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Abstract—Single-layer Fe Ni; _ , thin magnetic films have been investigated by the spin-wave resonance
technique in the entire concentration range. The surface anisotropy and exchange stiffness constants for the
films with a Ni content from 30 to 80 at % have been measured from the experimental standing spin wave
spectra. The surface exchange spin wave penetration depth 8- = 20—30 nm has been determined from the

dependences of the surface anisotropy and exchange coupling constants on the Fe,Nig, film thickness in the

range of 250—400 nm.
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1. INTRODUCTION

Microwave techniques are widely used in studying
the dynamic characteristics of magnetic materials of
different classes. The ferromagnetic resonance (FMR)
and spin-wave resonance (SWR) techniques are con-
ventionally employed in the measurements of dynamic
properties of thin ferromagnetic films [1—4]; powder
systems are investigated by the FMR technique [5, 6].
Recently, new objects for employing the microwave
techniques have become diluted magnetic semicon-
ductors [7—9] and ferromagnetic metal-insulator
nanocomposites (the so-called granular alloys) [10,
11], as well as biological and chemical ferrihydrite
nanoparticles [12, 13]. A measured characteristic is the
imaginary part of magnetic susceptibility x"(®, k),
whose experimental field or frequency dependence
makes it possible to determine the spin-wave stiffness
1 = 24/ M and effective magnetization M_and calcu-
late the exchange coupling constant A4.

A decisive requirement for detecting the SWR
spectrum of a magnetic film is pinning of the magnetic
moment on its surfaces [ 14, 15]; the quantitative esti-
mation of the degree of pining is determined by the
value and sign of the surface anisotropy constant K.
The latter sometimes allows the K values to be directly
measured from the SWR spectra.

In most cases, the surface anisotropy constant K is
determined indirectly via analyzing the magnetization
curves [12, 16]. The use of this method suggests intro-
duction of a concept of effective magnetic anisotropy

K., which is the sum of the bulk (K}) and surface K
anisotropies

Kewr :KV+a§Ss (D

where d is the size parameter of a sample (film thick-
ness or particle size) and o is the morphological coef-
ficient, which amounts to 2 for a film and 6 for a
nanoparticle. In this case, to extract the contribution
of each term, it is necessary to measure a series of
identical samples, where d is the variable parameter.

The SWR spectrum measured experimentally for
an individual sample makes it possible to determine
the sign of the surface anisotropy constant and quan-
titatively measure this parameter for the case K¢ < 0. At
Ky > 0, this parameter can be estimated qualitatively
[17]. Note that any of the variants |K # 0 leads to the
formation of the SWR spectrum in a film [18—21].

The magnetic film synthesis technique proposed in
[22, 23] allows one to purposefully establish the
boundary conditions meeting both the |Kg # 0 and
K < 0 inequality in thin films. The aim of this study
was to investigate the surface anisotropy constant and
spin-wave stiffness in the chemically deposited Fe—Ni
films as functions of their thickness and composition.

2. EXPERIMENTAL

The authors of [22, 23] experimentally demon-
strated the possibility of artificial formation of certain
boundary conditions on the surface of a thin ferro-
magnetic film. The key idea of the authors was to
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deposit an additional layer with a thickness from 10 to
30 nm with the effective magnetization different from
that of the main layer. Deposition of the additional
layer with the magnetization exceeding that of the
main layer leads to the establishment of the easy-plane
boundary conditions on the film surface and the
occurrence of a surface oscillation peak in the SWR
spectrum. In this work, we synthesized the additional
layer in the form of a thin (~20 nm) film of the Co—P
alloy; the main layer was a Fe—Ni ferromagnetic thin
film. The samples were synthesized on glass substrates
by chemical deposition from the solution of the corre-
sponding salts. Two sample series were studied. The
first series was fabricated for studying the dependence
of the surface anisotropy constant on the thickness of
the main magnetic layer of the film in the range of
200—400 nm. The measurements were performed for
the Fe,Nig, composition. The second film series was
synthesized with the Fe—Ni layer with a thickness of
~220 nm; a variable parameter was the nickel content
(from 0 to 100 at %). In addition, the angular depen-
dence of the FMR film was investigated.

The K value and spin-wave stiffness were mea-
sured by the SWR technique. The SWR spectra of the
films were examined on a standard X-range spectrom-
eter at a resonator pump frequency of f = 9.2 GHz at
room temperature for the wave vectors of standing
exchange spin waves from 10° to 2 x 10 cm~!. The
films were placed in an antinode of the ac magnetic
field of a transmission-type resonator and magnetized
along the surface normal.

The thickness and chemical composition of the
layers of all the synthesized samples were controlled by
X-ray spectral analysis on a DRON-4 diffractometer
at a wavelength of A = 1.54056 A (CuK, radiation).

3. SPIN-WAVE RESONANCE IN THIN
FERROMAGNETIC FILMS

The spin-wave resonance is a phenomenon of res-
onance absorption of the rf field energy in a magnetic
film with a thickness equal to the integer number of
half-wavelengths of the exchange spin wave with the
wave vector directed along the surface normal [24].
Let us consider such a situation in a film uniformly
magnetized to saturation by external field H. Then, the
equilibrium position of magnetization is expressed as
[25, 26]

H sin@cos@ = Hsin(o—oy), 2)
where ¢ is the angle between the normal to the film
surface and the magnetization direction, o is the
angle between the film normal and applied field H,
and H. is the effective field taking into account the
effect of anisotropy from different sources. In the case
of a homogeneous isotropic film, we have H ;= 4TtMs,
where M is the saturation magnetization; in the gen-
eral case, we have H ;= 4TM .
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The uniform natural oscillations of the magnetiza-
tion are described by the expression

2
(%j = (H cos(@ — 0.yy) — H gy cOS20)
» ©)

X (Hcos(@—oy)— He cos’ 0,

where ®, is the frequency of uniform magnetization
precession and v is the gyromagnetic ratio.

The simultaneous solution of Egs. (2) and (3)
allows one to obtain the well-known Kittel formulas
[27] for determining the resonance field of a platelike
sample:

2
(%j =(H - Heff)2 (at oy =0°),
v 4)
(%j =HH+Hy) @t oy =90°.

Y

The uniform ac magnetic field 2 (h L H) with fre-
quency o can excite nonuniform forced magnetization
oscillations, which are now described by the disper-
sion relation

2
(%j = (H cos(Q—0y) — H g cos20 + ﬁkzj
v (3)

S

X| Hcos(9—0oy)— H cos’ O+ ﬁkz ,

My
where A is the exchange coupling constant and & is the
wave vector parallel to the film normal, which is deter-

mined by the boundary conditions on the film sur-
faces.

Since, in the general case, surface spins are pinned
differently on different film surfaces, the exchange
boundary conditions are determined by the expres-
sions [22, 23, 28]

(a_m + Bismj = Oa (a_m - im) = Oa (6)
0z z=L/2 8z z=—L/2

where B and B are the parameters of pinning of the
surface spins on different film surfaces, which is

related to the surface anisotropy constant as 3% = %,

and L is the film thickness.

Assuming the solution of Eq. (6) to be a plane wave
and the pinning parameters on the upper and lower
film surfaces to be arbitrary, we can determine the
possible values of wave vector k from the expression

(5245

tan(kL) = —A4 A4/
o _Knky
A A

(7)
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Fig. 1. Dependence of the wave vector k on the surface spin

pinning parameter BS for different SWR modes. Solid lines
reflect the symmetric boundary conditions and dashed

lines, the antisymmetric boundary conditions [28].
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Fig. 2. SWR spectrum of the Co—Zr film; K¢ =
0.055 erg/cm? at L = 270 nm [29].
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Fig. 3. SWR spectrum of the Fe—Zr film; K¢ = 0.055
elrg/cm2 at L =160 nm [30].
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where K, and K, are the surface anisotropy constants
on different film surfaces. The solution of this equa-
tion is plotted in Fig. 1.

The surface spin pinning parameter ° and, conse-
quently, the surface anisotropy constant K can take
both positive and negative values (see Fig. 1). At K>
0 (the easy axis of the surface anisotropy is normal to
the film plane), the harmonic SWR modes with the
real vales of wave vector k are only excited. At K¢ < 0
(the hard axis of the surface anisotropy is normal to
the film surface), a hyperbolic nonpropagating
exchange spin wave (surface mode) with the imaginary
wave vector is detected in the SWR spectrum, along
with the harmonic oscillations. At Kg= 0, the uniform
ac magnetic field 2. (h L H) only excites a uniform
magnetization oscillation m, L M (FMR), since all the
rest possible oscillations m(z) are characterized by zero
dipole moment.

According to [15], under the symmetric boundary
conditions with Ky = oo, the allowed wave vector val-

ues are k = @, where 7 is the number of the trigono-
metricmode (n=1,3,5,7,...).

The shape of the SWR spectrum under the anti-
symmetric boundary conditions (the easy-axis pin-
ning type on one surface and the easy-plane pinning
type on the other surface) is determined by the ratio
between the values K, + K,. The first possible variant
is |K | = | K|, when the detected spectrum (see exam-
ple in Fig. 2) shows the presence of one surface mode
in the fields stronger than the field of the main trigo-
nometric maximum and the absence of even modes.
In the second variant, the |K | and |K | values strongly
differ from one another (see example Fig. 3). In the
third variant, the sum Ky, + Ky, is slightly nonzero,
which leads to the absence of the even mode with n =
2 in the spectrum (see example in Fig. 4). In addition,
there can be a variant when the SWR spectrum con-
tains two surface modes, which correspond to the con-
ditions K, < 0 and K, < 0 (Fig. 5).

The pinning type is determined by the average
magnetic moment on the surface, as well as by the
magnetization distribution over the film thickness
[32].

4. RESULTS AND DISCUSSION

The chemical deposition synthesis technique
allowed us to obtain the films with K¢ < 0, which led to

the occurrence of a surface peak in the SWR spectra in
field Hgstronger than field H, of the first trigonomet-
ric mode (Fig. 6).

Vol. 60 No.2 2018
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Fig. 4. SWR spectrum of the Co—P film; Ky =
0.144 erg/cm2 at L =170 nm [31].

The expression for resonance fields at the perpen-
dicular sample orientation (¢ = o,y = 0) in the external
magnetic field with regard to Eq. (5) has the form

2A
H,=H, - ﬁki (8)

s

where k is the wave vector, which, in our case, is
related to the mode number # in the SWR spectrum by

the simple relations k = %n for the bulk spin-wave
modes and k = iS5 = i% for the surface mode; H, =

Q4 4ntM . is the theoretical field of the uniform res-

Y
onance (n = 0); and My is the saturation magnetiza-
tion.

Expression (8) allows us to determine the spin-
wave stiffness for the exchange spin waves from the
experimental SWR spectrum

24 _ (L H,-H,
n==4= (—) e )
Mg \n/ n+1)" —n
in units of Oe cm? and, consequently, to calculate the
exchange coupling constant A = NMg/2 (erg/cm) and

spin-wave stiffness in units of meV A2 (D= n/gls)-
The surface anisotropy constant at K < 0 is calcu-
lated using the formula

[ Ml gy 24wl
|KS|—{ : {(HS =4 (7) ﬂ .30

Thus, the analysis of SWR spectra consists in the
correct numeration of the detected modes and identi-
fication of the surface mode. According to [3, 18, 22,
23, 28, 33], the following numeration rules are used:
the mode with n = 0 (K= 0) is only excited upon uni-
form magnetization precession; at the infinitely rigid
pinning (Ky — o°0) and symmetric (antisymmetric)
boundary conditions, the odd modes are only
reflected in the SWR spectrum; the even modes are
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Fig. 5. SWR spectrum of the Fe—Ni film; K¢ =
0.55 erg/cm2 at L =220 nm.

excited at the finite |K{ values and nonzero dipole
moment of the mode (the mode intensity is much
lower than the odd mode intensity); the surface mode
is observed in the spectrum at the implementation of
the easy-plane boundary conditions (K < 0) on one
(or both) film surface and is located in the spectrum in
the fields stronger than the field of the first bulk mode.
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Fig. 6. SWR spectrum of the single-layer Fe,Nig, film
with a thickness of ~336 nm with the additional Co—P
alloy layer.
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Fig. 7. Dependence of the |Kg and A values calculated,
using formulas (10) and (9), respectively, on the Fe—Ni
layer thickness.

The detection of two surface modes simultaneously in
the presented spectrum (Fig. 6) is indicative of K, and
K, on the outer and inner film surfaces.

The errors in the spectrum interpretation can lead
to the contradictory conclusions. In particular, the
authors of [34] ignored the rule of the ratio between
intensities of the even and odd modes during numeri-
cal simulation of the experimental SWR spectrum of
the Co—Ni film, which led to the ambiguous values of
the surface anisotropy constant.

In some cases, the conditions determining the ratio
between intensities of the first bulk and surface modes
are ignored; one of the most important conditions is
the film thickness. The surface mode is described by
the hyperbolic function of spatial coordinate z and
characterized by the relative intensity and penetration

depth 5, ~ KA [28]. According to the experimental data

obtained in g)ur work (Figs. 7 and 8), the §, value can
be assumed to be constant upon film thickness varia-
tion within a certain range. The thickness depen-
dences of the surface anisotropy and exchange cou-
pling constants were studied for a series of single-layer
Fe,oNig, ferromagnetic thin films and, in contrast to
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Fig. 8. Dependence of the ratio between intensities of the
surface and first bulk mode and the surface mode penetra-
tion depth (inset) on the Fe,Nig(-layer thickness.

[35], the |K value in this sample series was found to be
constant upon variation in the thickness of the main
magnetic layer (Fig. 7). The lower sensitivity of K to
the thickness variation was obtained by changing the
synthesis technique and formation of an additional
Co—P layer.

The relative intensity of bulk modes can be analyt-
ically estimated using the expression [28]

;o sin’(k,L/2) {1 .\ sin(knL)}_l an

(k,L/2)’ k,L

and the relative intensity of surface modes, using the
expression

7. sinh’(ksL/2) {1 N sinh(ksL)}_l . (12)

(ksL/2) ksL

Analysis of the detected SWR spectra for our films
allowed us to determine the ratio between intensities of
the surface and first bulk modes as a function of film
thickness (Fig. 8).

At the film thickness L > &, (for our films, this
inequality is valid at ~150 nm and more), the intensity
of the surface mode is lower than the intensity of the
first bulk mode. However, a decrease in the film thick-
ness leads to an increase in the ratio Ig//;, up to the
predominance of the surface mode in the SWR spec-
trum over the first mode. In our opinion, the similar
situation was implemented in [36], where the authors
identified the maximum peak in the SWR spectrum of
the ultrathin (50 nm) FePt film as a uniform reso-
nance mode and the peak with the next intensity, as
the first mode. This allowed the authors to calculate
the spin-wave stiffness for the exchange spin waves
using the formula analogous to Eq. (9). If the experi-
mental spectrum is identified differently—as exci-
tation of the surface and first bulk modes—then, the
SWR spectrum is described by formula (10). It can be
seen from (10) that the large difference between the
experimental fields Hy — H, (in [36], Hy — H, =
Vol. 60

No.2 2018
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Fig. 9. Angular dependence of the field shift between the
surface and first bulk modes.

1200 Oe) can be caused by both the |K| value and

2
;/[—A(%) value. Indeed, at A = 0.95 x 10~° erg/cm and
M; =~ 866 G for the FePt films from [37], we obtain

2

ﬁ(ﬂ) ~ 865 Oe; then, using Eq. (10), we can deter-
s

mine |[K¢ = 0.315 erg/cm?. The calculated surface

anisotropy constant for the FePt films agrees well with
the K values for the analogous films from [38], which
were determined in this work using the Neel model.

Note that at the absence of the surface mode in the
SWR spectrum (K > 0), the surface anisotropy con-
stant can also be determined by the SWR technique.
At the first stage, the angular dependence of the first
bulk mode is measured; the data obtained together
with Egs. (2) and (5) allow the wave vector k to be
determined. The next stage in the determination of the
K value is substitution of the obtained result to
Eq. (7). The methodological example of such an esti-
mation of the K value was presented in [38].

The experimental angular dependence of (Hg— H))
measured on the Fe,(Nig, film with a thickness of L ~
336 nm (Fig. 9) makes it possible to estimate the

o bee _
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Fig. 10. Concentration dependences of the surface anisot-
ropy constant and lattice constant (inset) for the Fe—Ni
films.
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degree and nonlinearity of the dependence of the wave
vector on the external field direction. The critical
angles at which the SWR spectrum stopped showing
the surface mode peak (as well as the other peaks,
except for the uniform resonance peak) are 84° and
95°; the angles of 87° and 92° correspond to the max-
imum difference between the surface and first mode.
The character of the observed angular dependence can
be caused by two sources. The first source is the inter-
relation between the wave vector and effective film
thickness: the rotation of the film in the field by a cer-
tain angle leads to an increase in the effective thickness
and, as a consequence, the change in the resonant
field. The analytical calculation of such a behavior was
predicted in [39].

The second source is the change in the effective
conditions of surface pinning, which are determined
by both the surface anisotropy energy and the magne-
tostatic energy formed by the difference between mag-
netizations in the bulk and on the surface of the film.
The rotation of a sample in the external magnetic
changes the contribution of the magnetostatic compo-
nent, which can explain the maximum points in the
angular dependences.

It is well known that the change in the alloy compo-
sition can facilitate structural transformations, which
lead to the change in the magnetic parameters of a sys-
tem. To study the effect of the alloy composition on the
surface anisotropy constant, we measured the concen-
tration dependence of this parameter. The films were
fabricated at the main Fe—Ni magnetic layer thick-
nesses from 220 to 250 nm. The structural transforma-
tions that occur upon variation in the alloy composi-
tion were determined by X-ray diffraction analysis. The
surface anisotropy constants were calculated from the
SWR spectra of the films by formula (10). The normal-

2
ized exchange stiffness (n* =24 (E) J in oersteds was

s
determined using formula (9). These dependences are

presented in Figs. 10 and 11.
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Fig. 11. Concentration dependences of the normalized
exchange stiffness of the Fe—Ni films.
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5. CONCLUSIONS

Thus, the results of SWR investigations of single-
layer FeNi films demonstrate the possibilities of this
technique both in estimating the pinning conditions
and establishing the surface anisotropy constant and
spin-wave stiffness.

The average |K| value for a series of the Fe,(Nig,
films (at the film thicknesses in the range of 250—
400 nm) was about 0.34 erg/cm? and the exchange
coupling constant, 4 = (0.6—0.8) x 10~ erg/cm. The
surface exchange spin penetration wave depth is 8, =
20—30 nm.

The transformation of the atomic and nanostruc-
ture of the Fe—Ni films at the invar concentration
(x, = 40—45 at %) is reflected on the concentration
dependence of the exchange stiffness 1(x) near x, and
in the dependence of the surface anisotropy constant
K(x) in the same range of concentration Xx...
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