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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 scatterinSANS), small angle x-ray scatterinSAXS), 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 sizedirare similar to earlier literature data.

For the case oh-Co the present results differ considerably from literature data, where only single-grain
domains were found im-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-iNi 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.
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I. INTRODUCTION eral grains giving domains much larger than the single grain
size as it was already shown forFe (Ref. 2 and n-Ni
Nanostructured materials, i.e., materials with grain sizegRefs. 3,4.
in the order of 5-100 nm can have properties which differ The basic question on the relationship between the crys-
substantially from those of the corresponding polycrystallinetalline microstructure and the magnetic microstructure of
materials. The main reason for this is the small grain size anflanocrystalline metals has already been studied by small
the relatively high volume fraction of the grain boundary angle neutron scatteringSANS) and magnetization mea-
regions in which the atoms have to accommodate to the difsurements by Lffler et a|_3_6 The Samp|es used in these
ferent alignment of neighboring grains. The morphology ofgydies were synthesized by inert gas condensafiGe)

these materials can influence their thermal properties, such ag,q pa| milling(BM) (Refs. 7,8 and their densities were of
specific heat and thermal expansion coefficients, mechanicgle order of 80-90% of the, bulk material density. In this

properties such as elastic moduli and hardness, as well per we deal with studies GENi and n-Co samples pre-

e:cef[:rt]ronlc pro;t)_ertlesf such as r?sllls_,tlwty. At\n _E))l(tendeq revieWared by the pulsed electrodepositi®ED) method which
of the properties of hanocrystafline maternals 1s given Inyields larger relative densities of the order of 95-98.5%.

Ref. 1. . . .
In this paper we are concemed with the magneticBecause of the higher density of the samples obtained by

properties of nanocrystalline ferromagnetic metalgNNi) P.ED we expect that the grain boundary regions can have a
and Co(n-Co). Conventional polycrystalline ferromagnetic different morphology and the crystallites can occupy a larger
materials have a domain structure, called magneti®@'t Of the sample volume. Therefore we are interested
microstructure, with sizes in them range. In nanostructured whether th|§ d|fferent_ crystalline microstructure can change
materials the grain size can be much smaller than thé&he magnetic properties of the material.

typical domain size, and it becomes comparable to the We used experimental techniques which can provide in-
thickness of a domain wall. In addition the magneticformation about the crystalline microstructure, i.e., small
moments in grain boundary regions can be altered ané@ngle neutron scatterin@ANS) and small angle x-ray scat-
thus influence the macroscopic magnetic properties ofering (SAXS).°*° The magnetic properties were studied by
the material. It is known that in systems of consolidatedmacroscopic magnetization measurements and by magnetic
nanoparticles the magnetic interactions can extend over seGANS 21t
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TABLE |. Parameters of the microstructure ofNi and n-Co. 2R is the volume averaged diameter of the grains obtained from
Warren-Averbachs’ metho@Refs. 12,13,15for n-Ni, and from the Scherrer formula forCo. D gans andD gaxs refer to the volume fractal
dimensions of SANSnuclear contributionand SAXS, respectivelyfésans and Esaxs refer to the fractal correlation lengthg.denotes the
volume fraction of pores obtained from the nuclear SANS contribution using%m . is the relative density determined by Archimedes’
method.(n.m,) means not measured.

Sample R[nm| Dsans Dsaxs Esand NMJ Esaxd nm] #L%] Prel %]

Ni No. 7 20 2.841) 2.985) 26(2) 24(2) 0.09 98.4

Ni No. 17 25 2.79%4) 2.804) 85(30) 42(8) 0.11 97.0

Ni No. 13 57 2.812) 2.748) 63(12) 33(6) 0.15 95.3

CoNo. 1 13 2.9B) 2.882) >200 >200 2.26 98.5

Co No. 3 15 2.9(b) n.m. >200 n.m. 1.05 98.4
Il. MATERIALS AND METHODS grain size of the nanocrystalline grains of Co was estimated

. according to the Scherrer formuth.
The n-Ni and n-Co samples were prepared by the PED The resulting samples were thin foils of a surface area

; 2,13 " NI ]
e odeposlon, o e e 1058 1 e electiode sauare ie, e, 200, g
Ti cathode with dimensions 20 nix20 mm. The electrolyte of a thickness varying from 10 to 5@m. The densities of the

. . . : samples have been measured using Archimedes’s method.
solution contained Na-K tartratez_o g/), boric ac'd(24 ah, The F;nass of the samples was measgured in air and in liquid
NI—(|14CéI é40 92)0 z;lnd Na sac%h?n(il—.z gd/D' 2“8(?4(40.?”) diethylphtalate(density 1.1175 g/cf using a Mettler MT5
and £o- Q (40gfl) were used fon-Ni andn-Co deposition, FACT balance. The obtained values of density are of the
respectively. The modulated currents were generated by

— 0, i
signal generator which controlled a bipolar operation sourc Grder of 97.0-98.5% of the bulk Ni and Co densisee

combined with a galvanostatic unit in order to keep the cur—%_able ). The oxygen content of some selectetli andn-Co
9 P samples was determined by hot extraction in a helium gas

rent at constant value during the pulse. The bath temperatu;FOW combined with infrared spectroscopy. The resulting
was kept constant during each electrodeposition, and th ygen contents varied from 0.03 to 0.30 vvt %. The metal
temperature values varied between 25 and 55 °C. The Curreﬁ‘ﬁpurity contents in another sét OENi .samplles .obtained
was applied in rectangular pulses of duratipgp between from the PED method have been repotfe be small, i.e
1-5 ms interrupted by, periods between 50 and 100 ms. of the order of 100—1000 ppm. T

The resulting nanocrystalline deposits were mechanically re- The SANS measurements have been performed at the
gﬁ;/ed from the cathode by a sharp knife thus forming th|nSmall angle neutron scattering instrumé8ANS) at SINQ

Th alli . fruct first ch terized b (Villigen, Switzerland using a neutron wavelengtix
_/ne crystalline microstructure was Nrst characterized by_ o g'nm and three sample-detector distances of 1.8, 6, and
wide angle x-ray diffraction using a Siemens D500 x-ra

. 2 L Y20 m. The Qrange covered was 0.04nmh=Q
diffractometer with incident G"auz radiation and a graphite <3.40nm%, where the modulus of the scattering vector is

analyzer crystal between the sample and the detector. Thfsfined axQ=(4m/\)sin®, with the scattering angle being
x-ray diffraction patterns of tha-Ni samples contained only > The thin foil samples were placed between the poles of
broad _diffraction peaks dl_Je to the crystalline fcc str_ucfﬂre. an electromagnet which could provide a dc horizontal mag-
The diffractograms of-Ni have been analyzed using the netic field parallel to the sample surface and thus perpendicu-
Warren-Averbal\gh methdtlimplemented in a computer pro- 5y to the incident beam. The SAXS measurements were per-
gram FALTER;” and the volume averaged diameters of theformed using a pinhole caméfaquipped with a rotating Cu
nanocrystalline grains have been estimate Table). The  gnode and a §111) single crystal monochromator. The mea-
grain size distribution is best described by the log-normakrements were done with a sample-detector distance of 3 m
distribution function introduced in Ref. 16: giving aQ range of 0.03 nm'<Q<0.5nm %, ThisQ range
contains the desired information; therefore shorter detector
9(D)= 1 exp{— = 1) distances have not been used. The magnetizgtion measure-
2mDIno 2\ Ino ’ ments were performed at room temperature with an EG&G
PARC Model 458A vibrating sample magnetometer at the

whereD is the grain diameter), is the median diameter, | ahoratory for Technical Physics, University of Saar-
and o is the variance of the distribution. For ourNi  pcken.

sampless amounts to values between 1.2 and 1.4. The x-ray
data obtained from the-Co samples show much worse sta-
tistics because x-ray &y, , radiation corresponds to an en-

ergy which is close to the absorption edge of Co, therefore Small angle scatteringSAS) is a well-established tech-
we observe a higher background and smaller count rates thamque suitable for studies of the microstructure in the nano-
in the n-Ni case. The x-ray diffractograms afCo show meter length range of solids. SAXS measurements yield in-
broad reflections due to the hexagonal phase of’Cthe formation about the crystalline microstructtftewhile in

1 ( In(D/Do)>2

Ill. SMALL ANGLE SCATTERING
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SANS measurements we observe both nuclear and magnetiolume fraction¢ and a uniform matrix occupying the rest
scattering contribution$For Ni and Co samples the nuclear of the volume, i.e., (+ ¢). The difference between the scat-
coherent scattering lengths drg(Ni)=10.3x10 *®mand tering length densities between these two types of matter
beor(CO)=2.49x 10" °m!® and the corresponding magnetic equalsAp. It is possible to estimate the volume fractign
coherent scattering lengths are equabtg=2.7M, where  without any knowledge of the internal structure of the mate-
M is the value of the fully saturated magnetic moments giverrial. Provided the scattering cross section is known in abso-
in ug.'' For the case of Ni we obtaimb,,=1.67 lute units one has to perform the following integratibn:

X 10" **m and for Cobp,,=4.63x10 *m.*® To compare ds

the size of the magnetic and nuclear contributions we calcu- =_ |7 ~28% _9,. 2 _ 2

late the squared ratio of the magnetic to nuclear coherent Q= fo Q dQ (QdQ=2m"¢(1=¢)(Ap)". ®
neutron scattering Iengﬂi‘s(bmag/bcm)z. For Ni it is equal

to 0.025, i.e., it is much smaller than for Co where it is
3.457. In the following discussion we will use the scattering
length densityp defined asp=Db/V whereb is the scattering
gar?g?t:r;one atom and is the average volume occupied by d3/dQ(Q)=Q 4. (6)

In order to obtain the SANS differential Scattering CrossThe Porod law is not always fulfilled and there are several
sectiond>/dQ(Q) in absolute units of cm‘sr ! the scat- SAS studies where & “ behavior witha<4 was found.
tered intensity has to be corrected and normalized to thdhese effects can be explained in terms of a fractal
incoherent scattering of a standard sample, which is usuall§nicrostructuré??* Surfacefractals with fractal dimensions
water?! In the case of SAXS we used the cross sections ik<Dgs<3 contributing to SAS with exponents<Xx=6
relative units. The two-dimensional SANS signal measured-Ds<4 were found in studies of lignite cdal and
at the sample in a saturating magnetic field should be consandstonées whereas/olumefractals with fractal dimensions
posed of an isotropic nuclear contribution and an anisotropig<D<3 giving exponents 2 a=D<3 were found in
magnetic contribution. In such a case the magnetic momengilica aerogel$>?’ Exponents between 3 and 4 were also
M are all parallel to the external fie}, and the nuclear and reported in SAXS studies of IGG-Pd (Ref. 28 and SANS
magnetic cross sections can be separated from each other giidies of Al/ApO;.%°

fitting the two-dimensional SANS signal to the following ~ We assume that our material contains empty pores which
formula? are not randomly distributed, but that their distribution ful-

fills the definition of volume fractals, i.e., within a sphere of
dx/dQ=dX/dQ Q)+ dE/deag(Q)sin2 a, (2 radiusR the average number of objects is proportionaRth
whereD is the volume fractal dimensid®.In such a case the
correlation function has the fofh y(R)=ARP 2, but ac-
cording to the argument that fractal correlations cannot ex-
tend to infinity’’ we use a modified correlation function

For a system composed of scattering objects with well-
defined smooth surfaces the asymptotic part of the small
angle scattering cross section should obey the Porotf law

wherea is the angle between the scattering vecoand the
magnetizatiorM in the plane of the detector ang=0 for Q
parallel toM. For further data evaluation the nuclear and
magnetic contributions of the two-dimensional SANS signal
were averaged V\_/it_h regard to the azimuthal anglm t_he Y(R)=ARP 3 exp —R/¢), (7)
detector plane, giving the radial scattering cross sections for ) o _

nucleardS/dQ,,{Q) and magnetid3/dQ,{Q) scatter- where ¢ is the characteristic correlation length. We assume
ing, respectively. In the case of SANS measurements in zerbiat the system is composed of bulk metal with constant
field or SAXS measurements the observed signal should becattering length density and open pores with zero density
isotropic and the angular averaging has also to be performed:€- the density contragtp=p) occupying a fraction of the

If the sample consists of single grain domains in which allvolume ¢, and distributed according to a pair correlation
the atoms have the same values of the magnetic moment&inction given in Eq(7). The SANS cross section for this
then the nuclear and magnetic SANS contributions are botf2se is given by the following integréd:
proportional to the same structure functiB(Q). In such a

. ; . . o sSin(QR)
case the angular averaging of the cross section given in Eq.  —=V/(Ap)2¢p(1— d,)f 47R?*y(R) dR. (8)
(2) gives for saturated magnetic momérits do 0 QR
ds 1 For the specific form3 of the pair correlation function given
i Q= b2, + Ebﬁ“ag) F(Q) (3) by Eq.(7) this yield$
' ' +02£2)(1-D)2 gj _
and for randomly oriented domains g: A+Q°¢) sin (D~ 1)arctariQ¢)] . (9
dQ Qé(D-1)
dz, (2 2 b2
a0 (Q)={ Pruct 3 Binag F(Q). ) IV. CRYSTALLINE MICROSTRUCTURE
A model independent evaluation of the SANS data can be A. SAXS and SANS results
performed using the so-called Porod invarfa@t It is as- In this section we analyze the SANS measurements per-

sumed that the system is composed of scatterers occupying@med in strong magnetic fields, i.e., 0.7 T f®Ni and 1.0
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FIG. 1. Lines of equal SANS intensity on a two-dimensional . . . .
position sensitive detector measured foCo with average grain FIG. 2. Radial nuclear SANS cross section given in absolute
size of ZR=13 nm at zero fieldleft) and in a strong magnetic field units (sqlld circles and SAXS cross section given in grbltrary units
d (open circles measured on the same samplenelNi with volume

averaged grain diameterR2=17 nm, shown as a function of the
modulus of the scattering functiofsee text Due to a relatively
small value of the fractal correlation lengéh one can see a satu-
T for n-Co. From magnetization studies of single crystals ofration of the function at lowQ.
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 the Eq. (8) is proportional toQ~° in the whole measure®

magnetic moments. are a"gm?d parallel to the fleld d're(.:tlon'range; therefore, for the scattering curves which did not show
In the case of-Ni the contribution of magnetic scattering

is expected to be small and we actually did not observe angY saturation at lov, a constant value of =200 nm was

. : . , ept fixed during the fit. In the studies of aerodéls was
anisotropy of the SANS signal even at the maximum field OfEflssumed that at the larg&3tvalues the scattering function is

0.7 T; thus we assume that all the observgd signal is due_ t8ominated by the single particle form factor yielding a Porod
nuclear scattering. For further data evaluation Fhe SANS *'9%w behavior and the scattering function used was slightly
na_l of n-Ni was averaged .W.'th regard_ to the az_lmuthal angledifferent from Eq.(9). In our treatment ofh-Ni andn-Co we
a in the detector plane giving a radial scattering cross sec- S

tion. The two-dimensional SANS signal ofCo measured in do not assume any specific shape of the pores, but we as-

zero field and at 1.0 T is given in Fig. 1. One can see that i ume that they are sma_(lll.e., of the order of_l_—2 nim so
: . o . - their shape might only influence the lar@e limits of the
is elongated in a direction perpendicular to the external fiel

direction By. The nuclear and magnetic contributions Weremeasured SANS and SAXS signals, which in our measure-

separated from each other by fitting the anisotropic SANS" ents are dominated by the background.
signal with Eq.(2). The data reduction was carried out with

of 1.0 T (right). The horizontal arrow denotes the external fiel
direction.

the software packamERSANs31 N ' Cott1 '
The nuclear SANS cross sections of all the studieli 0% . 2R=13nm 1}

andn-Co samples show a non-Porod behavior, i.e., at large % o SANS

Q it is proportional toQ™ ¢, with « between 2.8 and 3.0. 10°; ‘. Dy =2.95(2) 7

Since we know that the density of theNi andn-Co samples * w2

is of the order of 97—-99 % of the bulk Ni and Co density, we 10'3 A o SAXS 3

can assume that the observed SANS is due to empty pores %, \ E«;c;‘é-::f)
which should occupy around 1-3 % of the sample volume. e 1
The cross section given by E¢() with an additional con-

stant background value was fitted to the radial nuclear scat-

% z,\
tering cross sections of SANS and radial SAXS cross sec- k \,\
-
0.1 1

10

dYdQem™ s ]

N
Q

tions. The results of a representative fit for andli sample 104
is shown in Fig. 2, and the resulting fit parameters for all
samples are shown in Table I. One can see from Fig. 2 that
the model gives a satisfactory fit to the experimental data.
Both the SANS and SAXS signals tend to a saturation atlow g, 3. Radial nuclear SANS cross section given in absolute
Q. and the fractal correlation lengthis of the order of the  pits (solid circles and SAXS cross section given in arbitrary units
grain size. (open circles measured on the same samplene€o with volume
The results of a representative fit for on€Co sample is  averaged grain diameterR2=13 nm, shown as a function of the
shown in Fig. 3 where both SANS and SAXS signals do notmodulus of the scattering vect@. The continuous line is a result
saturate at lowQ. For £>200 nm the cross section given by of the fit made with a volume fractal scattering functi@ee text

Q[nm"]
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In order to check if this assumption is correct and the |
scattering can be due to empty pores we have calculated the
Porod invariant{Eq. (5)] by using the function =/dQ)
resulting from the best fit to SANS daf&qg. (9)]. Taking
into account the molar densities and coherent scattering
lengths of Ni and Co the scattering length density contrasts &
used are App=9.408<101%cm™2 and Apc,=2.254
x10%m™2, and the calculated volume fractions of scatter-
ers ¢ are shown in Table I. In the calculation of the integral
in Eq. (5) one has to extrapolate tQ values outside the
measurement range and we us@e-10nm ! as the upper
limit for integration. This corresponds to the size of a single
atom.

B. Discussion of crystalline microstructure

Nanocrystalline solids consist of nanometer sized crystal-
line grains embedded in grain boundary regions. The small
size of the crystallites gives rise to a broadening of the x-ray
diffraction peaks which we observed in all oofNi and
n-Co samples. Earlier SANS studies 0Ni and n-Co ob-
tained by IGC or BM(Refs. 6,32 found that the grain
boundary regions have a reduced density compared to the
density of the crystallites. The nuclear SANS contributions
of IGC n-Ni andn-Co were quantitatively interpreted as scat-
tering from spherical crystallite grains, and the average grain
sizes obtained from SANS and x-ray diffraction were
similar* According to our present SANS and SAXS studies
of PED n-Ni and n-Co we can say that the grain boundary
density is similar to the density of the crystallites. From den-
sity measurements we obtain values between 97 and 99 % of
the bulk metal density what would correspond to porosities
from 3 to 1 %. From a model independent Porod invariant we F|G. 4. SEM micrograph of tha-Ni sample with average grain
calculate the volume fraction of empty pore¢sand obtain  size of 17 nm. The area marked with the black frame on the top
about 1 to 2% inn-Co (see Table )l In the case oi-Co  picture is enlarged on the bottom picture. One can see the self-
pores are definitely the dominant scatterers because the Pgmilar morphology of the crystallites.
rod invariant estimations and macroscopic density measure-

ments agree with each other. Reii, ¢ is of the order of statement about the pore size nor the pore shape but

0.1%. The discrepancy between Porod invariant estimationgnI about the correlation between the positions of the
and density measurements could be explained in the follow- y P

ing way. The grain boundary morphology of foeNi can be pores 9“’3'? by_Eq(?_). Thg pores are supposed _to be the
different from that of hcn-Co. It means that in the grain so-called anle junctl_on voids which are located in corners
boundary regions where the atoms have to accommodate ere grain boun_darles of several grains meet together. If we
the different orientations of the grains there may be a rela@SSume that during the process of pulsed electrochemical
tively large number of voidgi.e., missing single atoms deposition there is a preference for smaller grains to cluster
which have too small a size to contribute to the observedogether, and that such clusters of smaller grains are sur-
SANS. On the other hand there could be also pores largépunded by larger grains, then the distribution of the posi-
than 150 nm which are too large to be detected by the SANgons of triple junction voids could be described by a func-
measurements. tion such as that from Eq@7), i.e., more pores are found near

It is important to note that the fractal dimensions observedhe cluster center and less further away from the center. An
in our studies are near =3 and that within experimental example of such a self-similar fractal microstructure ob-
accuracy they are all smaller than 3 so the volume fractaserved in a SEM micrograph of one of omNi samples is
model gives the best description. The nontrivial limit whenshown in Fig. 4. If the crystallite grains form a self-similar
the volume fractal dimensio® and the surface fractal di- structure then the triple junctions have fractally correlated
mensiond g tend to the value of 3 was discussed in Ref. 23.positions.
This corresponds to the case of a porous solid that is suffi- We emphasize that the fractal pore distribution is a spe-
ciently compacted in such a way that both the volume ancific property of PEDn-Ni and n-Co. Earlier SANS studies
the internal surface become uniformly space filling. In theof n-Co andn-Ni obtained by IGC(Refs. 2—4,3B8and ball
analysis of the SAS data we did not make any specifianilling? did not detect deviations from Porod’s law.
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10* . ; distances, beyond the resolution of the SANS experiment
° n-Ni (20nm) (@) (i.e., they scatter t@@<0.04nm1). The measurements in
10° ® e B,=0 | zero field show a significant contribution due to magnetic
° o o B,=07T scattering at lowQ which corresponds to domains with sizes
— ° 4 much larger than the average diameter of the grains. One can
T 10 ©se 3 assume that in zero field there are regions where the mag-
*'g % netic moments of the individual grains are correlated and that
5. 10'4 3 the size of these regions is larger than 150 nm. In the case of
g O%% n-Ni this result is in agreement with earlier studiég®in
T 104 o, i which magnetic (_:orrelathn lengths above_150 nm were re-
© % ported in IGCn-Ni. There is, however, one important differ-
; ence between the results of this paper and earlier studies of
107 %%fbm% 3 Loffler etal;® here the spliting between the scattering
curves measured in zero-field and maximal field becomes
107 T T observable atQ=0.25nm? (see Fig. 5 whereas for a
ek . 1 sample ofn-Ni obtained by IGC and with similar grain size
Qfnm’] this splitting occurred only belot0.1 nm L. This difference
. . . between the SANS contributions at larg@rvalues means
10 " that in PEDn-Ni the smallest domains are smaller than the
104 . (b) smallest domains in IG®@-Ni. It should be mentioned here
. ) Co#3 (2R=15nm) that a SANS study ofi-Ni obtained by the PED method has
10°% . o IB=0T) recently been published by Michekt al3* These authors
10?4 % % O I(B=1T) performed SANS on &-Ni sample with average grain size

X, x (B=0M(B=1T) of 18 nm in external magnetic fields from 0.2 to 1.8 T. Simi-
lar to our present resulisee Fig. 5, they observed that for
Q<0.3nm! the SANS signal decreases with increasing

fields. The SANS signal they measured at the high field of

dXdQem’sr ]
3

10™; 1.8 T shows also a non-Porod behavior. The interpretation of
104 . their SANS data is based on the theory of micromagn&tics
o and concerns the field dependence of the SANS signal at
10 - fixed values ofQ without considering the functiona) de-
104 ' . pendence of the SANS signal. The authors of Ref. 34 treat
0.01 0.1 P the nuclear SANS contribution as a residual scattering and
Q[nm] they do not discuss the crystalline microstructure of PED
n-Ni.

FIG. 5. (a) Radial SANS cross section measured om-&li
sample with grain size 20 nm measured in zero fieldsed circles
and maximal external field of 0.7 (bpen circles (b) Radial SANS
cross section measured onnaCo sample with grain size 15 nm
measured in zero fiel@tlosed circlesand maximal external field of
1.0 T (open circles The ratio between the intensity of the SANS
contribution measured in zero field to the contributioBgt 1 T is
marked by crosses.

In the case oh-Co (see Fig. 5, as in the case of-Ni, we
also do not observe any saturation of the IQapart of the
SANS signal measured at zero field. We can therefore as-
sume that the magnetic domainsri¥Co are also larger than
150 nm. In the large® part (Fig. 5 the SANS signals mea-
sured with and without field are parallel on a double loga-
rithmic plot. The ratio of the two SANS signals is marked in
Fig. 5 by crosses and one can see thatQ@er0.5 nmi ! this

V. MAGNETIC PROPERTIES ratio is constant. According to Eg&3) and (4) the radially
o S averaged SANS contribution for the case of randomly ori-
A. Magnetic microstructure at zero and high fields ented magnetic momentsB§=0) is proportional to

Figures %a) and §b) show the radially averaged cross [(bnud?+(2/3)(bmag?] Whereas for saturated magnetic mo-
section[as represented by Eq&) and (4)] measured for a ments Bo=1T) it is proportional to [(b,0%+(1/
n-Ni sample with an average grain diameter of 20 fifig.  2)(bmag?]. If we insert the values ob,,c and by,4 of Co
5(a)] and an-Co sample with average grain diameter of 15given in Sec. Il we obtain a ratio of 1.21 which agrees well
nm [Fig. 5(b)] measured at zero and maximal external magwith the experimental data. This result means that Qor
netic field. One can see that at large valuefdboth scat- =0.5nm * and the corresponding size in real space, both the
tering curves are equal forNi [Fig. 5(@)] and they are par- magnetic and nuclear SANS signal are due to the same struc-
allel for n-Co [Fig. 5(b)]. At lower Q, the scattering cross ture factorF(Q) and that the magnetic scattering is also due
section measured without field is about one order of magnito empty pores embedded in a matrix of fully saturatBg (
tude larger. These results agree with earlier studies M, =1T) or randomly orientedBy,=0 T) magnetic moments.
n-Co, andn-Fe obtained by IGE**3We can assume that,  In order to study the contribution of the magnetic corre-
when a strong external field is applied, the magnetic moiations atBy=0 without nuclear contributions the radial
ments are forced to an alignment which extends to very larg8ANS cross section measuredBt,,, was subtracted from
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10* : TABLE II. Values of the saturation magnetization measured for
5 n-Ni andn-Co. The reference values come from measurements per-
5 formed on a polycrystalline Ni and Co sample.
10°4 ° Co#3 (2R=15nm) E
° 0. ® A=06nm Sample  Grain sizéhm]  Saturation magnetizatigrkA/m]
— 104 . © e ©O A=12mm . Ni 13 461
B Ni 20 467
g 10'3 Ni 31 477
a‘ Ni 42 485
S 10°4 Ni 77 488
© Ni reference 491
_1 Co 8 1387
107 Co 20 1423
Co 40 1429
10 Co 73 1421
A Co reference 1432
10® T 9
0.1 1
Q[nm’] ments at pore boundaries can have orientations different

. . . from those in the bulk material, but anyway the experimental
F;G- ?h Duzfcfe_r?gce zet"_‘iﬁe“ the 'fad'?' SfNS Icross Setf:“cf’_“lge?data can be described in terms of this oversimplified model.
sured without field and with a maximal external magnetic eld oy shqy|d be added that muon spin rotatiQrSR) measure-
1.0 T for an-Co sample with average grain size of 15 rfwave- . P . . ). .
S ' .. ments performed omn-Ni and n-Co give an indication that
length 0.6 nm, solid circlgsThe empty circles represent the radial . . .
Hwe magnetically ordered regions might be surrounded by

SANS cross section measured for the same sample without fiel . . ; 3 Simi .
with a wavelength of 1.2 nm. The straight line corresponds to @hells with magnetic disordéf. Similar conclusions were

Q5 power law. also drawn from perturbeg-y angular correlation spectros-

) ) ) copy (PAC) studies of PEDn-Ni doped with a radioactive
the zero field SANS cross section. In the casen®i the 113, isotope® These measurements have shown that in a
difference curve Sh?‘ﬁ’? a power law behavior predicted by, nj sample with 40 nm grain size a fraction of 37% of the
the Porod law, i.e.Q™" in the accessibl@ range, and there atoms are located in a perturbed local magnetic environment

n/]as dnf(f) observable sa:]uratlor; a!gyém t,hle case oh-|Co which is different to the one observed in coarse-grained bulk
e difference curve shows, f@<0.5nm*, a power law polycrystalline Ni.

behaviorQ ™« with 4.6< «=<5.3 and no saturation at lo®.
A representative plot is shown in Fig. 6.

When the measured SANS cross sections show exponents
larger than 4, one has to verify that this effect is not due to
multiple scattering or multiple refraction of neutrons. Mul- ~ We performed magnetization measurements and investi-
tiple scattering can be excluded here because of the smajhted the hysteresis loops fNi with grain sizes between
sample thicknesst&40um). A possibility of multiple 13 and 77 nm and af-Co with grain sizes from 8 to 73 nm,
refractiorf on several domains has also been considered. Thas well as a reference polycrystalline sample for both these
index of refraction for neutrons with polarization vector par- metals®® The shape of the hysteresis loop changes in depen-
allel or antiparallel to the magnetization depends on the neudence on the grain size. With decreasing grain size, steeper
tron wavelength. The SANS measurements for selestdd  hysteresis loops are observed and therefore, for smaller
andn-Co samples were repeated at a wavelength of 1.2 nrgrains, the saturation magnetization could be reached at
and the results did not show significant differences comparedmaller external fields. The values of the saturation magne-
with the results obtained with=0.6 nm; hence we can con- tization are given in Table Il. In the case 0fNi with small
clude that there was no multiple refraction. grain sizes we observed a slight reduction of the saturation

We can conclude that the magnetic correlations-Do at  magnetization by about 6% with respect to the reference
B,=0 extend to sizes larger than the limitation of the SANSpolycrystalline Ni sample. A similar effect was observed in
instrument, i.e., 150 nm. The exponentarger than 4 can be the case oh-Co.
due to scattering on magnetically ordered regions with non- For the case of-Ni similar results were already reported
sharp boundaries. As it was shown by Schmifdh a solid  in earlier studies of 1G®-Ni,®>*® BMn-Ni,** and
containing pores with a constant scattering length depsjity PEDnN-Ni,** where a slight reduction of the saturation mag-
and with boundaries where the density changes continuouslyetization was reported. Theoretical calculations performed
for 0<x=a, for instance, ap(x)=po(x/a)? (with 0<pB  for the case oh-Ni and n-Co show that the average mag-
<1), the SANS intensity at larg® is proportional toQ ™« netic moment in the grain boundaries is nearly the same as in
wherea=4+2p, i.e., 4<a<6. The case of magnetic or- the bulk®? so one should not expect a strong dependence of
dering is much more complex because the magnetic mahe saturation magnetization on the grain size.

B. Magnetization measurements
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FIG. 7. () Schematic plot of an empty pore embedded in a
uniformly magnetized matrix. Here the magnetization contidgt FIG. 8. Aspect ratio of the verticdl.e., perpendicular t@,) to
is parallel to the external magnetic fiddg. (b) Schematic plot of a the horizontal axis of the SANS isointensity lines ne@r
uniformly magnetized grain in a uniformly magnetized matrix. The =0.06 nm'* obtained forn-Co samples with different grain sizes.
magnetization directions of the graM, and the matrixM, are The value of the aspect ratio is not equal to one at zero (iedrly

slightly tilted with respect to each other. In this situation the mag‘isotropic SANS pattefnbecause the samples had a weak remanent
netization contrasA M is nearly perpendicular to the external field

magnetization.
BO.
o 1.14 what is much less than in the case of I&Co samples
C. Changes of the magnetic microstructure for which a value of 1.30 was reportét*® Such a large
as a function of the field difference between the aspect ratios observed at the same

The two-dimensional SANS signal observed fie€o was external field means that in PEDCo samples the SANS
isotropic at zero field and e|0nga’[ed in a direction perpenSignal is less aniSOtrOpiC and that their magnetic moments are
dicular to B, at the maximum field value of 1.0 ®ee Fig. less saturated than in IGGCo. This effect can be due to an
1). The elongation perpendicular to the external field is exincomplete alignment of domains mCo even at a field as
pected at high field since the magnetization density contras@rge as 1.0 T.

AM is in high fields parallel to the fielfsee Fig. 7a)] and For bothn-Ni and n-Co the radial SANS signal changes
the magnetic neutron scattering occurs only wigeis not ~ gradually with increasing field. Our motivation was to find a
parallel toAM.° Following the argumentation of Ref. 4 we trend in the field dependence of magnetic correlations by
have analyzed the aspect ratio of the constant intensity is@bserving the changes of the SANS signal at several values
lines of the two-dimensional SANS signal for different of Q. Following the argumentation of Ref. 4 we considered
fields. The aspect ratio is the proportion of the lengths of thdhe reduced SANS intensif(B,,Q) defined as
vertical and horizontal axis of the isointensity line as defined

by Loffler et al,® i.e., for an elongation perpendicular to the 1(0,Q)—1(Bo,Q)

field the aspect ratio is larger than 1, and smaller than 1 for a R(Bo.,Q)= 1(0Q)—1(BranQ)’
parallel elongation. The aspect ratios for tweCo samples

with grain sizes of 15 and 60 nm are shown in Fig. 8. It iswhere [ (By,Q) represents the radial SANS cross section
interesting to note that at intermediate fields, i.e., below 0.41%/dQ(Q) measured at the external fieR},. The defini-

T, bothn-Co samples have an aspect ratio smaller than unitytion, Eq. (10), implies thatR(0,Q)=0 and R(Bax.Q)=1;

A similar behavior was already reported for IGC samples ofthus we expect that the field dependenc&@,,Q) at fixed

n-Fe (Refs. 3,4 andn-Co in Ref. 4, where this effect was Q values should be similar to that of the reduced macro-
quantitatively explained. Following the interpretation given scopic magnetization. Indeed the similarity between the field
by Loffler* we can assume that the sample is a matrix withdependence dR(B,,Q) and the reduced magnetization was
magnetic moments all parallel 8, in which there are large already reported fon-Fe* The relative magnetization mea-
ferromagnetic domains with magnetic moments tilted withsured with a magnetometer forraNi sample with a grain
respect to the direction d&,. This situation has been shown size of 31 nm was compared with a reduced SANS intensity
schematically in Fig. ). In such a case the magnetic den- obtained for an-Ni sample with a grain size of 25 nm. The
sity contrast is a vector with its largest component perpenresults of both measurements are shown in Fig. 9. One can
dicular toB,, and the magnetic scattering occurs mostly in asee that for lowQ values,R(B,,Q) increases faster with
direction parallel tdB,. As will be shown later, in a field of increasing external field than for largérvalues.R(By,Q)

0.4 T the magnetization measurements yield a relative mader the smallest measure@=0.039 nm * becomes saturated
netization of at least 0.8. At the maximum field of 1 T the faster than the reduced macroscopic magnetization whereas
aspect ratios for the-Co samplegsee Fig. 3 are 1.10 and the opposite behavior is observed for lar@evalues such as

(10
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FIG. 9. Field dependence of the reduced SANS intensige & °~000 = T o s 7o

text) measured at sever@l values for an-Ni sample with average
grain size 25 nm compared with magnetization measurements oi.
n-Ni sample with average grain size of 31 nm.

External magnetic field [T]

FIG. 10. (a) Field dependence of the reduced SANS intensity

1 . . - . measured at the lowe&t value for twon-Co samples with different
e.g., 0.070 nm". The SANS signal is sensitive to the size of g5in sizes of 15 and 60 nn) Reduced magnetization measure-

the magnetic correlations, whereas the magnetization megsents, om-Co samples with different grain sizes of 20 and 73 nm.
surement gives only an average over the whole sample vol-
ume. The smalQ part of the SANS signal depends predomi- stydied computer simulations of diffusion limited aggrega-
nantly on magnetic domains with large size, so we canjon (DLA) growth of a cluster of particles and found that the
conclude that im-Ni the large magnetic domains tend to gensity correlation function of such a cluster shows a fractal
align along the external field direction much easier than th%ower law. The DLA model of growth was successfully ap-
small ones. For the case pfCo it was also found that the pjied to the interpretation of experimental studies of the
reduced SANS intensitR(Bo,Q) at low Q saturates easier growth of electrodeposited two-dimensional clusters of‘Cu,
with the external field than at larg€). The field dependence NiCl,,*® Ag, Pb, and zrf” all of which show fractal-type
of R(Bg,Q) observed fom-Co is not as similar to the re- stryctures.
duced magnetization as it was found feNi. The results for The observed magnetic microstructure at zero field should
n-Co are shown in Fig. 10. One can see the same trend ife compared with earlier results obtained for I&®li and
reduced SANS intensity and reduced magnetization, i.e., foR-Co. The observed domain structure was usually explained
smaller grain sizes of about 20 nm both these functions satyn terms of the random anisotropy mod@RAM).*® This
rate easier with increasing fields than for larger grain sizes ofnodel assumes that there is an isotropic exchange coupling
the order of 60—70 nm. This behavior is in agreement withpetween the magnetic moments in the sample due to adjacent
earlier magnetization studies anCo (Ref. 30 where an  grains having randomly oriented easy magnetization axes.
increase of permeability with decreasing grain size was reyhen the grains are smaller than some limiting size, their
ported. local anisotropies average out and many neighboring grains
become magnetically coupled which leads to the formation
VI. CONCLUDING REMARKS of domains comprising many grains. According to Ref. 48

. ) the limiting size for such an inter-grain coupling is equal to
Our measurements show that in PEMI and n-Co  the effective width of a Bloch waf

samples SANS and SAXS signals are dominated by pore

scattering and reveal that the pores are distributed according 8= mJAIK, (11)

to a fractal correlation function. Unfortunately we are not

able to determine the grain sizes by SAS measurements behere A is the exchange constant akdis the anisotropy
cause the density contrast between the grains and the gradenstant. According to the values AfandK for Ni and Co
boundaries is not large enough. It seems therefore that thg&ef. 20 we obtainés,,=122 nm for Ni andd,, =16 nm for
PED samples are much more compact than the IGC samplé¥. The RAM predicts that for grain sizeRZ L the do-
and their larger density can be the reason for stronger magpain sizesl 54 are larger than the grains and that they
netic interaction across the grain boundaries. The volumshould scale a& a¢* R™3. For grain sizes larger than,g
fractal geometrical properties of the pore distribution can beone should observe single domain grains. The SANS and
due to specific conditions of the pulsed electrodepositiormagnetization measurements of IG&e performed by (6
process. The fractal correlations arising during the growtHler et al2~%>°were successfully described with the use of an
process were already reported by Witten and Saffdehey  extended RAM model with an effective limiting size of
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L.+=35nm which is a value similar to the effective width of the domain size is equal to the grain size. A possible expla-
a Bloch wall in Fe,8,,=46 nm. The same model agreed alsonation of such large domains in PEECo is that due to the
with SANS measurements of IGECo,* where for grain relatively high density of the grain boundary regions the
sizes larger than 10 nm only single grain domains were obmagnetic interactions between the grains may be stronger
served. The results of the present SANS studies show thathan in IGCn-Co.

the magnetic domain size for PEDNI is larger than 150 nm
for all grain sizes between 15 and 70 nm in agreement with
earlier SANS studies of IGE-Ni.* Since the anisotropy of

Ni is relatively small, stable single grain configurations are
not expected for grain sizes bela$y,, i.e., below about 120 ~ We acknowledge financial support by the DFG in the
nm. In the case of PEB-Co we obtain quite different results framework of SFB 277. One of ufk.P) is indebted to the
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