
PHYSICAL REVIEW B, VOLUME 63, 054408
Fractal pore distribution and magnetic microstructure of pulse-electrodeposited nanocrystalline
Ni and Co
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The crystalline and magnetic microstructures of nanocrystalline Ni and Co samples, with volume-averaged
grain sizes between 10 and 60 nm, obtained by pulsed electrodeposition have been studied by means of small
angle neutron scattering~SANS!, small angle x-ray scattering~SAXS!, and magnetization measurements.
According to density measurements the porosity of the samples amounts to values between 0.5 and 3 %. SAXS
and nuclear SANS contributions are dominated by pore scattering and reveal that the pores are distributed
according to a fractal correlation function. The magnetic SANS contributions measured at zero field indicate
that bothn-Ni and n-Co have magnetic domains with sizes exceeding 150 nm, i.e., the domains must confine
several crystallite grains. The present results of the domain sizes inn-Ni are similar to earlier literature data.
For the case ofn-Co the present results differ considerably from literature data, where only single-grain
domains were found inn-Co samples synthesized by other methods. We attribute the difference in domain
sizes inn-Co to the preparation method which in the present case yields samples of relatively high density. The
field dependence of the SANS signal observed inn-Ni and n-Co shows that large domains are saturated at
smaller fields than the smaller domains. The field dependence of the SANS signal is compared with the field
dependence of the magnetization.

DOI: 10.1103/PhysRevB.63.054408 PACS number~s!: 75.50.Kj, 61.46.1w, 61.12.Ex, 61.10.Eq
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I. INTRODUCTION

Nanostructured materials, i.e., materials with grain si
in the order of 5–100 nm can have properties which dif
substantially from those of the corresponding polycrystall
materials. The main reason for this is the small grain size
the relatively high volume fraction of the grain bounda
regions in which the atoms have to accommodate to the
ferent alignment of neighboring grains. The morphology
these materials can influence their thermal properties, suc
specific heat and thermal expansion coefficients, mechan
properties such as elastic moduli and hardness, as we
electronic properties such as resistivity. An extended rev
of the properties of nanocrystalline materials is given
Ref. 1.

In this paper we are concerned with the magne
properties of nanocrystalline ferromagnetic metals Ni~n-Ni!
and Co~n-Co!. Conventional polycrystalline ferromagnet
materials have a domain structure, called magn
microstructure, with sizes in themm range. In nanostructure
materials the grain size can be much smaller than
typical domain size, and it becomes comparable to
thickness of a domain wall. In addition the magne
moments in grain boundary regions can be altered
thus influence the macroscopic magnetic properties
the material. It is known that in systems of consolidat
nanoparticles the magnetic interactions can extend over
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eral grains giving domains much larger than the single gr
size as it was already shown forn-Fe ~Ref. 2! and n-Ni
~Refs. 3,4!.

The basic question on the relationship between the c
talline microstructure and the magnetic microstructure
nanocrystalline metals has already been studied by s
angle neutron scattering~SANS! and magnetization mea
surements by Lo¨ffler et al.3–6 The samples used in thes
studies were synthesized by inert gas condensation~IGC!
and ball milling~BM! ~Refs. 7,8! and their densities were o
the order of 80–90 % of the bulk material density. In th
paper we deal with studies ofn-Ni and n-Co samples pre-
pared by the pulsed electrodeposition~PED! method which
yields larger relative densities of the order of 95–98.5
Because of the higher density of the samples obtained
PED we expect that the grain boundary regions can hav
different morphology and the crystallites can occupy a lar
part of the sample volume. Therefore we are interes
whether this different crystalline microstructure can chan
the magnetic properties of the material.

We used experimental techniques which can provide
formation about the crystalline microstructure, i.e., sm
angle neutron scattering~SANS! and small angle x-ray scat
tering ~SAXS!.9,10 The magnetic properties were studied
macroscopic magnetization measurements and by mag
SANS.9,11
©2001 The American Physical Society08-1
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TABLE I. Parameters of the microstructure ofn-Ni and n-Co. 2R is the volume averaged diameter of the grains obtained fr
Warren-Averbachs’ method~Refs. 12,13,15! for n-Ni, and from the Scherrer formula forn-Co. DSANS andDSAXS refer to the volume fractal
dimensions of SANS~nuclear contribution! and SAXS, respectively.jSANS andjSAXS refer to the fractal correlation lengths.f denotes the
volume fraction of pores obtained from the nuclear SANS contribution using Eq.~9!. r rel is the relative density determined by Archimede
method.~n.m.! means not measured.

Sample 2R@nm# DSANS DSAXS jSANS@nm# jSAXS@nm# f@%# r rel@%#

Ni No. 7 20 2.84~1! 2.98~5! 26~2! 24~2! 0.09 98.4
Ni No. 17 25 2.79~4! 2.80~4! 85~30! 42~8! 0.11 97.0
Ni No. 13 57 2.81~2! 2.74~8! 63~12! 33~6! 0.15 95.3
Co No. 1 13 2.95~2! 2.88~2! .200 .200 2.26 98.5
Co No. 3 15 2.90~5! n.m. .200 n.m. 1.05 98.4
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II. MATERIALS AND METHODS

The n-Ni and n-Co samples were prepared by the PE
technique.12,13 The electrodeposition ofn-Ni and n-Co was
carried out using a Ni and Co sacrificial anode and an in
Ti cathode with dimensions 20 mm320 mm. The electrolyte
solution contained Na-K tartrate~120 g/l!, boric acid~24 g/l!,
NH4Cl (40 g/l), and Na saccharin~0–2 g/l!. NiSO4(40 g/l)
and CoSO4 (40 g/l) were used forn-Ni andn-Co deposition,
respectively. The modulated currents were generated b
signal generator which controlled a bipolar operation sou
combined with a galvanostatic unit in order to keep the c
rent at constant value during the pulse. The bath tempera
was kept constant during each electrodeposition, and
temperature values varied between 25 and 55 °C. The cu
was applied in rectangular pulses of durationton between
1–5 ms interrupted bytoff periods between 50 and 100 m
The resulting nanocrystalline deposits were mechanically
moved from the cathode by a sharp knife thus forming t
foils.

The crystalline microstructure was first characterized
wide angle x-ray diffraction using a Siemens D500 x-r
diffractometer with incident CuKa1/2

radiation and a graphite
analyzer crystal between the sample and the detector.
x-ray diffraction patterns of then-Ni samples contained only
broad diffraction peaks due to the crystalline fcc structure14

The diffractograms ofn-Ni have been analyzed using th
Warren-Averbach method15 implemented in a computer pro
gram FALTER,18 and the volume averaged diameters of t
nanocrystalline grains have been estimated~see Table I!. The
grain size distribution is best described by the log-norm
distribution function introduced in Ref. 16:

g~D !5
1

A2pD ln s
expF2

1

2 S ln~D/D0!

ln s D 2G , ~1!

whereD is the grain diameter,D0 is the median diameter
and s is the variance of the distribution. For ourn-Ni
sampless amounts to values between 1.2 and 1.4. The x-
data obtained from then-Co samples show much worse st
tistics because x-ray CuKa1/2

radiation corresponds to an en
ergy which is close to the absorption edge of Co, theref
we observe a higher background and smaller count rates
in the n-Ni case. The x-ray diffractograms ofn-Co show
broad reflections due to the hexagonal phase of Co.17 The
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grain size of the nanocrystalline grains of Co was estima
according to the Scherrer formula.11

The resulting samples were thin foils of a surface a
close to the electrode square size, i.e., 20 mm320 mm, and
of a thickness varying from 10 to 50mm. The densities of the
samples have been measured using Archimedes’s met
The mass of the samples was measured in air and in liq
diethylphtalate~density 1.1175 g/cm3! using a Mettler MT5
FACT balance. The obtained values of density are of
order of 97.0–98.5 % of the bulk Ni and Co density~see
Table I!. The oxygen content of some selectedn-Ni andn-Co
samples was determined by hot extraction in a helium
flow combined with infrared spectroscopy. The resulti
oxygen contents varied from 0.03 to 0.30 wt. %. The me
impurity contents in another set ofn-Ni samples obtained
from the PED method have been reported12 to be small, i.e.,
of the order of 100–1000 ppm.

The SANS measurements have been performed at
small angle neutron scattering instrument~SANS! at SINQ
~Villigen, Switzerland! using a neutron wavelengthl
50.6 nm and three sample-detector distances of 1.8, 6,
20 m. The Q-range covered was 0.04 nm21<Q
<3.40 nm21, where the modulus of the scattering vector
defined asQ5(4p/l)sinQ, with the scattering angle bein
2Q. The thin foil samples were placed between the poles
an electromagnet which could provide a dc horizontal m
netic field parallel to the sample surface and thus perpend
lar to the incident beam. The SAXS measurements were
formed using a pinhole camera18 equipped with a rotating Cu
anode and a Si~111! single crystal monochromator. The me
surements were done with a sample-detector distance of
giving aQ range of 0.03 nm21,Q,0.5 nm21. This Q range
contains the desired information; therefore shorter dete
distances have not been used. The magnetization mea
ments were performed at room temperature with an EG
PARC Model 458A vibrating sample magnetometer at
Laboratory for Technical Physics, University of Saa
brücken.

III. SMALL ANGLE SCATTERING

Small angle scattering~SAS! is a well-established tech
nique suitable for studies of the microstructure in the na
meter length range of solids. SAXS measurements yield
formation about the crystalline microstructure10 while in
8-2
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FRACTAL PORE DISTRIBUTION AND MAGNETIC . . . PHYSICAL REVIEW B63 054408
SANS measurements we observe both nuclear and mag
scattering contributions.9 For Ni and Co samples the nucle
coherent scattering lengths arebcoh(Ni)510.3310215m and
bcoh(Co)52.49310215m19 and the corresponding magnet
coherent scattering lengths are equal tobmag52.7M , where
M is the value of the fully saturated magnetic moments giv
in mB .11 For the case of Ni we obtainbmag51.67
310215m and for Cobmag54.63310215m.20 To compare
the size of the magnetic and nuclear contributions we ca
late the squared ratio of the magnetic to nuclear cohe
neutron scattering lengths11 (bmag/bcoh)

2. For Ni it is equal
to 0.025, i.e., it is much smaller than for Co where it
3.457. In the following discussion we will use the scatteri
length densityr defined asr5b/V whereb is the scattering
length of one atom andV is the average volume occupied b
one atom.

In order to obtain the SANS differential scattering cro
sectiondS/dV(Q) in absolute units of cm21 sr21 the scat-
tered intensity has to be corrected and normalized to
incoherent scattering of a standard sample, which is usu
water.21 In the case of SAXS we used the cross sections
relative units. The two-dimensional SANS signal measu
at the sample in a saturating magnetic field should be c
posed of an isotropic nuclear contribution and an anisotro
magnetic contribution. In such a case the magnetic mom
M are all parallel to the external fieldB0 and the nuclear and
magnetic cross sections can be separated from each oth
fitting the two-dimensional SANS signal to the followin
formula:9

dS/dV5dS/dVnuc~Q!1dS/dVmag~Q!sin2 a, ~2!

wherea is the angle between the scattering vectorQ and the
magnetizationM in the plane of the detector anda50 for Q
parallel to M . For further data evaluation the nuclear a
magnetic contributions of the two-dimensional SANS sig
were averaged with regard to the azimuthal anglea in the
detector plane, giving the radial scattering cross sections
nucleardS/dVnuc(Q) and magneticdS/dVmag(Q) scatter-
ing, respectively. In the case of SANS measurements in z
field or SAXS measurements the observed signal should
isotropic and the angular averaging has also to be perform
If the sample consists of single grain domains in which
the atoms have the same values of the magnetic mom
then the nuclear and magnetic SANS contributions are b
proportional to the same structure functionF(Q). In such a
case the angular averaging of the cross section given in
~2! gives for saturated magnetic moments4,9

dS

dV
~Q!5S bnuc

2 1
1

2
bmag

2 DF~Q! ~3!

and for randomly oriented domains

dS

dV
~Q!5S bnuc

2 1
2

3
bmag

2 DF~Q!. ~4!

A model independent evaluation of the SANS data can
performed using the so-called Porod invariant9 Q̃. It is as-
sumed that the system is composed of scatterers occupy
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volume fractionf and a uniform matrix occupying the res
of the volume, i.e., (12f). The difference between the sca
tering length densities between these two types of ma
equalsDr. It is possible to estimate the volume fractionf
without any knowledge of the internal structure of the ma
rial. Provided the scattering cross section is known in ab
lute units one has to perform the following integration:9

Q̃5E
0

`

Q2
dS

dV
~Q!dQ52p2f~12f!~Dr!2. ~5!

For a system composed of scattering objects with w
defined smooth surfaces the asymptotic part of the sm
angle scattering cross section should obey the Porod law10

dS/dV~Q!}Q24. ~6!

The Porod law is not always fulfilled and there are seve
SAS studies where aQ2a behavior witha,4 was found.
These effects can be explained in terms of a frac
microstructure.22,23 Surfacefractals with fractal dimensions
2<DS<3 contributing to SAS with exponents 3<a56
2DS<4 were found in studies of lignite coal24 and
sandstones25 whereasvolumefractals with fractal dimensions
2<D<3 giving exponents 2<a5D<3 were found in
silica aerogels.26,27 Exponents between 3 and 4 were al
reported in SAXS studies of IGCn-Pd ~Ref. 28! and SANS
studies of Al/Al2O3.

29

We assume that our material contains empty pores wh
are not randomly distributed, but that their distribution fu
fills the definition of volume fractals, i.e., within a sphere
radiusR the average number of objects is proportional toRD,
whereD is the volume fractal dimension.22 In such a case the
correlation function has the form27 g(R)5ARD23, but ac-
cording to the argument that fractal correlations cannot
tend to infinity27 we use a modified correlation function

g~R!5ARD23 exp~2R/j!, ~7!

wherej is the characteristic correlation length. We assu
that the system is composed of bulk metal with const
scattering length densityr and open pores with zero densi
~i.e., the density contrastDr5r! occupying a fraction of the
volume f, and distributed according to a pair correlatio
function given in Eq.~7!. The SANS cross section for thi
case is given by the following integral:23

dS

dV
5V~Dr!2f~12f!E

0

`

4pR2g~R!
sin~QR!

QR
dR. ~8!

For the specific form of the pair correlation function give
by Eq. ~7! this yields23

dS

dV
5

A~11Q2j2!~12D !/2 sin@~D21!arctan~Qj!#

Qj~D21!
. ~9!

IV. CRYSTALLINE MICROSTRUCTURE

A. SAXS and SANS results

In this section we analyze the SANS measurements
formed in strong magnetic fields, i.e., 0.7 T forn-Ni and 1.0
8-3
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T for n-Co. From magnetization studies of single crystals
Ni and Co~Ref. 20! as well asn-Ni ~Ref. 5! andn-Co ~Ref.
30! it is known that at such high fields essentially all t
magnetic moments are aligned parallel to the field directi

In the case ofn-Ni the contribution of magnetic scatterin
is expected to be small and we actually did not observe
anisotropy of the SANS signal even at the maximum field
0.7 T; thus we assume that all the observed signal is du
nuclear scattering. For further data evaluation the SANS
nal of n-Ni was averaged with regard to the azimuthal an
a in the detector plane giving a radial scattering cross s
tion. The two-dimensional SANS signal ofn-Co measured in
zero field and at 1.0 T is given in Fig. 1. One can see tha
is elongated in a direction perpendicular to the external fi
direction B0 . The nuclear and magnetic contributions we
separated from each other by fitting the anisotropic SA
signal with Eq.~2!. The data reduction was carried out wi
the software packageBERSANS.31

The nuclear SANS cross sections of all the studiedn-Ni
andn-Co samples show a non-Porod behavior, i.e., at la
Q it is proportional toQ2a, with a between 2.8 and 3.0
Since we know that the density of then-Ni andn-Co samples
is of the order of 97–99 % of the bulk Ni and Co density, w
can assume that the observed SANS is due to empty p
which should occupy around 1–3 % of the sample volum
The cross section given by Eq.~9! with an additional con-
stant background value was fitted to the radial nuclear s
tering cross sections of SANS and radial SAXS cross s
tions. The results of a representative fit for onen-Ni sample
is shown in Fig. 2, and the resulting fit parameters for
samples are shown in Table I. One can see from Fig. 2
the model gives a satisfactory fit to the experimental da
Both the SANS and SAXS signals tend to a saturation at
Q, and the fractal correlation lengthj is of the order of the
grain size.

The results of a representative fit for onen-Co sample is
shown in Fig. 3 where both SANS and SAXS signals do
saturate at lowQ. For j.200 nm the cross section given b

FIG. 1. Lines of equal SANS intensity on a two-dimension
position sensitive detector measured forn-Co with average grain
size of 2R513 nm at zero field~left! and in a strong magnetic field
of 1.0 T ~right!. The horizontal arrow denotes the external fie
direction.
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Eq. ~8! is proportional toQ2D in the whole measuredQ
range; therefore, for the scattering curves which did not sh
any saturation at lowQ, a constant value ofj5200 nm was
kept fixed during the fit. In the studies of aerogels27 it was
assumed that at the largestQ values the scattering function i
dominated by the single particle form factor yielding a Por
law behavior and the scattering function used was sligh
different from Eq.~9!. In our treatment ofn-Ni andn-Co we
do not assume any specific shape of the pores, but we
sume that they are small~i.e., of the order of 1–2 nm!, so
their shape might only influence the largeQ limits of the
measured SANS and SAXS signals, which in our measu
ments are dominated by the background.

l
FIG. 2. Radial nuclear SANS cross section given in absol

units ~solid circles! and SAXS cross section given in arbitrary uni
~open circles! measured on the same sample ofn-Ni with volume
averaged grain diameter 2R517 nm, shown as a function of th
modulus of the scattering function~see text!. Due to a relatively
small value of the fractal correlation lengthj, one can see a satu
ration of the function at lowQ.

FIG. 3. Radial nuclear SANS cross section given in absol
units ~solid circles! and SAXS cross section given in arbitrary uni
~open circles! measured on the same sample ofn-Co with volume
averaged grain diameter 2R513 nm, shown as a function of th
modulus of the scattering vectorQ. The continuous line is a resul
of the fit made with a volume fractal scattering function~see text!.
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FRACTAL PORE DISTRIBUTION AND MAGNETIC . . . PHYSICAL REVIEW B63 054408
In order to check if this assumption is correct and t
scattering can be due to empty pores we have calculated
Porod invariant@Eq. ~5!# by using the function (dS/dV)
resulting from the best fit to SANS data@Eq. ~9!#. Taking
into account the molar densities and coherent scatte
lengths of Ni and Co the scattering length density contra
used are DrNi59.40831010cm22 and DrCo52.254
31010cm22, and the calculated volume fractions of scatt
ersf are shown in Table I. In the calculation of the integr
in Eq. ~5! one has to extrapolate toQ values outside the
measurement range and we usedQ510 nm21 as the upper
limit for integration. This corresponds to the size of a sing
atom.

B. Discussion of crystalline microstructure

Nanocrystalline solids consist of nanometer sized crys
line grains embedded in grain boundary regions. The sm
size of the crystallites gives rise to a broadening of the x-
diffraction peaks which we observed in all ourn-Ni and
n-Co samples. Earlier SANS studies ofn-Ni and n-Co ob-
tained by IGC or BM ~Refs. 6,32! found that the grain
boundary regions have a reduced density compared to
density of the crystallites. The nuclear SANS contributio
of IGC n-Ni andn-Co were quantitatively interpreted as sca
tering from spherical crystallite grains, and the average g
sizes obtained from SANS and x-ray diffraction we
similar.4 According to our present SANS and SAXS studi
of PED n-Ni and n-Co we can say that the grain bounda
density is similar to the density of the crystallites. From de
sity measurements we obtain values between 97 and 99
the bulk metal density what would correspond to porosit
from 3 to 1 %. From a model independent Porod invariant
calculate the volume fraction of empty poresf and obtain
about 1 to 2 % inn-Co ~see Table I!. In the case ofn-Co
pores are definitely the dominant scatterers because the
rod invariant estimations and macroscopic density meas
ments agree with each other. Forn-Ni, f is of the order of
0.1%. The discrepancy between Porod invariant estimat
and density measurements could be explained in the foll
ing way. The grain boundary morphology of fccn-Ni can be
different from that of hcpn-Co. It means that in the grain
boundary regions where the atoms have to accommoda
the different orientations of the grains there may be a re
tively large number of voids~i.e., missing single atoms!
which have too small a size to contribute to the obser
SANS. On the other hand there could be also pores la
than 150 nm which are too large to be detected by the SA
measurements.

It is important to note that the fractal dimensions observ
in our studies are near toD53 and that within experimenta
accuracy they are all smaller than 3 so the volume fra
model gives the best description. The nontrivial limit wh
the volume fractal dimensionD and the surface fractal di
mensionsDS tend to the value of 3 was discussed in Ref. 2
This corresponds to the case of a porous solid that is s
ciently compacted in such a way that both the volume a
the internal surface become uniformly space filling. In t
analysis of the SAS data we did not make any spec
05440
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statement about the pore size nor the pore shape
only about the correlation between the positions of
pores given by Eq.~7!. The pores are supposed to be t
so-called triple junction voids which are located in corne
where grain boundaries of several grains meet together. I
assume that during the process of pulsed electrochem
deposition there is a preference for smaller grains to clu
together, and that such clusters of smaller grains are
rounded by larger grains, then the distribution of the po
tions of triple junction voids could be described by a fun
tion such as that from Eq.~7!, i.e., more pores are found nea
the cluster center and less further away from the center.
example of such a self-similar fractal microstructure o
served in a SEM micrograph of one of ourn-Ni samples is
shown in Fig. 4. If the crystallite grains form a self-simila
structure then the triple junctions have fractally correla
positions.

We emphasize that the fractal pore distribution is a s
cific property of PEDn-Ni and n-Co. Earlier SANS studies
of n-Co andn-Ni obtained by IGC~Refs. 2–4,33! and ball
milling4 did not detect deviations from Porod’s law.

FIG. 4. SEM micrograph of then-Ni sample with average grain
size of 17 nm. The area marked with the black frame on the
picture is enlarged on the bottom picture. One can see the
similar morphology of the crystallites.
8-5
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V. MAGNETIC PROPERTIES

A. Magnetic microstructure at zero and high fields

Figures 5~a! and 5~b! show the radially averaged cros
section@as represented by Eqs.~3! and ~4!# measured for a
n-Ni sample with an average grain diameter of 20 nm@Fig.
5~a!# and an-Co sample with average grain diameter of
nm @Fig. 5~b!# measured at zero and maximal external m
netic field. One can see that at large values ofQ both scat-
tering curves are equal forn-Ni @Fig. 5~a!# and they are par-
allel for n-Co @Fig. 5~b!#. At lower Q, the scattering cross
section measured without field is about one order of mag
tude larger. These results agree with earlier studies ofn-Ni,
n-Co, andn-Fe obtained by IGC.3,4,33 We can assume tha
when a strong external field is applied, the magnetic m
ments are forced to an alignment which extends to very la

FIG. 5. ~a! Radial SANS cross section measured on an-Ni
sample with grain size 20 nm measured in zero field~closed circles!
and maximal external field of 0.7 T~open circles!. ~b! Radial SANS
cross section measured on an-Co sample with grain size 15 nm
measured in zero field~closed circles! and maximal external field o
1.0 T ~open circles!. The ratio between the intensity of the SAN
contribution measured in zero field to the contribution atB051 T is
marked by crosses.
05440
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distances, beyond the resolution of the SANS experim
~i.e., they scatter toQ,0.04 nm21!. The measurements in
zero field show a significant contribution due to magne
scattering at lowQ which corresponds to domains with size
much larger than the average diameter of the grains. One
assume that in zero field there are regions where the m
netic moments of the individual grains are correlated and
the size of these regions is larger than 150 nm. In the cas
n-Ni this result is in agreement with earlier studies3,4,33 in
which magnetic correlation lengths above 150 nm were
ported in IGCn-Ni. There is, however, one important differ
ence between the results of this paper and earlier studie
Löffler et al.;3 here the splitting between the scatterin
curves measured in zero-field and maximal field becom
observable atQ50.25 nm21 ~see Fig. 5!, whereas for a
sample ofn-Ni obtained by IGC and with similar grain siz
this splitting occurred only below3 0.1 nm21. This difference
between the SANS contributions at largerQ values means
that in PEDn-Ni the smallest domains are smaller than t
smallest domains in IGCn-Ni. It should be mentioned here
that a SANS study ofn-Ni obtained by the PED method ha
recently been published by Michelset al.34 These authors
performed SANS on an-Ni sample with average grain siz
of 18 nm in external magnetic fields from 0.2 to 1.8 T. Sim
lar to our present results~see Fig. 5!, they observed that for
Q,0.3 nm21 the SANS signal decreases with increasi
fields. The SANS signal they measured at the high field
1.8 T shows also a non-Porod behavior. The interpretatio
their SANS data is based on the theory of micromagnetic35

and concerns the field dependence of the SANS signa
fixed values ofQ without considering the functionalQ de-
pendence of the SANS signal. The authors of Ref. 34 tr
the nuclear SANS contribution as a residual scattering
they do not discuss the crystalline microstructure of P
n-Ni.

In the case ofn-Co ~see Fig. 5!, as in the case ofn-Ni, we
also do not observe any saturation of the lowQ part of the
SANS signal measured at zero field. We can therefore
sume that the magnetic domains inn-Co are also larger than
150 nm. In the largerQ part ~Fig. 5! the SANS signals mea
sured with and without field are parallel on a double log
rithmic plot. The ratio of the two SANS signals is marked
Fig. 5 by crosses and one can see that forQ>0.5 nm21 this
ratio is constant. According to Eqs.~3! and ~4! the radially
averaged SANS contribution for the case of randomly o
ented magnetic moments (B050) is proportional to
@(bnuc)

21(2/3)(bmag)
2# whereas for saturated magnetic m

ments (B051 T) it is proportional to @(bnuc)
21(1/

2)(bmag)
2#. If we insert the values ofbnuc and bmag of Co

given in Sec. III we obtain a ratio of 1.21 which agrees w
with the experimental data. This result means that forQ
>0.5 nm21 and the corresponding size in real space, both
magnetic and nuclear SANS signal are due to the same s
ture factorF(Q) and that the magnetic scattering is also d
to empty pores embedded in a matrix of fully saturated (B0
51 T) or randomly oriented (B050 T) magnetic moments.

In order to study the contribution of the magnetic corr
lations at B050 without nuclear contributions the radia
SANS cross section measured atBmax was subtracted from
8-6
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the zero field SANS cross section. In the case ofn-Ni the
difference curve shows a power law behavior predicted
the Porod law, i.e.,Q24 in the accessibleQ range, and there
was no observable saturation at lowQ. In the case ofn-Co
the difference curve shows, forQ,0.5 nm21, a power law
behaviorQ2a with 4.6<a<5.3 and no saturation at lowQ.
A representative plot is shown in Fig. 6.

When the measured SANS cross sections show expon
larger than 4, one has to verify that this effect is not due
multiple scattering or multiple refraction of neutrons. Mu
tiple scattering can be excluded here because of the s
sample thickness (t,40mm). A possibility of multiple
refraction9 on several domains has also been considered.
index of refraction for neutrons with polarization vector pa
allel or antiparallel to the magnetization depends on the n
tron wavelength. The SANS measurements for selectedn-Ni
andn-Co samples were repeated at a wavelength of 1.2
and the results did not show significant differences compa
with the results obtained withl50.6 nm; hence we can con
clude that there was no multiple refraction.

We can conclude that the magnetic correlations inn-Co at
B050 extend to sizes larger than the limitation of the SAN
instrument, i.e., 150 nm. The exponenta larger than 4 can be
due to scattering on magnetically ordered regions with n
sharp boundaries. As it was shown by Schmidt,36 in a solid
containing pores with a constant scattering length densityr0
and with boundaries where the density changes continuo
for 0<x<a, for instance, asr(x)5r0(x/a)b ~with 0<b
<1!, the SANS intensity at largeQ is proportional toQ2a

wherea5412b, i.e., 4,a,6. The case of magnetic or
dering is much more complex because the magnetic

FIG. 6. Difference between the radial SANS cross section m
sured without field and with a maximal external magnetic field
1.0 T for an-Co sample with average grain size of 15 nm~wave-
length 0.6 nm, solid circles!. The empty circles represent the radi
SANS cross section measured for the same sample without
with a wavelength of 1.2 nm. The straight line corresponds t
Q25 power law.
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ments at pore boundaries can have orientations diffe
from those in the bulk material, but anyway the experimen
data can be described in terms of this oversimplified mod
It should be added that muon spin rotation~mSR! measure-
ments performed onn-Ni and n-Co give an indication that
the magnetically ordered regions might be surrounded
shells with magnetic disorder.37 Similar conclusions were
also drawn from perturbedg-g angular correlation spectros
copy ~PAC! studies of PEDn-Ni doped with a radioactive
111In isotope.38 These measurements have shown that i
n-Ni sample with 40 nm grain size a fraction of 37% of th
atoms are located in a perturbed local magnetic environm
which is different to the one observed in coarse-grained b
polycrystalline Ni.

B. Magnetization measurements

We performed magnetization measurements and inve
gated the hysteresis loops ofn-Ni with grain sizes between
13 and 77 nm and ofn-Co with grain sizes from 8 to 73 nm
as well as a reference polycrystalline sample for both th
metals.30 The shape of the hysteresis loop changes in dep
dence on the grain size. With decreasing grain size, ste
hysteresis loops are observed and therefore, for sma
grains, the saturation magnetization could be reached
smaller external fields. The values of the saturation mag
tization are given in Table II. In the case ofn-Ni with small
grain sizes we observed a slight reduction of the satura
magnetization by about 6% with respect to the refere
polycrystalline Ni sample. A similar effect was observed
the case ofn-Co.

For the case ofn-Ni similar results were already reporte
in earlier studies of IGCn-Ni, 5,39 BM n-Ni, 40 and
PEDn-Ni, 41 where a slight reduction of the saturation ma
netization was reported. Theoretical calculations perform
for the case ofn-Ni and n-Co show that the average mag
netic moment in the grain boundaries is nearly the same a
the bulk42 so one should not expect a strong dependence
the saturation magnetization on the grain size.

a-
f

ld
a

TABLE II. Values of the saturation magnetization measured
n-Ni andn-Co. The reference values come from measurements
formed on a polycrystalline Ni and Co sample.

Sample Grain size@nm# Saturation magnetization@kA/m#

Ni 13 461
Ni 20 467
Ni 31 477
Ni 42 485
Ni 77 488
Ni reference 491
Co 8 1387
Co 20 1423
Co 40 1429
Co 73 1421
Co reference 1432
8-7
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C. Changes of the magnetic microstructure
as a function of the field

The two-dimensional SANS signal observed forn-Co was
isotropic at zero field and elongated in a direction perp
dicular toB0 at the maximum field value of 1.0 T~see Fig.
1!. The elongation perpendicular to the external field is
pected at high field since the magnetization density cont
DM is in high fields parallel to the field@see Fig. 7~a!# and
the magnetic neutron scattering occurs only whenQ is not
parallel toDM .9 Following the argumentation of Ref. 4 w
have analyzed the aspect ratio of the constant intensity
lines of the two-dimensional SANS signal for differe
fields. The aspect ratio is the proportion of the lengths of
vertical and horizontal axis of the isointensity line as defin
by Löffler et al.,3 i.e., for an elongation perpendicular to th
field the aspect ratio is larger than 1, and smaller than 1 f
parallel elongation. The aspect ratios for twon-Co samples
with grain sizes of 15 and 60 nm are shown in Fig. 8. It
interesting to note that at intermediate fields, i.e., below
T, bothn-Co samples have an aspect ratio smaller than un
A similar behavior was already reported for IGC samples
n-Fe ~Refs. 3,4! and n-Co in Ref. 4, where this effect wa
quantitatively explained. Following the interpretation giv
by Löffler4 we can assume that the sample is a matrix w
magnetic moments all parallel toB0 in which there are large
ferromagnetic domains with magnetic moments tilted w
respect to the direction ofB0 . This situation has been show
schematically in Fig. 7~b!. In such a case the magnetic de
sity contrast is a vector with its largest component perp
dicular toB0 , and the magnetic scattering occurs mostly in
direction parallel toB0 . As will be shown later, in a field of
0.4 T the magnetization measurements yield a relative m
netization of at least 0.8. At the maximum field of 1 T th
aspect ratios for then-Co samples~see Fig. 8! are 1.10 and

FIG. 7. ~a! Schematic plot of an empty pore embedded in
uniformly magnetized matrix. Here the magnetization contrastDM
is parallel to the external magnetic fieldB0 . ~b! Schematic plot of a
uniformly magnetized grain in a uniformly magnetized matrix. T
magnetization directions of the grainM1 and the matrixM0 are
slightly tilted with respect to each other. In this situation the ma
netization contrastDM is nearly perpendicular to the external fie
B0 .
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1.14 what is much less than in the case of IGCn-Co samples
for which a value of 1.30 was reported.14,43 Such a large
difference between the aspect ratios observed at the s
external field means that in PEDn-Co samples the SANS
signal is less anisotropic and that their magnetic moments
less saturated than in ICGn-Co. This effect can be due to a
incomplete alignment of domains inn-Co even at a field as
large as 1.0 T.

For bothn-Ni and n-Co the radial SANS signal change
gradually with increasing field. Our motivation was to find
trend in the field dependence of magnetic correlations
observing the changes of the SANS signal at several va
of Q. Following the argumentation of Ref. 4 we consider
the reduced SANS intensityR(B0 ,Q) defined as

R~B0 ,Q!5
I ~0,Q!2I ~B0 ,Q!

I ~0,Q!2I ~Bmax,Q!
, ~10!

where I (B0 ,Q) represents the radial SANS cross secti
dS/dV(Q) measured at the external fieldB0 . The defini-
tion, Eq. ~10!, implies thatR(0,Q)50 and R(Bmax,Q)51;
thus we expect that the field dependence ofR(B0 ,Q) at fixed
Q values should be similar to that of the reduced mac
scopic magnetization. Indeed the similarity between the fi
dependence ofR(B0 ,Q) and the reduced magnetization w
already reported forn-Fe.4 The relative magnetization mea
sured with a magnetometer for an-Ni sample with a grain
size of 31 nm was compared with a reduced SANS inten
obtained for an-Ni sample with a grain size of 25 nm. Th
results of both measurements are shown in Fig. 9. One
see that for lowQ values,R(B0 ,Q) increases faster with
increasing external field than for largerQ values.R(B0 ,Q)
for the smallest measuredQ50.039 nm21 becomes saturate
faster than the reduced macroscopic magnetization whe
the opposite behavior is observed for largerQ values such as

-

FIG. 8. Aspect ratio of the vertical~i.e., perpendicular toB0! to
the horizontal axis of the SANS isointensity lines nearQ
50.06 nm21 obtained forn-Co samples with different grain sizes
The value of the aspect ratio is not equal to one at zero field~nearly
isotropic SANS pattern! because the samples had a weak reman
magnetization.
8-8



of
e

vo
i-
a

to
th

r

-

d
f

at
s
it

re

o
di
o
b

gr
t

p
a
m
b
io
t

a-
e
tal
p-
he
,

uld

ned

ling
cent
es.
eir

ains
ion
48
to

ey

and

an
f

s

ity

e-
m.

FRACTAL PORE DISTRIBUTION AND MAGNETIC . . . PHYSICAL REVIEW B63 054408
e.g., 0.070 nm21. The SANS signal is sensitive to the size
the magnetic correlations, whereas the magnetization m
surement gives only an average over the whole sample
ume. The smallQ part of the SANS signal depends predom
nantly on magnetic domains with large size, so we c
conclude that inn-Ni the large magnetic domains tend
align along the external field direction much easier than
small ones. For the case ofn-Co it was also found that the
reduced SANS intensityR(B0 ,Q) at low Q saturates easie
with the external field than at largerQ. The field dependence
of R(B0 ,Q) observed forn-Co is not as similar to the re
duced magnetization as it was found forn-Ni. The results for
n-Co are shown in Fig. 10. One can see the same tren
reduced SANS intensity and reduced magnetization, i.e.,
smaller grain sizes of about 20 nm both these functions s
rate easier with increasing fields than for larger grain size
the order of 60–70 nm. This behavior is in agreement w
earlier magnetization studies onn-Co ~Ref. 30! where an
increase of permeability with decreasing grain size was
ported.

VI. CONCLUDING REMARKS

Our measurements show that in PEDn-Ni and n-Co
samples SANS and SAXS signals are dominated by p
scattering and reveal that the pores are distributed accor
to a fractal correlation function. Unfortunately we are n
able to determine the grain sizes by SAS measurements
cause the density contrast between the grains and the
boundaries is not large enough. It seems therefore that
PED samples are much more compact than the IGC sam
and their larger density can be the reason for stronger m
netic interaction across the grain boundaries. The volu
fractal geometrical properties of the pore distribution can
due to specific conditions of the pulsed electrodeposit
process. The fractal correlations arising during the grow
process were already reported by Witten and Sander.44 They

FIG. 9. Field dependence of the reduced SANS intensity~see
text! measured at severalQ values for an-Ni sample with average
grain size 25 nm compared with magnetization measurement
n-Ni sample with average grain size of 31 nm.
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studied computer simulations of diffusion limited aggreg
tion ~DLA ! growth of a cluster of particles and found that th
density correlation function of such a cluster shows a frac
power law. The DLA model of growth was successfully a
plied to the interpretation of experimental studies of t
growth of electrodeposited two-dimensional clusters of Cu45

NiCl2,
46 Ag, Pb, and Zn,47 all of which show fractal-type

structures.
The observed magnetic microstructure at zero field sho

be compared with earlier results obtained for IGCn-Ni and
n-Co. The observed domain structure was usually explai
in terms of the random anisotropy model~RAM!.48 This
model assumes that there is an isotropic exchange coup
between the magnetic moments in the sample due to adja
grains having randomly oriented easy magnetization ax
When the grains are smaller than some limiting size, th
local anisotropies average out and many neighboring gr
become magnetically coupled which leads to the format
of domains comprising many grains. According to Ref.
the limiting size for such an inter-grain coupling is equal
the effective width of a Bloch wall49

dw5pAA/K, ~11!

where A is the exchange constant andK is the anisotropy
constant. According to the values ofA andK for Ni and Co
~Ref. 20! we obtaindw5122 nm for Ni anddw516 nm for
Co. The RAM predicts that for grain sizes 2R,Lcrit the do-
main sizesLmag are larger than the grains and that th
should scale asLmag}R23. For grain sizes larger thanLcrit
one should observe single domain grains. The SANS
magnetization measurements of IGCn-Fe performed by Lo¨f-
fler et al.2–6,50were successfully described with the use of
extended RAM model with an effective limiting size o

on

FIG. 10. ~a! Field dependence of the reduced SANS intens
measured at the lowestQ value for twon-Co samples with different
grain sizes of 15 and 60 nm.~b! Reduced magnetization measur
ments, onn-Co samples with different grain sizes of 20 and 73 n
8-9
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Lcrit535 nm which is a value similar to the effective width
a Bloch wall in Fe,dw546 nm. The same model agreed al
with SANS measurements of IGCn-Co,4 where for grain
sizes larger than 10 nm only single grain domains were
served. The results of the present SANS studies show
the magnetic domain size for PEDn-Ni is larger than 150 nm
for all grain sizes between 15 and 70 nm in agreement w
earlier SANS studies of IGCn-Ni. 4 Since the anisotropy o
Ni is relatively small, stable single grain configurations a
not expected for grain sizes belowdw , i.e., below about 120
nm. In the case of PEDn-Co we obtain quite different result
compared to the ICGn-Co.33 In our case the SANS curve
does not show any saturation at lowQ, so we can conclude
that for all grain sizes ranging from 15 to 60 nm the ma
netic domains are larger than 150 nm. This result is co
pletely different from the earlier SANS studies of IGCn-Co
~Ref. 4! which show that for grain sizes larger than 10 n
le

t

i

n

r.

s
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the domain size is equal to the grain size. A possible exp
nation of such large domains in PEDn-Co is that due to the
relatively high density of the grain boundary regions t
magnetic interactions between the grains may be stron
than in IGCn-Co.
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