
reference Ay values calculated for Co and CoNi ferro-
magnetic films. Co and CoNi single-layer 200-nm-
thick films were chosen as reference samples. The
SWR spectra were measured, the H,(n?) dependences
were constructed, and then the A values were measured
for referencefilmsat perpendicular film orientation in an
external magnetic field. The obtained reference values
Ac, = 1.2 x 1075 erg/lcm and A,y = 0.5 x 10 erg/cm
coincide with the known tabulated values for similar
film samples.

It should be noted that, according to the basic theory
on employing the SWR method for multilayer struc-
tures, the exchange effective constant determined from
SWR spectrafor the multilayer structure under investi-
gation (Co/Pd/CoNi) depends on both the partia
exchange-coupling constant A;, characteristic of Co and
CoNi layers and the partial exchange between ferro-
magnetic layers that takes place through Pd layers. The
following expression for determining exchange-cou-
pling effective constant of a multilayer film in terms of
partial exchanges in individual ferromagnetic metal
layers, which form the multilayer system, was sug-
gested in [7]:

d _ 4 + d + 6

Aw AR, ©

Here, d; and d, are the thickness of different-composi-

tion individual layers in the multilayer films with A;

and A, exchange constants, respectively,andd=d, + d,

is the multilayer-film period. It is easy to show that, if

the condition d; = d, is satisfied, expression (6) for Ay
isequivalent [8] to

Agr = DN1-(AA/TADT, (7)
where [AD= (A, + A)/2, AA = A, — [AL= [AL- A, =
(A —AY/2.

Thus, expression (7) can be used to calculate partial
exchanges for Co/CoNi films produced with equal
thickness of the ferromagnetic layers.

The presence of up to nine peaks described by
expression (2) in SWR spectra for these films and the
linear dependence H,(n?) alowed us to calculate the
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Fig. 5. (1) The dependence of the exchange constant
obtained from SWR spectra at perpendicular orientation of
Co/Pd/CoNi film samples in an external magnetic field on
Pd-layer thickness, and (2) calculated dependence for the
constant of exchange interaction through Pd layers Apy.
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Fig. 6. The dependence of the exchange-coupling constant on
Co and CoNi ferromagnetic-layer thickness (1) results
obtained from SWR spectrafor Co/CoNi films; (2) magnitude
of the exchange constant in CoNi layers of Co/CoNi films cal-
culated using (8) é/md (3) the exchange constant obtained from
theBloch law (T 2) for [Co(x)/Pd(1.4 nm)] * 25 samples.

exchange-coupling effective constant Ay for this
[Co(x)/CoNi(x)] * 10 system (curve 1, Fig. 6). Taking
into account that the thickness of the ferromagnetic lay-
ersfor these multilayer films are equal, we used (6) and
(7) to derive the following expression for the partial-
exchange constant for CoNi:

Ag(a +1)
Aconi = eﬁT- (8)

Here, the exchange-constant ratio o = Ag,yi/Ag, Can
be replaced by the reference-constant ratio obtained
from SWR spectra for CoNi and Co reference single-
layer films 200-nm thick. The obtained dependence
Aconi(deo, coni) IsShown in Fig. 6 (curve 2).

It can be seen from the dependences shown in Fig. 6
that the effective- and partial-exchange constants in
Co/CoNi films decrease drasticaly as the ferromag-
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netic-layer thickness decreases. For the samples with a
ferromagnetic-layer thickness smaller than 5 nm, this
value is smaller than the reference values obtained for
Co and CoNi single-layer films. Therefore, for Co and
CoNi layerseach 5-nm thick, each partial-exchange con-
stant should be assumed to be equal to 0.63 x 106 and
0.31 x 107° erg/cm, respectively. It should be noted that
the exchange constants calculated from thermomag-
netic curves (Bloch law) for Co/Pd films are consistent
with the analogous values of A, and A, calculated
from SWR spectra (curve 3, Fig. 6).

Thus, having determined the partial-exchange con-
stants in 5-nm-thick Co and CoNi layers and having
rewritten expression (6) for the case Co/Pd/CoNi as

oot Oyt ooy _ Qoo Oy, G (g
Aeff ACo APd ACoNi
we can use experimental values of Ag; to calculate Ay,
the constant of exchange coupling through Pd layersin
[Co(5 nm)/Pd(x)/CoNi(5 nm)] * 7 multilayer films.
The calculations of Apy were carried out using the for-
mula

Aeffde
(2dco, coni * dpg) = Aetteo, coni(1/Aco + 1/ Acoi)’
(10)
where de,, coni and dpg are the ferromagnetic and palla-
dium layer thickness, respectively, and Ac, and Acoyi
are the partial-exchange-coupling constants in the Co
and CoNi layers.

Theresults of calculating, in this manner, the partial
constant of exchange interaction through a Pd layer in
relation to interlayer thickness for Co/Pd/CoNi multi-
layer films are also shown in Fig. 5. It can be seen that
the calculated Apy(dpy) values are two to three times
smaller than the Ay values. However, the functional
dependence Apy(dpy) turned out to be similar to the
Ag(dpy) dependence. The data shown in Fig. 5 suggest
that Apy(dpy) is always positive and increases gradually
as the palladium interlayer thickness increases up to a
critical thicknessd..

The results of our experiments show that the model
usually used to describe ferromagnetic-layer interac-
tion through a nonmagnetic metal layer and to define
thisinteraction in terms of aquasi-Heisenberg isotropic
Hamiltonian J;,(d,)M; - M, needs to be modified. The
simplest modification consists in the following. It is
known that an anisotropic Heisenberg Hamiltonian can
be written as

H=-2 [3,SS + 34(S'S + §'S))],
22

where § and § are the spins of neighboring atoms (the
superscripts denote the spin-function components
along the corresponding axes of the Cartesian system),
J, is the component of exchange-coupling constant
along the z axis, and J; is the analogous component in
the xy plane. Therefore, if the plane of the multilayer

Apg =

(11)
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film under investigation coincides with the xy plane of
a chosen coordinate system, only the J; component of
the exchange-coupling constant can be determined
from measuring FMR spectra at parallel orientation of
the samplerelative to an external magnetic field. In this
case, it isreasonable to assume that SWR investigation
yieldsinformation on the zcomponent of the aforemen-
tioned quantity.

Thus, according to the above assumptions, it follows
from our experiments that, in Co/Pd/CoNi multilayer
films, the exchange constant component in the film
plane (xy) features oscillating behavior with increasing
palladium-layer thickness (FM R measurements), while
the z component of the exchange constant (calculated
from SWR spectra) gradually increases with increasing
palladium-interlayer thickness up to acritical value and
is always positive (d < d.) or equa to zero (d > d).
Therefore, the experimental results of our study indi-
cate that there is an anisotropic exchange interaction in
Co/Pd/CoNi multilayer films; these results can be
described by introducing an anisotropic quasi-Heisen-
berg Hamiltonian

H = J5,(d,) M 1,Mo, + J1(d) (M, M, + My M) (12)

Here, the FMR method is used to determine the value
and form of the function J1D2 (dy) and the SWR method
is used to determine the value and form of the function
J7,(d,); the J components (as seen from the curves in

Figs. 4, 5) may be characterized by completely differ-
ent functional dependences.
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