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Abstract—The effect of various technological factors on the main magnetic characteristics of nanocrystalline
cobalt films obtained by chemical deposition is studied. The effective saturation magnetization, uniaxial anisot-
ropy, coercive force, and other characteristics of local spots of films were measured using a scanning FMR spec-
trometer over the decimeter wavelength range. A technique for preparing substrates is developed, and the opti-
mum technological conditions of thin-film synthesis are found making it possible to significantly decrease mag-
netic inhomogeneities across the area and thickness of samples. It is shown that one can significantly decrease
the FMR linewidth and increase the magnetic permeability of films in a given microwave frequency range.
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1. INTRODUCTION

Thin films of magnetically soft materials find wide
application in recording/reading heads, sensors of weak
magnetic fields, and various controlling devices operat-
ing in the microwave (mw) frequency range, such as fil-
ters, amplitude modulators, power limiters, and phase
changers. For these devices, one of the most important
parameters of films is the high magnetic permeability
in combination with low mw power losses in a given
frequency range. Therefore, a search for new physical
principles and new technology for producing high-u
films and improvement of existing techniques are
important problems in the modern physics of magnetic
phenomena. In order to solve these problems, one
should, above all, develop methods for increasing the
saturation magnetization M, of materials and decreas-
ing the ferromagnetic resonance (FMR) linewidth AH,
which (in thin films) is determined, to a great extent, by
the degree of inhomogeneity of the magnetic character-
istics across the aria and thickness of samples.

It is well known that amorphous metallic films have a
relatively high mw magnetic permeability. In compari-
son with polycrystalline samples, such films have nar-
rower FMR lines due to the absence in them of the mech-
anism of line broadening associated with a spread in the
orientations of the magnetocrystalline anisotropy axes
(in contrast to usual polycrystals, where such spread
exists due to random orientations of crystallites). There
are various techniques developed for producing such
amorphous films. However, the chemical deposition

technique [1, 2] (employed in this work) is distinguished
by its simplicity, accessibility, and cheapness.

It should be stressed that the properties of samples
prepared through chemical synthesis depend strongly
on a variety of technological factors, such as the com-
position and concentration of salts in a solution, the
solution temperature, the material and quality of the
substrate, and the technique employed for preliminary
treatment of the substrate. Moreover, the film parame-
ters depend substantially on the characteristics of the
external magnetic field (which is usually applied during
film deposition), such as its magnitude and uniformity
and its orientation with respect to the substrate axes.
Therefore, in order to determine the optimum condi-
tions for producing films with extremely high values of
certain characteristics, one should usually perform a
comprehensive technological study. In particular, we
performed studies with the aim of obtaining the mini-
mum possible FMR linewidth in cobalt films in combi-
nation with the maximum value of the effective satura-
tion magnetization. We also developed a technique that
makes it possible to decrease magnetic inhomogene-
ities across the area and thickness of samples and
thereby obtain extremely high values of the mw mag-
netic permeability.

2. EXPERIMENTAL

It is well known that chemically deposited films of
cobalt, nickel, iron, and their alloys doped with phos-
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Fig. 1. Microphotograph of a spot of a chemically deposited
film and its electron diffraction pattern.

phorus to a fairly low concentration (which favors the
formation of a structure that is amorphous in terms of
x-ray diffraction) have a high saturation magnetization
and a relatively narrow FMR linewidth; i.e., they can
possess a fairly high mw magnetic permeability. The
technology for deposing such films on dielectric sub-
strates requires preliminary activation of the substrate
surface by a palladium sublayer, which has been found
to have a polycrystalline structure. As a magnetic film
is deposited on this sublayer, its growth is epitaxial in
the initial stage. As a result, the first layers of the mag-
netic film are not amorphous but rather repeat the struc-
ture of the palladium sublayer. As the film grows fur-
ther, it gradually becomes x-ray amorphous due to the
presence of a small amount of phosphorus in its com-
position; the phosphorus is precipitated during synthe-
sis and thereby favors amorphization.

Figure 1 shows a typical photograph of a spot of a
chemically deposited 60-nm-thick x-ray amorphous
film and its electron diffraction pattern obtained using a
transmission electron microscope. The strong first and
weak second diffraction maxima observed against the
background of a diffuse halo indicate that there is a
short-range order. Thus, in actuality, the structure of an
x-ray amorphous film is not amorphous; the reflections
in the electron diffraction pattern correspond to inter-
planar spacings A, = 2.03 A and A, = 1.22 A. Such films
usually have a nanocrystalline structure with crystal-
lites 2 to 6 nm in size separated by thin phosphorus
interlayers. For this reason, chemically deposited x-ray
amorphous films are called nanograined.

Usually, films are deposited in the presence of a uni-
form dc magnetic field applied in the substrate plane in
order to decrease magnetic inhomogeneities across the
sample area and make the FMR lines narrower. How-
ever, as the film thickness decreases starting from
approximately 50 nm, the FMR linewidth increases
rapidly by at least one order of magnitude [3] even if the
films are deposited in the presence of a relatively strong
uniform magnetic field. This is due to the fact that, as
indicated above, a film grows epitaxially in the initial
stage and its atoms reconstruct the polycrystalline
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Fig. 2. Sample under study (schematic) and a differential
curve of the FMR line recorded for a local spot of a 10-nm-
thick cobalt film using a scanning FMR spectrometer.

structure of the palladium sublayer. As a result, nan-
ograins in the first layers of the film are oriented almost
randomly, which leads to a significantly broadened
FMR line.

It should be stressed that the dc magnetic field
applied during film synthesis produces uniaxial in-
plane magnetic anisotropy in the film due mainly to
magnetostriction and elastic stresses arising in the
interface between the film and substrate [4]. It is inter-
esting that, in weak fields, the induced uniaxial anisot-
ropy increases in proportion to the applied field and
then saturation is reached in fields of ~1.5 Oe [5]. In
order to obtain an isotropic film, the parasitic magnetic
fields should be balanced with an accuracy of better
than 1073 Oe [6].

As shown in [7], the high-frequency properties of
chemically deposited x-ray amorphous magnetic films
are significantly improved if, prior to the deposition,
the palladium sublayer is preliminarily covered with a
nonmagnetic buffer amorphous layer of a certain thick-
ness. This buffer layer can be a chemically deposited
Ni-P film containing phosphorus in greater than a 7%
concentration, which makes the buffer layer nonmag-
netic [8]. We studied the main magnetic characteristics
of such multilayer structures and the effect on them of
various technological factors using nanocrystalline Co
films with about 4% P deposited on 2.5-mm-thick glass
substrates 12 X 12 mm in lateral size. The substrates
were cut with a diamond cutter from thoroughly
washed standard photoplates designed to produce
masks for microelectronic photolithography.

A buffer nonmagnetic amorphous Ni-P layer of
thickness 6 was deposited at 90°C on substrates which
were preliminarily treated by a technique developed in
[9] including the deposition of a tin oxide layer a few
atomic layers thick (see inset to Fig. 2) and a 5-nm-
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Fig. 3. Geometry of a magnetic film with in-plane uniaxial
and unidirectional anisotropy.

thick palladium layer. A Ni-P film was deposited from
a solution with the following composition: nickel sul-
fate (7 g/1), sodium hypophosphite (10 g/I), sodium cit-
rate (25 g/l), salmiac (17 g/l), and ammonia (0.7 ml/l);
the hydrogen ion exponent of the solution pH = 8.5.

The multilayer structures thus obtained were used as
a substrate to deposit nanocrystalline Co—P films with
thickness d at 97°C in a uniform in-plane dc magnetic
field H = 3 kOe directed along a film side. The films
were deposited from a solution with the following com-
position: cobalt sulfate (30 g/1), sodium hypophosphite
(50 g/1), sodium citrate (80 g/l), and ammonia (3 ml/l);
pH = 9.0. The layer thicknesses were determined from
the deposition time. For this purpose, the growth rates
were preliminarily measured for each layer using an x-
ray reflectometer, which permits one to determine film
thicknesses with an accuracy of better than £1 nm.

The magnetic parameters of local spots of the sam-
ples thus obtained were measured using an automated
scanning FMR spectrometer [10], with a sensor being a
microstrip resonator (MSR) prepared on a substrate
with a high permittivity. Near an antinode of a mw
magnetic field, the resonator ground plane has a small
hole for making local measurements. Resonance mw
power absorption of a spot of the film sample in the
FMR spectrometer is detected in the usual fashion
(using the modulation technique [11]) by measuring the
Q factor of the MSR over the course of scanning of a
static magnetic field applied in the film plane. The res-
onator is a driving circuit in a transistor mw generator
located, together with a detector, within the sensor case.
The measuring hole in the MSR is used simultaneously
as a localized source of a mw magnetic field and as a
coupling channel between the film under study and the
resonator.

The main advantage of the scanning spectrometer is
its high sensitivity owing to the fact that the sample
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Fig. 4. Angular dependences of the resonance field Hg and
the FMR linewidth AH: points are experiment and the solid
line is calculation.

occupies most of the sensor volume due to the smallness
of the MSR and to the use of low-frequency (1 kHz)
modulation of the scanning static magnetic field with
subsequent locked-in detection of the signal. An advan-
tage is also that the spectrometer is equipped with a set
of mw sensors covering a fairly wide frequency range
(0.1-6.0 GHz), which is important in studying mag-
netic inhomogeneities of thin films. Indeed, it is well
known that certain characteristics of magnetic films,
such as magnetostriction and bulk and surface magnetic
anisotropies, are dependent on the magnitude of the
static magnetic field H applied to the sample. More-
over, inhomogeneities of the distributions of these
quantities over the film plane, as a rule, becomes less
pronounced as H increases. Since the FMR field
increases almost linearly with the pump frequency f,
one should significantly decrease the frequency fin order
to measure the profile of magnetic inhomogeneities of
films in weak fields. However, in standard spectrometers
with pump frequencies of the order of 10 GHz, the reso-
nance magnetic fields are very high even when the field
is applied in the film plane and, hence, the demagneti-
zation factors are close to zero. For permalloy films,
e.g., the resonance fields are ~10° Oe.

In this work, we employed a scanning spectrometer
with a mw sensor operating at a pump frequency f =
2.274 GHz and the resonance fields did not exceed
75 Oe for the samples under study. The diameter of the
measuring hole of the sensor was ~1 mm; therefore,
local measurements were performed for a spot area of
~0.8 mm?. The angular dependences of the resonance
field Hy and the linewidth AH were measured for each
local spot of the film surface in steps of 1 mm. From
these dependences, the main magnetic characteristics
of the films were determined automatically with a com-
puter program based on a phenomenological calcula-
tion [12]. In contrast to [12], the calculation in this
Vol. 50
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work includes the unidirectional anisotropy [13],
although it is small in comparison with the uniaxial
anisotropy in the films under study. The scanning FMR
spectrometer was also used to measure the local values
of the coercive force; for these measurements, magneti-
zation reversal was performed along the easy axis [13].

Based on the angular dependence of Hy, we calcu-
lated the saturation magnetization, the magnitude and
orientation of the uniaxial and unidirectional magnetic
anisotropy fields, and the minimum FMR linewidth.
The FMR spectra were recorded in the regime of
reverse magnetic-field sweeping in order to eliminate
the effect of hysteretic phenomena in films on the FMR
spectrum. For this purpose, the film was also magne-
tized by a field at least an order of magnitude higher
than the uniaxial anisotropy field prior to recording the
FMR spectrum after each rotation of the sample
through a certain angle. The half-width of the FMR line
is defined as the difference between the field corre-
sponding to the extremum in the differential absorption
curve located on the right of the resonance field (Fig. 2)
and the resonance field. This definition permits us to
eliminate the ambiguity in determining AH caused by
the asymmetric shape of the FMR line, which, in turn,
is due to the distortion of the left-hand slope of the res-
onance curve caused, e.g., by the nonresonant mw sus-
ceptibility of the anisotropic film [14].

3. RESULTS OF THE STUDIES

Let us consider the case where a thin magnetic film
lies in the xy plane (Fig. 3) and the external static mag-
netic field H, and the mw magnetic field h (which var-
ies according to a harmonic law with a circular fre-
quency ) are directed in the film plane at angles 6, and
0 + m/2 to the x axis, respectively. The angles that the
uniaxial magnetic anisotropy field H, (directed along
the easy axis) and the unidirectional anisotropy field H;
make with the x axis are 0, and 0, respectively.

The free energy density F of the film is the sum of
the densities of the Zeeman energy (F}), the uniaxial
(F,) and unidirectional (F,) anisotropy energy, and the
energy of magnetic charges arising on the film surfaces
due to magnetization precession (F),):

F=Fy+F,+F,+Fy
ey

H
= _(MH) - ZM"O(Mn)z — (MH,) + %(MNM).

Here, H = (H, + h); M = (M, + m), where M,, and m
are the static and dynamic components of the magnetic
moment M, respectively; n is a unit vector along the
easy axis; and N is the demagnetization factor tensor,
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Fig. 5. Dependences of the FMR linewidth AH, the effective
saturation magnetization M, the anisotropy field H,, and
the coercive force H,. of a cobalt film on the buffer layer
thickness.

which has only one nonzero component (N_, = 47) in
the case of a thin film.

The motion of the magnetic moment M under a
magnetic field is described by the Landau-Lifshitz
equation

= = V[IMXHyl, 2)

where 7 is the gyromagnetic ratio and H i = —0F/0M.
Solving Eq. (2) in a linear approximation under the
assumption that m < M, and h < H,,, it is easy to obtain

the following relation between the resonance magnetic
field Hy and the magnetic characteristics of the sample
at a fixed pump frequency m:

2
(%’) = [Hycos(6,—6,,) + H,cos2(6, —6,,)

+ H,cos(0,-0,,)][4nM,+ Hzcos(0,—0,,) 3)
+ Hacosz(ea -0,)+H,cos(6,-0,,)],

where the angle 0,, defines the equilibrium direction of
the saturation magnetization M, of the film and can be
found from the equation

. 1 .
H,sin(6,-0,,)+ zH,sin2(6,—-6
+ Hsin(0,-0,) = 0,
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Fig. 6. Dependences of the FMR linewidth AH, the effective
saturation magnetization M, the anisotropy field H,, and
the coercive force H,. of a cobalt film on the film thickness.

which can be derived by minimizing the free energy
density F in Eq. (1).

In general, M, is the effective saturation magnetiza-
tion [15], because our simple model does not take into
account other factors influencing the magnitude of M,

(such as elastic stresses and the perpendicular anisot-
ropy caused by the film growth and the stresses).

Given the pump frequency m, Eqs. (3) and (4) make
it possible to determine the magnetic characteristics of
any local spot of the film from the measured angular
dependences of the resonance field Hgx(0y) [13].

Figure 4 shows the resonance field Hy (points) mea-
sured for various values of the angle 6 of the magnetic

Measured parameters averaged over the sample area and
the standard deviations of these parameters

Averaged parameter value
Sample Standard deviation
My, G | H,Oe | 6,,deg | H,, Oe | AH, Oe
4 1305 14.19 -53 0.24 11.49
216 11.17 180 3.05 8.12
b 1282 12.07 | -3.18 0.29 12.63
94 12.74 180 1.03 4.53
B 1365 17.35 0.57 0.06 10.28
47 1.19 5.50 0.21 2.17
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field in steps of 2° for a spot of a 10-nm-thick film. The
solid curve is the least-squares fit of the theoretical
angular dependence of Hy to the experimental points
for the following parameter values of the film spot:
My=1270G,H,=19.8 Oe, 6,=-4°, H,= 0.85 Oe, and
0, =—158°. As already mentioned, these characteristics
were determined automatically from the measured
Hg(0y) values. In essence, in order to determine the
magnetic parameters, a polar coordinate frame was
reduced to the center of symmetry of the experimental
Hi(®y) curve also constructed in a polar coordinate
frame [12].

The accuracy with which the magnetic characteris-
tics of thin magnetic films are determined is dependent,
above all, on the accuracy in determining the resonance
fields, which, in turn, depends on the intensity and
width of the FMR line of a specific sample. For the
films under study, the field H; was measured to within
+0.02 Oe. However, since the angular dependences
obtained are based on the large number of experimental
points, the accuracy in determining the magnetic char-
acteristics of the samples is significantly better due to
averaging over these points. In this case, obviously, the
measurements require a long time. However, it was
established experimentally in [10] that, for the film
characteristics to be determined with the required accu-
racy, it is sufficient to perform measurements of the
angular dependences of the resonance field at five or six
points in steps of 5°~10° near each extremum.

It should be noted that, when comparing the FMR
linewidths AH of different samples, we chose the mini-
mum values of the angle-dependent width AH(O),
which, as a rule, correspond to the case where the mag-
netic field is perpendicular to the easy axis. The signif-
icantly increased FMR linewidths for other orientations
of the magnetic field (Fig. 4) are caused, above all, by
the deviation of the equilibrium direction of the mag-
netic moment from the direction of the magnetic field
due to the film anisotropy (see Eq. (4)).

For one series of experiments, we synthesized
(using the technique described above) 28 nanocrystal-
line magnetic Co-P films differing only in terms of the
thickness of the nonmagnetic buffer Ni-P layer, d = 0—
80 nm. The thickness of the main magnetic layer was
the same for all of the samples, d = 35 nm. We mea-
sured the magnetic characteristics of a spot ~0.8 mm? in
area located in the center of each sample. Figure 5
shows the dependences of some of these characteristics
on the thickness of the nonmagnetic buffer layer. We
note that, in the absence of a buffer layer (6 = 0), the
FMR linewidth of the film is maximum (AH = 90 Oe)
and the FMR signal is at least one order of magnitude
smaller. The other magnetic parameters also have extre-
mum values: the effective saturation magnetization is

No. 4 2008
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Fig. 7. Spatial distributions of the magnitude and orientation of the uniaxial magnetic anisotropy field of (a, b) films deposited in a
gradient magnetic field and (c) a reference film deposited in a uniform magnetic field. Deposition geometry: (/) magnets and (2)

substrate.

the smallest (M, = 700 G) and the coercive force and the
unidirectional anisotropy field reach their maximum
values (H, = 70 Oe, H; = 6 Oe). This fact can be
explained by structural changes in the first cobalt layers
in the interface with the palladium sublayer (wherein
the change from polycrystalline to x-ray amorphous
structure occurs) and by large elastic stresses strongly
inhomogeneous across the film thickness caused by
these changes.

As the thickness of the nonmagnetic x-ray amor-
phous Ni-P layer increases, the structural changes in
the interface with the palladium involve this layer and
the elastic stresses decay gradually in it. As a result,
elastic stresses are almost absent in the magnetic Co—P
film deposited on this buffer layer and the film becomes
homogeneous across its thickness, as indicated by the
fact that the FMR linewidth, the coercive force, and the
unidirectional magnetic anisotropy decrease about ten-
fold. In this case, the effective saturation magnetization
increases about twofold. The uniaxial magnetic anisot-

PHYSICS OF THE SOLID STATE  Vol. 50 No. 4

ropy field H, varies only slightly (to within 10%), reach-
ing a minimum at a buffer layer thickness & = 5-6 nm. It
should be noted that all measured quantities change
most greatly over the range 8 = 0—~10 nm; at 8 = 30 nm,
almost all dependences reach saturation. The easy axis
in the cobalt film always coincides in direction with the
dc magnetic field that was applied during film deposi-
tion.

For another series of experiments, we prepared 60
samples differing only in the thickness of the main
magnetic Co—P layer, which was varied in small steps
over the range d = 1-100 nm. The buffer layer thickness
was the same in all samples (6 = 20 nm). The angular
dependences of the FMR spectra and magnetization
curves (from which the magnetic characteristics of the
films are calculated) were also measured for local spots
~0.8 mm? in area located in the center of the samples.
The dependences of some of the measured parameters
on the thickness of the magnetic film are shown in
Fig. 6. As the thickness d increases, both the uniaxial

2008
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and unidirectional anisotropy fields and the FMR line-
width decrease sharply. However, the latter begins to
increase monotonically at “large” film thicknesses due
to the skin effect. The effective magnetization first
increases sharply to M, = 1330 G and reaches saturation
at d = 20 nm; then, starting from d = 60 nm, it increases
monotonically. The dependence of the coercive force
on the thickness of the magnetic film exhibits a pro-
nounced maximum (H,. = 11 Oe) at d = 20 nm. It is
likely that, at this film thickness, the domain walls
change from the Néel to Bloch type [16].

For the sample having the thinnest magnetic layer
in this series (d = 1 nm), the measured characteristics
are as follows: M= 1180 G, H.= 5.5 Oe, H;= 1.7 Oe,
H, =23 Oe, and AH = 20 Oe. We note that, for the sam-
ples without a buffer Ni—P layer (in which the Co—P layer
was deposited immediately on the palladium sublayer),
the minimum cobalt film thickness at which the FMR
signal can be reliably separated from the background
noise is approximately threefold greater. For this film,
the measured parameter values are as follows: M, =
690 G, H, = 19 Oe, H. = 77 Oe, H; = 6.5 Oe, and
AH = 100 Oe.

As indicated above, the FMR linewidth depends
strongly on magnetic inhomogeneities, which are
inherent in thin magnetic films and are determined by
the quality of the substrates, the specific features of the
technique used to fabricate the films, and also by the
nonuniformity of the external dc magnetic field in
which the films are deposited. We studied the influence
of the nonuniformity of the external magnetic field on
the magnetic characteristics of Co—P films using three
specially prepared samples that have the same thick-
ness of the main layer (d = 70 nm) and the same thick-
ness of the nonmagnetic buffer layer (6 = 30 nm). Two
of these samples were deposited in a gradient magnetic
field, which was produced by two parallel (head-to-
head) rectangular cobalt—samarium magnet plates (40 X
40 x 10 mm in size) placed 30 mm apart (Fig. 7). The
samples were located about halfway between the mag-
nets, with the substrate being perpendicular (sample )
or parallel (sample b) to the magnet surfaces. The third
(reference) sample (sample c¢) was deposited in the
usual fashion, namely, in a uniform magnetic field
applied parallel to the substrate plane.

As one might expect, all magnetic characteristics of
films deposited in a gradient magnetic field are signifi-
cantly more inhomogeneous. The most substantial
changes across the film area occur in the uniaxial mag-
netic anisotropy field H,, the angle of the easy axis 0,
(Fig. 7), and the magnitude of the unidirectional anisot-
ropy. The average values and standard deviations of
some magnetic characteristics of all of the three sam-
ples are listed in the table.
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From the table, it can be seen that the saturation
magnetization, unidirectional anisotropy, and FMR lin-
ewidth of sample a are about twofold more inhomoge-
neous than those of sample b and are far more inhomo-
geneous than those of the reference sample. The aver-
age FMR linewidth for the reference sample is almost
15 and 30% smaller than that for samples a and b,
respectively.

4. CONCLUSIONS

Thus, our studies have shown that the presence of a
nonmagnetic x-ray amorphous buffer layer between the
palladium sublayer and the magnetic film significantly
increases the mw magnetic permeability of the film,
decreases the FMR linewidth, and increases the effec-
tive saturation magnetization. The effect is most pro-
nounced if the thickness of the nonmagnetic buffer
layer exceeds 20-30 nm.

Our studies have also shown that, for nanocrystal-
line cobalt films deposited using the technique devel-
oped in this work, the FMR linewidth is minimum and,
hence, the magnetic permeability is maximum over the
decimeter wavelength range if the film thickness is
~20-60 nm. As the film thickness increases, the mag-
netic permeability decreases due to the skin effect.
Therefore, for samples intended for use at lower fre-
quencies, the optimum film thickness increases in pro-
portion to £,
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