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In this work we study the influence of surface roughness on the magnetization dynamics of soft
magnetic nanocrystalline Fe–Zr–N thin films deposited(under identical conditions) onto a Si oxide,
a thin polymer layer, and a thin Cu layer. The substrate temperature during deposition was
approximately −25 °C ensuring a nanocrystalline state. The demagnetizing factors due to sample
roughness were calculated based on atomic force microscopy(AFM) analysis of the surface
topography. A clear correlation between sample roughness and the width of the high-frequency
response is observed. The local random demagnetizing field created by the nanocrystalline structure
and the surface topography is responsible for the positive shift of the ferromagnetic resonance
frequency. In addition, a pronounced effect of line broadening is induced by the surface topography
at large wavelengths. Finally, we show a good agreement between the values of the average
demagnetizing field 4pNMS as calculated from the AFM scans, and the values calculated from the
frequency-dependent complex permeability measurements. ©2005 American Institute of Physics.
[DOI: 10.1063/1.1819998]

I. INTRODUCTION

The development of technologies related to the magnetic
recording industry and the spread of wireless communication
systems is an important incentive to focus on magnetic ma-
terials, which can be used in high-frequency applications.1,2

Depending on the application, the requirements, which must
be satisfied by these materials, can vary considerably. For
instance, in order to improve the design of a high-frequency
inductor we can use a soft magnetic material with high fer-
romagnetic resonance(FMR) frequency. A narrow FMR line
and a high real component of the magnetic permeability are
in this case desirable. Somewhat different properties must be
satisfied by the materials, which are used for band stop filters
which depend on the absorption of microwave power at
FMR frequency; the position and the width of the FMR line
must be adjustable depending on the working frequency
range. Therefore it is desirable to obtain a magnetic material,
which can be used for a large range of frequencies. The
high-frequency properties of this material will be artificially
modified changing the extrinsic parameters of the samples.

In order to have a “tunable” magnetic material, the mag-
netocrystalline anisotropy has to be minimized. This can be
performed by choosing a nanocrystalline structure with ran-
dom orientation of the grains.3,4 An important factor is also
the saturation magnetizationMS. In almost all high-
frequencies applications involving a ferromagnetic material,
an increase ofMS leads to an improvement of the physical

property of interest. For example we have(i) for an inductor,
a higher MS increases the inductance and the frequency
range, and(ii ) for a stop band filter higherMS means higher
power absorption.

At any rate, in this article we present a study of the
high-frequency response of Fe–Zr–N thin films with a nano-
crystalline structure and uniaxial induced anisotropy, where
we concentrate on the topography variation of the substrate
on which the films are deposited. Indeed, it is shown that
substrate roughness induces significant changes of the mag-
netization dynamics. The FMR frequency distribution is very
broad and the average FMR frequency is shifted upward cor-
responding to an extra field of about 35 Oe for the sample
deposited on the roughest substrate. Finally, we discuss the
origin of both the broadening and the frequency shift.

II. EXPERIMENT

The deposition method used for the production of the
samples was dc reactive sputtering in an Ar+N2 gas mixture.
We have kept the same sputtering parameters for all samples
used in this investigation. The target material was a Fe–Zr
alloy with a Zr concentration of only 1%. This small amount
of Zr has the role of increasing the nitrogen uptake and may
act also as a thermal stabilizer in subsequent treatments.
Here, only the first Zr-related property was considered for
this study, since no thermal treatments were performed. The
film thickness was fixed at 110 nm. Another important factor
in sample deposition was the temperature of the substrate.
All samples were produced at temperatures below −20 °C
producing grain sizes around 2 nm(see Table I). More de-
tails about this deposition technique are given elsewhere.5,6
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In order to change the topography of the samples, we have
used the following substrates:(i) Si oxide, (ii ) Si covered
with a thin organic layer, and(iii ) Si oxide covered with a
300-nm Cu layer. The second substrate was prepared by ap-
plying a uniform layer of dinitro cellulose in a solution of
amilacetate and acetone(colodium) with a thickness of
1 mm.

In order to obtain the average grain size and the nitrogen
content, the structure was investigated by x-ray diffraction
(XRD). We have used for these purposes the Scherrer for-
mula and the relation between the lattice constant and nitro-
gen concentration.5 Based on the average lattice parameters,
the samples A and B had a nitrogen content of 16%. For the
sample deposited on Cu the XRD technique was ineffective
because of the superposition of the diffraction peaks of Cu
substrate and sample. Because the substrate temperature of
−24 °C was almost the same as for the other samples, we
expect that the grain size and the nitrogen content will be
similar. The surface topography of the samples was analyzed
with an atomic force microscope(AFM).

The dc magnetic properties were studied with a vibrating
sample magnetometer(VSM). We have measured the high-
frequency magnetic response with a single-coil system con-
nected to a network analyzer.7 An electron-spin-resonance
(ESR) setup working inX bands9.4 GHzd was also used.

III. RESULTS

A. Surface morphology

The AFM scans of samples B and C are presented in
Figs. 1(a) and 1(b). We have observed that the film surface
roughness increases going from sample A(Si-oxide sub-
strate, not shown here) via sample B(organic substrate) to
sample C(Cu substrate). The substrate morphology revealed
similar features with those of the film surface upon 110-nm
deposition of Fe, indicating replication of the substrate topol-
ogy. This was observed on AFM scans of those regions of the
samples which were not covered by the magnetic material
due to the substrate holder shadowing effect. The orientation
of the coordinate system used here is given in Fig. 2.

Indeed, the height-difference correlation functiongsxd
=kfhsxd−hs0dg2l in the fast scan direction was computed
(and averaged along thez direction or slow scan direction),
wherehsxd is the surface height at lateral positionx on the
surface relative to the mean surface height. A typical ex-
ample is shown in Fig. 1(c). For a self-affine rough morphol-
ogy we have8

gsxd = r2x2H if x ! j, s1d

gsxd = 2w2 if x @ j, s2d

with j the lateral correlation length,w=Îkh2l the rms rough-
ness amplitude, andr~w/jH the average local surface slope.
Therefore, the rms roughness amplitudew can be obtained
from the regime of saturation ofgsxd (where its measurement
requires a scan size.10j), while a double log plot at shorter
length scales yields the roughness exponentH [Fig. 1(c)]. As
H decreases, the surface becomes more irregular(jagged) at
short length scalessx!jd. Finally, the correlation lengthj is
given from the intersection of power-law and saturation lines
by j=s2w2/r2d1/2H. The measurement of the roughness pa-
rametersw, j, andH allows further calculation of the demag-
netizing factors.

TABLE I. Structural parameters of the samples;w is the rms roughness
amplitude.

Sample name A B C

Substrate Si(100) Organic Cus300 nmd
Dep. Temp.(°C) −27 −32 −24
Grain size(nm) 2 2 ,2

N (at. %) 16.1 14.5 ,15
w (nm) 0.3 2.3 5.1

FIG. 1. AFM scans of the samples B(a) and C(b); height difference cor-
relation function corresponding to sample C.
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The roughness analysis for the sample shown in Figs.
1(b) and 1(c) (Fe/Cu; scan size 3000 nm) yielded H
=0.92±0.05,w=5.1 nm, andj=78.2 nm. For the sample B
shown in Fig. 1(a) (Fe–Zr–N/polymer) the rms roughness
amplitude is saturated over scan sizes 6000 nm or more due
to the presence of the hillocks, yieldingw=2.3 nm. These
hillocks have lateral base dimensionsL<400 nm with aver-
age heightD<5 nm and are very likely to dominate mag-
netic film characteristics. Finally, for the Fe films deposited
onto Si oxide the obtained rms roughness amplitude was
<0.3 nm thus excluding any significant contribution of
surface/interface roughness on magnetic properties.

For the film shown in Figs. 1(b) and 1(c) the demagne-
tizing factors are calculated as follows. If we assume isotro-
pic and translation invariant random roughness in two di-
mensions, then the average in-plane demagnetizing factor is
given by9

Nxx = Nzz

=
s2pd4

4dA
E d2kfkuhfskdu2l + kuhsskdu2l

− 2e−dkkhfskdhsskdlgk s3d

with hfskd andhsskd, respectively, the two-dimensional Fou-
rier transform of the film surface and substrate height fluc-
tuations.A is the average macroscopic flat surface area. Note
that the diagonal components of the demagnetizing factor are
determined by the relationsNxx=Nzz (isotropic roughness)
andNxx+Nyy+Nzz=1. The approximation, which we make, is
that everywhere the spins are parallel. For conformal to sub-
strate film surface roughness, orhfskd;hsskd, Eq. (3) yields

Nxx =
s2pd4

2dA
E d2kkuhfskdu2lks1 − e−dkd. s4d

In order to calculate the demagnetizing factor we assume a
simple Lorentzian model for the roughness spectrum10

kuhfskdu2l

kuhfskdu2l =
A

s2pd5

w2j2

s1 + ak2j2dI+H s5d

with a=s1/2Hdf1−s1+aQc
2j2d−Hg if 0 ,H,1 (power-law

roughness), and Qc=p /a0 with a0 of the order of atomic
dimensions. For other self-affine roughness correlation mod-
els see also Ref. 11.

For the roughness parametersH=0.92, w=5.1 nm, and
j=78.2 nm of the sample C deposited onto Cu[Figs. 1(b)

and 1(c)] we obtain the in-plane demagnetizing factorsNxx

=Nzz=3.6310−3. Furthermore, for sample B shown in Fig.
1(a) the demagnetizing factor was estimated using a different
approach since the surface has a different hillock configura-
tion. Here we can approximate the large wavelength features
with uniform magnetized ellipsoids having the long axis
equal withL and the short axis equal withD. In this case we
obtain (Ref. 12) Nxx=Nzz>1310−3.

B. Magnetic characterization

We present in Fig. 3 the hysteresis loops of the samples
measured with applied field,Hdc, parallel and perpendicular
to the easy axis(EA). In the coordinate system chosen the
Oy axis is perpendicular to the surface, EA is along theOz
axis and the rf field is alongOx. All samples measured in the
EA orientation had values of the remanent magnetization al-
most equal to saturation values. This shows that a stable
single-domain magnetic structure is formed even when the
external field is zero. The initial permeability is larger than
Nxx

−1=Nzz
−1, i.e., the system does not form domains in order to

keep the internal field zero, which would minimize the mag-
netostatic energy. The reason for this behavior lies on the fact
that the spins cannot follow all the topography variations due
to the significant strength of the exchange interactions.
Moreover, the values of the coercive fields for the hard axis
orientations in Figs. 3(b) and 3(c) are rather remarkable. In-
deed, because these values are close to the easy axis orien-
tation, we associate a noncoherent spin rotation in the case of
magnetization reversal along the hard axis orientation.

In principle the uniaxial anisotropy field,HK, can be ex-
tracted from the hysteresis loops measured in the hard direc-
tion. Its origin is in a preferential distribution of the nitrogen
atoms in the octahedral interstitial positions of the cubic
lattice.13 We could estimate reliablyHK in this way only for
sample A, which has a coercive field of about 1 Oe. For
samples B and C, where the coercivity is much higher, we
estimate thatHK does not exceed 25 Oe. A better estimation
of HK field was performed using FMR at 9.4 GHz(see Table
II ). Figure 4 shows an example of theX-band measurements.
As pointed out by Oateset al.14 the output signal of an ESR
spectrometer is composed of absorption and dispersion lines.
In the ideal case only the absorption line should be observed.
By introducing a dispersion component we can fit the signal
correctly and determine the resonance fieldHR together with
the field linewidthDH. The analysis can be performed using
the following formula:

y = aSHR − H

DHR
D + 9b − 3bSHR − H

DHR
D2

3F3 +SHR − H

DHR
D2G−2

, s6d

wherey is the field derivative of the absorbed power during
FMR process, the coefficientsa andb are the amplitudes of
the absorption and dispersion signals, respectively. Because
the field derivativey is measured in arbitrary units, the val-
ues of a and b are difficult to be related directly with a
physical parameter like the permeability. However, here we
are only interested in a correct description of the spectrum

FIG. 2. The cross section of the film lying in thex-z plane; d is the film
thickness;L is the film boundary defined by ±d/2+hsx,zd.
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shape in order to extract the linewidth and the resonance
field values. An example of such a fit is presented in Fig. 5.
As already mentioned,HK was calculated from the half of
the difference betweenHR obtained with Eq.(6) for the situ-
ation when the external field is oriented in the plane of the
sample perpendicular to EA and parallel to EA, see Fig. 4.
The values ofDH /2 corresponding to the FMR lines in Fig.
5 are also included in Table II.

The values of 4pMS as given in Table II are calculated
assuming15 g=2.1 for all the samples used in the present
study. In fact, for the estimation of 4pMS we have taken into

account not only theX-band measurements, but also the
frequency-dependent permeability(see later). Since all
samples were deposited in almost the same sputtering condi-
tions, it is expected not to be a significant variation of the
saturation magnetizationMS.

The frequency-dependent permeability of the samples is
presented in Fig. 6. A clear difference can be observed be-
tween the sample deposited on Si and the samples deposited
on the organic and Cu-covered substrates. While sample A
presents a relatively sharp resonance with aDv>520 MHz,
the resonances in samples B and C were very broad, with a
frequency width half maximum(FWHM) larger than 1 GHz.
This increase of the linewidth is accompanied by an increase
of the average resonance frequency, corresponding to the
zero crossing of the real part of the permeabilitym8. It is
evident that a correlation exists between the sample rough-
ness and the high-frequency response.

1. Method 1

As a first method of analysis, we suppose that in samples
B and C the local demagnetizing field is oscillating from one
region to another and has the following position dependence:
Hdz=H0 cosskzd=H0 cossud whereuef0,pg and 2p /k is ap-
preciably larger than the correlation lengthj. For coherent
rotation of spins, the dynamics of the system can be reason-
ably well described by the Landau–Lifshitz equation.16 De-
tails about the solution of this equation are given
elsewhere.17,18 We note that no eddy current effects are ex-
pected because the chosen film thickness is much smaller
than the skin depth for our N-rich nanocrystalline thin films.
Furthermore, in order to fit our frequency-dependent spectra,
we have considered the total local field

HT = Hdc + Hefstd + HK − Hdem+ Hd + HShift, s7d

whereHdem=s0,4pMS,0d is the demagnetizing field in the
absence of surface roughness andHd=sHdx,Hdy,Hdzd is the
local demagnetizing field, which should not be confused with
the average value calculated on the basis of the demagnetiz-
ing factor coefficients(Nxx, Nyy, andNzz). HShift is an extra
field needed to obtain a good fit of the experimental data. Its
origin is discussed in the next section and is related to the
material nanostructure. The frequency-dependent magnetic
response of the system is obtained by calculating the enve-
lope of the permeability curvem=msud over a period of the
oscillatingHd.

For this analysis we have chosenn=20 equidistant val-
ues ofu and the same damping constantafrequency for each
individual spectrum. Sinceafrequencydoes not influence sig-
nificantly the FMR frequency, its effect on the simulated
spectra is only to modify the FMR linewidth of the indi-
vidual spectrum. An increase ofn did not change the values
of afrequencyas a free parameter in the fitting procedure. Fig-
ure 6 presents the fits based on this model ofHd. In Table II
we present the results of this analysis. We see that the am-
plitude of the demagnetizing fieldHd increases clearly with
the roughness. LikeH0, HShift correlates with the roughness
of the films and will be subject of discussion in the next
section. Note also that in Table II we use two different nota-
tions for the damping parameter: one as determined from the

FIG. 3. Hysteresis loops of the samples A(a), B (b), and C(c); measure-
ments performed parallel and perpendicular to the easy axis.
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frequency-dependent measurements(presented above) and a
second one for the field-dependent spectrasafieldd. This is
made in order to stress the distinction between the frequen-
cies and magnetic fields specific for each type of measure-
ment.

2. Method 2

We can also estimate the distribution of local demagne-
tizing fields by transforming the spectram=msfd into m
=msHeffd via the dispersion relationship

fHrfiHA =
g

2p
Î4pMSHeff, s8d

where g=gmB/" is the gyromagnetic ratio andmB is the
Bohr magnetron. The effective field acting on the spins is
given by Heff=Hk+HShift+Hd. If we neglect the intrinsic
linewidth with respect to the inhomogeneous broadening of
the resonance line, the curve ofm8 versusHeff reflects the
distribution of the local-fieldsHd (Fig. 7). This is a reason-
able assumption, because the linewidth for sample A is much
narrower than for B and C. On the other hand, for a success-
ful fit assuming a sinusoidal wave variation ofHd we had to
introduce a much larger homogeneous linewidth for samples
B and C. Thus, we may overestimate the width of the distri-
bution by this method. However, the large homogeneous
linewidth used in method 1 may also be(partly) the conse-
quence of the fact that the local-field distribution is assumed
to be sinusoidal. These results show some evidence for an
increased homogeneous linewidth for samples B and C.

At any rate, both methods 1 and 2 gave rather compa-
rable results. We see that the values of the half linewidths(32
and 54 Oe) are very close to those ofH0 presented in Table
II. We also noticed that the average field was much larger
than the anisotropyHK.

IV. DISCUSSION

Based on the interpretation given in Sec. III, we summa-
rize the effects observed on the FMR absorption line:(i) the
line asymmetry,(ii ) the line position, and(iii ) the homog-
enous linewidth as observed in the damping parameter.

Line shape. Our permeability measurements clearly

show that there exists an asymmetric distribution of reso-
nance frequencies. We ascribe this to a distribution in local
demagnetizing fields, due to the roughness of both film in-
terfaces. In comparing with the AFM analysis, we have to
realize that due to the strong exchange interactions, the spins
are coupled over regions with an in-plane area proportional
to the square of the magnetic correlation lengthjm. In the
context of the random anisotropy model, for pure nanocrys-
talline Fe(Ref. 19), jm increases significantly from 40 up to
120 nm with the decrease of the grain size from
20 to 10 nm. Although the average grain size of our
samples is smaller, we expect a magnetic correlation length
in this range of magnitude for the samples B and C. The
reason is the presence of the dipolar interactions due to the
surface morphology. Only the structural irregularities larger
than jm will lead to variations in the resonance frequency
of the local magnetization, i.e., to inhomogeneous line
broadening.

Although a quantitative comparison is difficult, we ex-
pect that the average demagnetizing fieldHzz=Nzz4pMS as
calculated from the AFM profiles will be close to the half-
width of the local-field distribution(method 2) or, alterna-
tively, to the amplitude of the sinusoidal variationH0

(method 1). For sample B, the size of the hillocksL
>400 nm is much longer than the magnetic correlation
length, so thatHzz=Nzz4pMS>15 Oe is the appropriate es-
timate for the interface roughness. Given the very rough na-
ture of this estimate, this is in agreement with the permeabil-
ity estimates: 25 Oe(method 1) and 32 Oe(method 2). For
sample C we have a lateral correlation lengthj=78 nm. It
turns out that limiting the integration in Eq.(4) to kmax

=2p /jm has a negligible influence on the value ofNzz. The
valueNzz4pMS=55 Oe compares well with the permeability
estimates: 44 and 54 Oe, respectively.

Line shift. Recently, Arias and Mills20 proposed a model
for thin films, based on scattering of the normal mode by
bumps and pits on the sample surface or the sample/substrate
interface. According to their interpretation, the shift effect
may occur only if there is apreferentialorientation of the
surface imperfections. Contrary to this, we clearly observe a
FMR line shift but we have no evidence for a preferential
orientation of the surface defects. If we assume that the de-

TABLE II. Magnetic parameters: anisotropy field measured with VSMsHK-VSMd andX-band FMRsHK-FMRd, Hr

is the average resonance field andDHFMR is the linewidth fromX-band measurement, andfR is the resonance
frequency obtained from permeability spectra.

Sample A B C

HK-VSM (Oe) 23 ,25 ,25
HK-FMR (Oe) 23 13 29

Hr =sHr'+Hrid /2 (Oe) 625 613 578
DHFMR (Oe) 14.5 35 92
4pMS (kG) 15.6 15.4 16
fR (GHz) 1.95 2.33 2.92

HK+HShift (Oe) 28 39 54
H0 (Oe) 0 24.6 44

afield 0.0023 0.0054 0.014
afrequency 0.01 0.023 0.025

Nxx4pMS (Oe) ¯ 15 55

013904-5 Craus et al. J. Appl. Phys. 97, 013904 (2005)
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magnetizing fieldsHxx andHzz are equal due to the random
character of the surface imperfections, their contribution in
the general expression of the FMR frequency will cancel out

fR =
g

2p
fHk + sNxx − Nzzd4pMSg1/2

3fHk + sNyy − Nzzd4pMSg1/2. s9d

A possible origin of the FMR frequency shift can be the
magnitude variation of the magnetization due to the exis-
tence of intergranular regions21 (equivalent with variations of

crystal periodicity). The perpendicular magnetization compo-
nentMx can be associated with a magnetostatic energy den-
sity ksMx−Mav,xd2l. Applying the simple model of Jamet and
Malozemoff,22 which assumes a sinusoidal variation of the
magnetization with amplitudeM1, we estimate M1<4
3102 G for sample A and 93102 G for samples B and C.
These values are 2.5% and 6%, respectively, of the saturation
magnetization. Probably the rougher surface topography of
substrates B and C leads to larger density magnetization
fluctuations.

Spin-wave excitation. The damping constants as deter-
mined from theX-band measurementssafieldd and from the
permeability spectrasafrequencyd are presented in Table II. For
the same sample the values calculated from the permeability
spectra are larger than those obtained from the FMR mea-
surements.(In fact the difference is even more pronounced,
because we did not take inhomogeneous broadening into ac-
count in theX-band measurements, whereas we did so in the
permeability analysis via the parameterH0). In addition we
observe thatafrequency and afield increase with the sample
roughness.

In the framework of the two-magnon scattering process,
the homogenous broadening of the resonance line is associ-
ated with the presence of spin waves with the same energy as
the uniform precession mode. The uniform precession mode
is scattered by randomly distributed inhomogeneities into
these spin-wave modes. As a consequence the damping pa-
rametera will increase(above its intrinsic value) with the
number and the volume of the magnetic inhomogeneities.
This interpretation is widely accepted.23 In our case the
structural imperfections in the bulk and the surface can be
considered as scattering centers in the two-magnon process.
For Hdc oriented in the plane the uniform FMR mode is
degenerate, where the whole spin-wave band is reflected in
the damping parameter evolution from small values for
sample A to presumably very large values for sample C.

V. CONCLUSIONS

We have demonstrated that the high-frequency magnetic
response can be influenced by changes of the substrate
roughness obtaining a “tunable” magnetic material with high

FIG. 4. ESR spectra of samples A(a), B (b), and C(c) measuredHdc parallel
and perpendicular to the EA; in-plane geometry.

FIG. 5. ESR measurement for sample B: Experimental data is represented
by circles, the absorption and dispersion components are indicated by ar-
rows and the fit of the experimental data is represented by the continuous
line.
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saturation magnetization. It turns out that both the shift and
the broadening of the resonance line can be understood
through the influence of the film interface roughness. The
estimations of the demagnetizing field as calculated from the
analysis of the AFM scans are reasonably close to the values
obtained from the FMR frequency-dependent measurements.

A possible route of further investigations is to continue this
study for thin films deposited on patterned substrates ob-
tained, for instance, by laser interference lithography.24 In
this way the magnitude of the local demagnetizing field can
be controlled in an easier manner. Complementary, FMR
field dependence measurements realized with the external
applied field oriented perpendicular to the sample surface
would be quite interesting. This is because in such geometry
the two-magnon scattering process is absent, and as a result
it could yield a more definite proof why we have an unusual
large damping constant in our samples.
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