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Dipolar correlations in a nanocomposite: A neutron scattering study of Nanoperm FegyZr,B;Cu
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We present results for the magnetic-field, temperature, and neutron-polarization dependence of the small-
angle neutron scattering intensity in the soft magnetic iron-based nanocomposite Nanoperm (FeggZr7B3Cu). An
unusual “clover-leaf-shaped” intensity distribution on the detector is attributed to the dipolar stray fields around
the nanosized iron particles, which are embedded in an amorphous magnetic matrix of lesser saturation
magnetization. The dipole field induces spin disorder, correlating the spin misalignment of neighboring par-
ticles and matrix over several particle spacings. The clover-leaf-shaped anisotropy is observed over a wide
range of applied magnetic field and momentum transfer. It persists up to several hundred degrees Kelvin above
the Curie temperature of the matrix phase, indicating that some degree of magnetic coupling persists even

when the matrix is paramagnetic.
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I. INTRODUCTION

The interest in nanostructured magnetic materials arises
partly from the expectation that novel effects and properties
may be expected whenever “crossing length scales” appear
in a system, for instance, when the structural building units
of a material such as the average particle size, film thickness,
or dot size are reduced below a characteristic intrinsic mag-
netic length scale of the system such as the domain-wall
thickness, various magnetic exchange lengths, or the critical
single-domain size.'! The downscaling of the building blocks
of a material to the nanometer scale is accompanied by a
continuous demand on observational techniques to resolve
ever finer details of the magnetic microstructure.

Magnetic small-angle neutron scattering (SANS) is a
method which allows one to analyze the spin structure in the
bulk of magnetic materials and on a length scale of about
1-500 nm. As such, the SANS method complements mi-
croscopy techniques such as Kerr, Lorentz,” magnetic-force,’
(spin-polarized) scanning tunneling microscopy,*> or photo-
electron microscopy,® which are able to image the spin
microstructure at surfaces and with a resolution which ex-
tends from macroscopic dimensions down to the atomic
scale. The range of magnetic materials to which the
technique of elastic magnetic SANS has been applied in-
cludes, for example, ferrofluids,”'> nanoparticles and
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precipitates, magnetic recording media, collosal
magnetoresistance materials,>>3 spin glasses,’**! Invar
alloys,*>*#  single  crystals,*=*®  molten  elemental
ferromagnets,*’ precipitates in steels,*®*° diluted paramag-
nets in deuterated solutions,’® elemental nanocrystalline
hard®! and soft>®' magnets, as well as hard®>% and soft
magnetic®~7® nanocomposites. For an early review on the
applications of neutron small-angle scattering see Ref. 79.

A prototypical example for the above-mentioned
“crossing-length-scale” scenario are nanocomposites of the
Vitroperm (Finemet) and Nanoperm type, which consist of
nanoscale Fe-based crystallites embedded in an amorphous
magnetic matrix. Herzer’s random anisotropy model® is the
widely accepted explanation for the extraordinary soft mag-
netic properties of these materials which result when the av-
erage particle size (D=10-20 nm) is reduced below the
magnetic exchange length (L=35 nm).%" By considering the
magnetocrystalline and exchange energies, Herzer’s model
qualitatively rationalizes the dramatic decrease in the coer-
cive field H. at small particle size (H-xD°).

While extensions to the random anisotropy model, includ-
ing long-range magnetoelastic and induced uniaxial anisotro-
pies, have been brought forward (see, e.g., Ref. 81 and ref-
erences therein), important interaction terms are notoriously
difficult to treat in closed-form theory and are widely ne-
glected. This applies, in particular, to an important term of

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.134407

MICHELS et al.

the magnetostatic self-interaction, namely, the nonuniform
magnetic field originating from nonzero divergences of the
magnetization from within the material,®® which act as field
sources. The locally nonuniform direction of the magnetiza-
tion which results from the random anisotropy of the indi-
vidual nanoparticles is one such source. Even more impor-
tant can be changes in the magnitude of the magnetization,
for instance, free magnetic poles at the phase boundaries
between particles and matrix in a composite. Their influence
may be expected to be particularly strong during the
magnetic-hardening process,’? when the decoupling tempera-
ture of the intergranular amorphous matrix phase is ap-
proached. In the absence of confirmed models for the impact
of these effects, it appears particularly important to probe
their repercussions by experiments. In fact, a significant im-
pact of internal magnetostatic stray fields on the magnetic
microstructure of multiphase nanocrystalline granular sys-
tems (and also of nanowires) has previously been demon-
strated by means of magnetization measurements, Mossbauer
spectroscopy, and electron holography (see, e.g., Refs. 83-89
and references therein).

In two short reports’”’® we have recently pointed out that
an unusual clover-leaf-shaped” angular anisotropy in the
SANS cross section d2,/dQ) of Nanoperm (FegyZr;B;Cu) in-
dicates a decisive influence of the magnetostatic stray field
on the spin structure of the material: the jump AMy in the
magnitude of the saturation magnetization at the interface
between the Fe particles and the amorphous magnetic matrix
gives rise to a dipolar stray field Hj around each crystallite.
The component Hé of Hj, which is locally perpendicular to
the magnetization M acts as a torque, Hé XM, so that de-
flected spins “decorate” the dipole fields, making them vis-
ible to the scattering experiment. Thus magnetic neutron
scattering—though being sensitive to the Fourier compo-
nents of the magnetization—can also be used for mapping
the distribution of the conjugate quantity, the internal mag-
netic field.

As an independent confirmation of the findings for Nan-
operm, Ogrin et al.’> have found evidence for the signifi-
cance of dipolar stray fields in their SANS study of
CoCrPtB-based longitudinal recording media. Figure 1 in
their paper’? shows a micromagnetic simulation of the spin
distribution and of the resulting magnetic SANS intensity,
which clearly reveals the disordering effect of the dipole
field originating from the cores of the magnetic particles.
Likewise, Bischof er al.®' have directly observed a clover-
leaf-shaped anisotropy in the field-dependent SANS cross
section resulting from nanometer-sized NiAl precipitates in
steels.

Here, we report the results of temperature and neutron-
polarization-dependent SANS experiments on Nanoperm,
with particular attention to the effect of the magnetic order-
ing transition of the amorphous matrix at 7¢"'=345 K on the
dipolar interaction and on the magnetic correlations between
the Fe nanoparticles. We derive an expression for the
polarization-dependent nuclear and magnetic small-angle
neutron scattering cross section which contains anisotropic
contributions that explain our experimental observations.
The paper is organized as follows: In Sec. II we describe the
SANS experiments and the sample characterization. In Secs.
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IIT A and III B we provide an analysis of the elastic magnetic
small-angle neutron scattering cross section of a multicom-
ponent and multiphase nanocrystalline ferromagnet. In Secs.
IV A-IVC we present, respectively, the results of the
magnetic-field, temperature, and neutron-polarization depen-
dence of the dipole-field-induced spin-misalignment scatter-
ing, and in Sec. IV D we show the results of magnetization
measurements. Secs. V A—V D provide a discussion of the
experimental data. Finally, Sec. VI summarizes the main re-
sults of this study.

II. EXPERIMENTAL PROCEDURE

The SANS experiments were performed at the SANS-1
instrument®® at the Paul Scherrer Institute (PSI), Villigen,
Switzerland, and at the SANS-2 instrument®® at the Geesth-
acht Neutron Facility (GeNF), Geesthacht, Germany. We
used incident neutron wavelengths of A=6.0 A (PSI) and \
=5.8 A (GeNF) with a respective wavelength spread AN/
=10% full width at half maximum. At PSI, a remanent su-
permirror transmission polarizer, mounted in the first colli-
mator drum behind the neutron velocity selector, and a rf
spin flipper near the sample position, allowed one to select
and to reverse the polarization state of the incident neutrons.
The applied magnetic field H was provided by an electro-
magnet with the field direction horizontal and in the plane of
the ribbon sample. The measurements at GeNF served to
establish the field-dependent scattering cross section d2./d(}
at room temperature. Supplementary runs were carried out at
PSI to investigate the variation of the scattering with tem-
perature (in the interval 7=298-693 K) and with the
neutron-polarization state. In the interest of exploring a
maximum range of H and 7 within the limited beamtime,
and consistent with the emphasis on variations of the scatter-
ing, no instrumental background was recorded for this part of
the data. During the temperature scans the sample was held
in a vacuum of 1.0X 10™* mbar. Temperature stability was
+2 K. The SANS data reduction was carried out using the
BerSANS® (PSI) and SANDRA? (GeNF) software packages.

The Nanoperm (FegyZr;B;Cu) sample was prepared by
melt spinning, followed by a subsequent annealing treatment
for 1 h at 745 K, which resulted in the precipitation of bcc
Fe particles in an amorphous magnetic matrix. The average
Fe particle size D=12 nm was determined by x-ray diffrac-
tion and transmission electron microscopy. From Mossbauer
experiments,’* similar to the ones reported in Ref. 82, we
have estimated the Curie temperature of the amorphous ma-
trix phase at 7¢" =345 K and the crystalline volume fraction
xc=40%. For the SANS measurements several ribbons of
typical dimensions 20X2X0.02 mm were stacked and
mounted on a Cd aperture. Sample transmission varied be-
tween 96.7% at uoH=1.5T and 94.5% at 30 mT, so that
multiple-scattering effects are expected to be negligible.”

After the exposition to a temperature of 693 K for several
hours, the SANS sample retained its shiny metallic surface.
Subsequent investigations with transmission electron micros-
copy and x-ray diffraction revealed that the average particle
size remained unaffected by the heat treatment. Furthermore,
temperature scans and an isothermal measurement with dif-
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ferential scanning calorimetry at 7=695 K for several hours
confirmed the absence of significant changes in the micro-
structure of the material.

Magnetization measurements were performed with a com-
mercial superconducting quantum interference device mag-
netometer (Quantum Design MPMS-7) up to applied mag-
netic fields of woH=7 T and in the temperature range from
5 to 300 K.

III. THE SMALL-ANGLE NEUTRON SCATTERING
CROSS SECTION OF A MULTICOMPONENT
AND MULTIPHASE NANOCRYSTALLINE
FERROMAGNET

A. Discrete array of atoms

We base our discussion of magnetic small-angle neutron
scattering (SANS) on the expressions for the spin-dependent
partial cross sections given by Moon, Riste, and Koehler
(MRK).”® Detailed accounts of magnetic neutron scattering
can also be found in the treatises by Lovesey, Williams, and
Hicks.””~%” The MRK formulas have already been discussed
previously with relation to field-dependent SANS; in each
case, simplified versions were employed, ignoring terms that
are of no consequence for single-phase materials.’!”%190 Ex-
periments on nanocomposites require more general formulas,
allowing for nonuniform values of density, composition, and
magnitude of the magnetization, and for a systematic corre-
lation of these parameters to the orientation of the atomic
magnetic moments. Based on our experimental observations,
it is not possible to use approaches, such as the one of Ref.
61, which treat the composite as an array of uniformly mag-
netized homogeneous particles in a nonmagnetic or partially
polarized homogeneous matrix: the metallic nanocomposites
of interest afford no a priori justification for neglecting the
contribution of nanoscale structure in the spin system of ma-
trix and/or crystallites to the scattering. Here, we apply the
MRK equations to a suitably generalized case.

The elastic differential scattering cross section d2./d{) at
scattering vector q due to an arrangement of atoms at posi-
tions x; can be written as”®

1
== exp(—iqx; ;
sz p(-iqx; )

X [b”’ib:vj x b”vibfﬂ,jQ:,j + b:;,jbm,in,[
+ bm,ib:q,jQz,iQZj]’ (1)

A3 1 ] N
= ‘—/%‘, exp(— qui!j)bm’ibm’j

X[0:i0.,;+ 0,0, ; F ie,- (Q; X Q)]. (2)

In Egs. (1) and (2) we have neglected nuclear spin-dependent
scattering; the quantity V denotes the scattering volume,
X; j=X;—X;, the parameters b,; and b,,; represent, respec-
tively, the atomic coherent nuclear and magnetic scattering
lengths of atom “i,” the superscript asterisk refers to the
complex conjugated quantity, and the Halpern-Johnson vec-

tor Q,=€(e-m;)—m; (Ref. 101) is related to the unit vector €
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along the direction of q and to the unit vector my
=(m,;,m,;,m,;) along the magnetization. The superscripts to
d%/dQ) relate to the spin state of the incident and of the
scattered neutron, relative to the polarization axis of the in-
cident neutron beam, which is parallel to the applied mag-
netic field H=He,. The four partial cross sections d%**/dQ)
and dX**/dQ denote, respectively, the “non-spin-flip” and
“spin-flip” scattering cross sections, where the spin of the
incident and scattered neutron is, respectively, in the “+(—)”
and “+(—)” and in the “+(—)” and “—(+)” direction.”

In general, SANS instrumentation does not allow for po-
larization analysis. Therefore, only combinations of the par-
tial cross sections can be measured. These measurable quan-
tities, denoted by d>*/dQ) and d2/d(}, combine non-spin-
flip and spin-flip scattering contributions. In particular,
d3*1dQ=d3*"/dQ+d2*/dQ  and  dE7/dQ=dZ/dQ)
+d>%7t/dQ.

Taking H along e, and the incident neutron beam along e,
we can write e=q/g=(0,sin 6,cos ), where 6 denotes the
angle included between q and H. Hence

Q= —mycos2 0+ m,sin fcos 6 |. (3)

—m_ sin® @+ m, sin @ cos 0

It is generally desirable to insert the above expression for Q;
into Egs. (1) and (2), and to collect the terms containing the
transverse magnetization components m, and m, in a sepa-
rate term, the so-called spin-misalignment scattering cross
section dEf,,/ d(), which vanishes at saturation when all the
magnetic moments are aligned along the applied-field direc-
tion. The total d%*/d() can then be written as the sum of
d23,/dQ and of the residual scattering cross section
d>%/dQ), which contains all the remaining terms,*

dE* dzy dzy,
o @= R(q) M( ), (4)
d>x
_((I) = ‘_/E exp(- iqxi,j)
ij
X[bn,ib: (D, ,bmj Litb, [bmim )sin® 0
+ bm,ib;,jmz,imz,j Sln 0]’ (5)
dE‘
E exp(- iqx; ;)

V,j

X[+ (b, b, My +bnjb imy ;)sin 6 cos 6

+b,, ,bmj(mx My j+ My, m,, 0052 0

= (my jm, ;+m, ;m.;)sin 6 cos 6)]. (6)

We have neglected in Egs. (5) and (6) the contributions due
to Q; X Q; [compare Eq. (2)]. These terms depend on the
angle included by the pair of spins i and j, and, unless the
spins take a helical structure with a preferred direction of
rotation, they will take on either sign with equal probability.
Therefore for simple ferromagnets or antiferromagnets, the
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cross-product terms do not generally contribute to the sum in
Eq. (2).10

It is seen that the angular anisotropy of the residual scat-
tering cross section follows the familiar 3 z/d{) > sin’ 6 be-
havior, resulting in an enhanced magnetic intensity perpen-
dicular to the net magnetization, as is characteristic, for
instance, for saturated magnetic particles in a nonmagnetic
matrix.

The explicit angular dependency of the spin-misalignment
contribution is distinctly different from that of the residual
scattering; it contains terms d2,,/dQ «sin #cos # and
d=.,,/dQxcos? 6. Note that correlations between the spin
components along the incident beam, m,, give rise to an
isotropic scattering contribution to d2,,/d{). As a result of
interference between nuclear and magnetic scattering, both
d2g/dQ and d%,,/dQ) depend on the polarization of the in-
cident neutron beam. We also would like to emphasize that
the terms in d=,,/dQ) which are proportional to cos® @ de-
pend on the square of the transversal spin component m,,
while terms proportional to sin 6 cos € depend only linearly
on m,.

B. Continuum formulation

Since the discreteness of the atomic structure of matter is
generally of no importance in small-angle scattering, the
scattering cross section can equivalently be expressed in
terms of continuous Fourier transforms of suitably coarse-
grained, continuous distributions of nuclear and magnetic
scattering-length densities, N(x) and M(x), respectively.
Generally, it is convenient to work with these continuous
quantities, since models used in analyzing the results of
SANS experiments are most often also based on a continuum
picture, embodying geometric concepts such as spheres or
rods, alloy concentration profiles, or the continuous magne-
tization profiles of micromagnetics.

We define the continuous nuclear, N(x), and magnetic,
M(x), scattering-length densities along with their respective

Fourier transforms, N(q) and M(q), via

N(x) = 2 by opalX), (7)
M(X) = X fupe(X)m (%), (8)
~ 1
N(q) = PTE f N(x)exp(- iqx)d°x, )
~ 1
M(q) = W f M(x)exp(— iqx)d x. (10)

Here, the index « labels the alloy component, p,(x) denotes
the atomic density, u, denotes the magnitude of the atomic
magnetic moment, and m,, is a unit vector along the locally
averaged orientation of the moments of component «. Using
Egs. (7)-(10), d%x/dQ and d%,,/dQ) can be expressed as
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dER( )= —[|N|2IbH(NM +N"M,)sin® 0

+b%|M_J? sin® 6], (11)

dX, g’
M( )= [+bH(NM +N"M,)sin 6 cos 0+ by|M, |

]l7lz)sin 0 cos 6],
(12)

+ b§1|1l2y|2 cos? 0— bj(M,M, + M

2.7X 1075 m/ ug,'%%19 and the subscripts x, y,

and z refer to the Cartesian components of M. The magnetic
form factor f in the expression for the magnetic scattering
length b,,=2.7 X 1075 mfu/ uz">'°" was set to unity, which
is permissible in the small-angle region. Since SANS is sen-
sitive to deviations of the local scattering-length density
from its (constant) mean value, Egs. (11) and (12) remain

where by=

valid at q #0 if N and M are replaced by the corresponding

excess scattering-length densities AN and AM, which are
obtained by subtracting arbitrary constants from the real-
space variables, for instance, the respective macroscopic av-
erages.

Equations (11) and (12) account quite generally for the
combined nuclear and magnetic small-angle scattering from
a multicomponent and multiphase system, except for the ne-
glect of helical spin structures (e.g., Ref. 46) and nuclear
spin-dependent scattering (e.g., Ref. 50). As compared to
earlier studies of magnetic SANS,>!” which used simpler
equations matched to single-component systems, the present
results contain extra terms accounting for interference be-
tween scattering due to the transverse magnetization compo-
nents and due to variations of the alloy composition. This
latter quantity affects the nuclear scattering-length density as
well as the magnitude of the magnetization and, thereby, M,
The extra terms exhibit a sin 6 cos 6 angular variation of
d3.,,/dQ), which is not found in the simpler formula,’® and
they have a linear rather than a quadratic dependence on M.
For the particular alloy samples considered in the present
experiments, it turns out that this scattering contribution is
actually the dominant one at intermediate applied magnetic
fields. An important consequence is that the equations of Ref.
56, which relate the g- and #-dependence of the terms in
d.,/d€) (which are quadratic in M, and M,) to the magnetic
interaction terms, do not provide the complete picture here.

In the approach-to-saturation regime, d2.;/d() is approxi-
mately independent of the applied magnetic field, whereas
dX),/dQ) exhibits an extraordinary large dependence on H
(compare, e.g., Figs. 5 and 10 in Ref. 56). When the sample
is saturated, d2,,/d{) is zero, and subtraction of d2./d()
=d2g/dQ from a measurement of d2/d) at lower field
yields the spin-misalignment scattering cross section at that
particular field value. In the following analysis of the experi-
mental data we consider the scattering at the highest applied
magnetic field as an approximation to the scattering at satu-
ration, and we shall discuss the corresponding difference-
intensity data with relation to the spin-misalignment scatter-
ing.
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FIG. 1. Log-log plot of the radially averaged total SANS inten-
sity of Nanoperm (FegoZr;B3;Cu) at room temperature as a function
of the applied magnetic field (see inset). Data is not corrected for
background scattering.

As has been shown previously®'® for typical values of
the spin-wave stiffness constant and spin-wave gap, inelastic
(magnon) scattering contributions are suppressed throughout
the major part of the parameter space explored in SANS
experiments such as the one reported here. Therefore the
SANS signal is entirely elastic.

IV. EXPERIMENTAL RESULTS
A. Field dependence of SANS

Figure 1 depicts the radially averaged total (nuclear and
magnetic) SANS intensity of Nanoperm at room temperature
as a function of the external magnetic field. Note that, unlike
the difference-intensity data [Figs. 3-6, 7(a), 8, and 9 be-
low], the data shown in Fig. 1 is not corrected for instrumen-
tal background scattering. This does, however, not influence
the following qualitative discussion of the field dependence
of the scattering.

It is seen that between uyH=30 and 1500 mT—a field
regime where the sample is in the approach-to-saturation re-
gime (compare Fig. 10 below)—the scattering exhibits a
strong field dependence; the SANS signal at the smallest
g-values decreases by almost one order of magnitude.

In assessing the data of Fig. 1 it is important to note that
the sample is in a single-domain state at all fields shown.
This follows from the estimated value of the volumetric de-
magnetizing field!* of the SANS specimen, about 20 mT,”’
and from the expectation that, as a consequence of the ex-
treme softness of Nanoperm, the SANS sample is a single
domain for applied fields larger than its demagnetizing field.
Thus the data in Fig. 1 demonstrate that the origin of the
scattering is unrelated to a macroscopic domain structure.
Instead, the scattering arises from nanoscale spin-
misalignment, i.e., from the failure of the spins to completely
align with the external field.
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FIG. 2. (Color online) Room temperature total SANS cross sec-
tions d2/dQ) of Nanoperm (FegyZr;B;Cu) (logarithmic scale). The
applied magnetic field H is horizontal, as in Fig. 3. (a) uoH
=1994 mT and (b) 0 mT. Pixels in the corners have momentum

transfer ¢=0.48 nm™".

At uoH=2 T, when the sample is essentially saturated,
the intensity distribution on the two-dimensional detector ex-
hibits the well-known sin® @ anisotropy with maximum in-
tensity perpendicular to H, indicating a saturated magnetic
microstructure [compare Fig. 2(a)]. By contrast, at zero field
[Fig. 2(b)], d%/dQ) is isotropically distributed, which sug-
gests a random orientation of domains and the absence of
significant induced uniaxial anisotropy.

Figure 3 shows difference-intensity data at several applied
magnetic fields where the total nuclear and magnetic SANS
intensity at uoH=1.5 T has been subtracted from the respec-
tive measurement.

In a range of intermediate field values (30-290 mT), the
difference images reveal a pronounced angular anisotropy
with maxima at angles 6= +30°-40° relative to H. This
clover-leaf-shaped anisotropy is already visible in the raw
data, and the subtraction procedure merely serves to make it
all the more evident. The feature is absent close to saturation
and at zero field (compare Fig. 2). Field-dependent SANS
measurements with a large sample-to-detector distance of
20 m gave no indication of the presence of the clover-leaf-
shaped angular anisotropy at the smallest scattering angles
(g=0.01 nm™"). Instead, the SANS data at the smallest
g-values revealed the usual (1+cos® ) type intensity varia-
tion, in agreement with the prediction for long-range spin-
misalignment scattering.>®

FIG. 3. (Color online) Field dependence of difference-intensity
data of Nanoperm (FegoZr;B;Cu) at T=298 K (logarithmic scale).
The total SANS intensity at upH=1.5 T has been subtracted from
the respective SANS signal at the lower field. 6 is the angle be-
tween the scattering vector q and the applied magnetic field H.
Pixels in the corners have momentum transfer g=0.64 nm™!. Values
of the applied field (in mT): (a) 290, (b) 100, and (c) 30.
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FIG. 4. Log-log plot of the radially averaged difference SANS
intensities of Nanoperm (FegoZr;B;Cu) as a function of the applied
magnetic field (see inset). (a) 7=298 K and (b) T=373 K.

With decreasing applied field, the clover-leaf-shaped pat-
tern in Fig. 3 is progressively “washed out,” and the overall
magnetic SANS intensity increases. Figure 4 shows the field
dependence of the radially averaged difference-intensity data
at two temperatures, 298 and 373 K.

At both temperatures, increasing the applied field from
30 to 290 mT leads to a suppression of the amplitude of the
transversal spin fluctuations, as can be inferred from the ob-
servation that the spin-misalignment scattering decreases
(compare also Fig. 1). The relatively strong field dependence
of the difference-intensity signal prevails over a wide range
in temperature and momentum transfer, between about
0.08 nm~!<¢=<0.6 nm™!' (10 nm<27/g<80 nm).

B. Temperature dependence of SANS

Figure 5 shows the temperature dependence of the
difference-intensity detector pattern at a fixed external field
of uogH=290 mT. The clover-leaf-shaped anisotropy remains
clearly visible for temperatures up to 7=693 K, i.e., far
above the Curie temperature T¢'=345 K of the amorphous
matrix phase, which was determined from Madssbauer
measurements.’*

Figure 6 represents a log-log plot of the temperature
variation of the radially averaged difference SANS data at
290 mT. With increasing temperature the radially averaged
data first take on a maximum at 323 K [not shown in Fig. 6,
see also Fig. 7(a)], and then, on increasing the temperature
further up to 693 K, the difference intensity decreases by a
factor of about 2 at the smallest momentum transfers.

The temperature dependence of the corresponding inte-
grated difference-intensity data at 290 mT and of the inte-
grated total nuclear and magnetic SANS intensity at
1500 mT can be seen in Fig. 7(a).

Close to saturation, at uoH=1.5 T, where the scattering
originates dominantly from the spatial variation of the mag-
nitude of the magnetization, the integrated total intensity in-
creases up to 7=373 K, and it then enters a plateau region
with no significant change up to 693 K, in agreement with
the results of Ref. 74. This is well compatible with the ex-
pected temperature variation of AMg which is shown sche-
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FIG. 5. (Color online) Temperature variation of difference-
intensity data of Nanoperm (FeggZr;B;Cu) at uoH=290 mT (loga-
rithmic scale). The external field H is applied horizontally. The total
SANS intensity at upH=1.5 T and at the respective temperature has
been subtracted from the respective SANS signal at 290 mT. Pixels
in the corners have momentum transfer g=0.64 nm™".

matically in Fig. 7(b): a comparatively pronounced increase
near T2 where M of the matrix vanishes, and a weak de-
crease at higher 7, reflecting the temperature-dependent M
of the crystallites. Similar observations on a Finemet-type
alloy were made by Kohlbrecher et al.%” The analogous data
for the spin-misalignment scattering at 290 mT exhibits a
shallow peak at 323 K followed by a slight decrease at
higher 7.

® 205
= — ja ze
g iy u#,H =290 mT

. 10'.11. Yvg, A‘::::, p
-E " '::"'WAx: ',
g ll.. Yy ¥ :::‘..

v e

S “W al
© o,
© "lb;:',.
2 *f&
2 17 e 208K ¥
g A 373K % ]
5 v 473K ]
§ = 693K e
[0} M
| -
e .
= 0.1+ —
© .08 0.6

FIG. 6. Radially averaged difference-intensity data of Nanoperm
(FegoZr;B5Cu) at puoH=290 mT as a function of temperature (see
inset).
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FIG. 7. (a) (Color online) Temperature dependence of the inte-
grated total SANS intensity at uyH=1500 mT and of the integrated
difference intensity at uoH=290 mT. The respective integrated in-
tensity was calculated according to [ Zméxl(q)qqu With  ¢min
=0.08 nm~' and ¢,,,,=0.6 nm~". (b) Qualitative temperature depen-
dences of the saturation magnetizations M of the Fe particles and
of the amorphous magnetic matrix. The difference AMg between
both M(T) curves is related to the magnetic SANS contrast which
is due to spatial variations Mg(x) of the magnitude of the
magnetization.

C. Neutron-polarization dependence of SANS

Figure 8 depicts a plot of the difference between the
SANS intensities with the neutron-spin flipper on, /-, and
off, I*, at selected values of the external field. At all fields
does the intensity distribution clearly reveal a dominating
sin? § behavior with an enhanced SANS signal normal to the
field direction. The clover-leaf-shaped angular anisotropy,
which is visible in the unpolarized data (Fig. 3), is absent.
This observation is remarkable in view of Egs. (5) and (6) for
the residual and spin-misalignment scattering cross section,
which contain terms Fb,b,m,sin’ § and, in particular,
£b,b,,;m, sin 6 cos 6 that do depend on the polarization of the
incident neutron beam. The radially averaged “flipper on—
flipper off” data is shown in Fig. 9.

Compared to the data taken with an unpolarized incident
beam (Fig. 4), the difference between the two spin states,
I"—T*, is small in magnitude, and it is only weakly dependent
on the applied magnetic field.

D. Magnetization data

In Fig. 10 we plot the room temperature magnetization
isotherm and in Fig. 11 the applied-field dependence of the
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FIG. 8. (Color online) Difference between flipper on and flipper
off SANS intensities, I~—1I*, as a function of the applied magnetic
field (logarithmic scale). H is horizontal. Data were recorded at
room temperature. Pixels in the corners have momentum transfer
g=0.64 nm™!. Values of the applied field (in mT): (a) 1500, (b) 290,
(c) 100, and (d) 30.

high-field susceptbility x of nanocrystalline FegyZr;B;Cu at
various temperatures between 5 and 300 K.

It is seen in Figs. 10 and 11 that in the approach-to-
saturation regime Nanoperm possesses a relatively large sus-
ceptibility (see below), and even at the highest applied field
of uoH=7 T there is a considerable deviation from satura-
tion.
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FIG. 9. Radially averaged difference between flipper on and
flipper off data, I-—I* (log-log scale), as a function of the external
magnetic field (see inset).

134407-7



MICHELS et al.

1 -4 T T T T T T . .»1
-9~
o—oa—o—o—"".-. *
1.3 ._.,o"’.—. J
— r.-r"
= e
E 1.2 1
X
1.1 .
T=300K 1
1.0 . . r . r r
0 1 2 5 6 7

3 4
HH (T)
FIG. 10. Room temperature magnetization isotherm of nano-
crystalline FeggZr;B;Cu. Line is a guide to the eye.

V. DISCUSSION

A. Origin of the scattering contrast

When the Nanoperm sample is essentially saturated at an
external field of uyH=2 T, the total combined nuclear and
magnetic SANS cross section d2/dQ) [Fig. 2(a)] exhibits a
dominant sin? @ behavior, which suggests that the magnetic
scattering contrast is much larger than the nuclear SANS
signal.”’ At intermediate applied-field values transversal
magnetization fluctuations contribute to the SANS intensity
via d2.),/d(). Comparison with Egs. (5) and (6) shows that
any angular anisotropy in the unpolarized difference-
intensity data (Fig. 3) must be due to terms mf cos? @ and/or
m,m, sin 60 cos 0.

J By analyzing the SANS data taken with a polarized inci-
dent neutron beam (Figs. 8 and 9) it is possible to identify
one of these terms as dominant: the difference between data
taken with the neutron-spin flipper on and off, I"—I*, de-
pends on terms m, sin? § and my sin @ cos 6 [compare Egs.

0.2 .
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FIG. 11. (Color online) High-field susceptibility y of nanocrys-
talline FeggZr;B;Cu as a function of the applied magnetic field H
and at different temperatures (log-log scale). The quantity y(H) at a
particular temperature was computed as the numerical derivative of
the measured magnetization isotherm (uoM vs woH, compare Fig.
10).
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(5) and (6)]. The observation in Fig. 8 that I"—I* is clearly
dominated by a sin? @ rather than by a sin @ cos @ anisotropy
shows that throughout the considered high-field regime
(1500-30 mT) the transversal spin component is much
smaller than the longitudinal component, i.e., my<m,. In
other words, for our Nanoperm sample and close to satura-
tion, contributions m, sin” € to the nuclear-magnetic interfer-
ence term dominate over terms m, sin ¢ cos ¢. With respect
to the unpolarized difference-intensity data shown in Fig. 3,
this in turn suggests that (for the present sample) the domi-
nating scattering contrast is due to terms proportional to
mym, sin ¢ cos 6. These terms are linear in the small quantity
my, rather than quadratic, as are the terms mf cos? @ encoun-
tered already in studies of elemental nanocrystalline
ferromagnets.®

In support of the above arguments are the results for the
radially averaged difference data between the two spin states,
which are shown in Fig. 9. Compared to the unpolarized
difference-intensity data shown in Fig. 4, I"—I* is small in
magnitude and has a much weaker dependency on the ap-
plied magnetic field. This is in accordance with our above
conclusion that the prevailing angular anisotropy of I—I*
results from the residual scattering cross section, Eq. (5),
which, in the small-misalignment approximation, is nearly
independent of the applied field. The relative importance (in
polarized scattering) of contributions proportional to m, will
grow with decreasing field as the transverse spin components
are enhanced. Thus the feature at the smallest g-values and
smallest fields in Fig. 8 might be a fingerprint of a progres-
sively enhanced contribution of terms m, sin 6 cos ¢ to the
scattering.

So far we have discussed the experimental data in relation
to the expressions for the spin-dependent nuclear and mag-
netic SANS cross section derived in Sec. III B. The explicit
f-dependence of the cross section in Egs. (11) and (12) is a
manifestation of the dipolar interaction between the neutron
and the individual magnetic moments. As such, the terms
sin #cos 6 in d/dS) are a priori unrelated to the details of
the magnetic microstructure. These details affect the scatter-
ing and, in particular, the #-dependence of d>/d() via the

function ]\7[y(q). In view of our finding that d%,,/d(} is domi-
nated by the term MyMZ sin fcos 0, and of the essentially

isotropic character of M, the observed (roughly)
sin? @ cos? @ angular dependency of the scattering is there-

fore an indication that M y depends on the orientation of q

according to Mymsin 0 cos 6. We shall now discuss the ori-
gin of this variation.

B. Dipolar interaction and angular anisotropy

In Refs. 77 and 78 we have proposed an explanation for
the origin of the clover-leaf-shaped anisotropy in the SANS
signal in terms of the dipole fields which “decorate” the in-
dividual Fe particles: the difference AMg in the saturation-
magnetization values between the crystalline Fe particles
(higher M) and the amorphous magnetic matrix (lower M)
gives rise to a dipolar stray field which acts as a torque on
the magnetic moments and deflects the spins from the per-
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FIG. 12. Sketch illustrating the geometry of the dipole field.
Shown is the projection of H[L) into a plane containing the magne-
tization M of the particle. Hé changes direction at the border be-
tween quadrants.

fectly ordered state. For a uniformly magnetized spherical
particle of size D=2R, embedded in an infinitely extended
coherently saturated matrix, the perpendicular component of

the stray field outside of the particle, Hf,(r), can be written
105
as

Hj(r) = AM R sin & cos dug, (13)

where ¥ is the angle between the position vector r (|r|=r)
and the direction of saturation, say e, and ug
=(cos ¢,sin ¢,0) (compare Fig. 12).

For the Nanoperm sample under study uoAMg¢=1.5T,
and the resulting dipole field takes on a volume-averaged
value of about 270 mT.””78 This value is much larger than
the other perturbing fields in this type of material, which
originate from magnetocrystalline, uniaxial, or magnetoelas-
tic anisotropy.30:106

In the high-field regime, the local transverse magnetiza-
tion Mé(r) around an individual Fe nanoparticle is to a first-
order approximation proportional to the perturbing dipole
field, M;(r) < H (r). Therefore the Fourier transform of the
y-component of Hj(r) replicates the angular variation of

My(q). In this way it is seen that the predicted effect of the
dipole fields on the magnetization agrees with what we in-
ferred from the experimental results (see Sec. V A), namely,

Myoc sin 6 cos 6.

While the above considerations suggest maxima in
d3,,/dQ) at angles 0=+45° relative to H, the experimental
difference-intensity data in Figs. 3 and 5 peak at 6
= +30°-40°, i.e., at an angle € which is significantly less
than 45°. This observation may be explained qualitatively by
comparison with Eq. (12) for the spin-misalignment scatter-
ing cross section: the d2,,/d() that is due to the dipole-field

effect presumably leads to d3,,/dQ e M M. sin® 6 cos® 6,
where My denotes the angular independent part of M ¥ 1€,

we write My(q)zM ,(g)sin @ cos 6 (see discussion in the pre-
ceding paragraph). The terms in d2,,/dQ) which are qua-
dratic in the transversal spin components then result in

PHYSICAL REVIEW B 74, 134407 (2006)
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FIG. 13. Polar plots of the function sin’ @ cos® f+k(1
+sin® @ cos* @) for different values of the parameter k, as indicated.

dEM/dQOCI\;Ii(AZf/M§+Sin2 6 cos* 6). Assuming that 1\22 is

isotropic and that MXEA;I_V, the combination of the above
results may then lead to

dz,
d—élocsinzﬂcos2 6+ k(1 + sin® 6 cos* 0), (14)

where the magnetic-field-dependent parameter k accounts for
the relative contribution of the (1+sin® @ cos* 6) term to the
overall anisotropy of the difference-intensity data; by con-
struction, this term increases as the transverse spin compo-
nents become enhanced with decreasing field.

Figure 13 depicts polar plots of the function sin? § cos?6
+k(1+sin? cos*) for different values of the parameter k.
These graphs qualitatively reproduce the field-dependent
difference-intensity data shown in Fig. 3.

Since the term (1+sin? # cos* #) depends quadratically on
M,, it is, at large applied fields, negligible compared to the
sin? @ cos® @ term, which depends linearly on M,. On de-
creasing the field, the relative importance of the (1
+sin” A cos* 6) term increases, and, consequently, the angu-
lar anisotropy of the SANS pattern changes, as can be seen
qualitatively in Fig. 13.

Whether or not dipole fields constitute the dominant per-
turbing field in a particular nanocomposite ferromagnet may
depend on a variety of parameters such as the applied mag-
netic field, volume fraction of particles, particle shape and
particle-size distribution, temperature, and contrast in mag-
netization magnitude between the phases. In this context we
note that SANS investigations on Nanoperm with a higher
volume fraction of particles, x,=70%, and on Vitroperm
(Fe73Si;4B7NbsCu) (Ref. 75) with FeSi crystallites of re-
duced magnetization did not show the clover-leaf-shaped
pattern. Conceivably, the crystallites are less separated by the
matrix phase in these systems with a higher crystalline vol-
ume fraction. The dipolar effect is expected to be less impor-
tant when crystallites form contiguous chains or clusters of
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grains joined by grain boundaries rather than separated by
the matrix phase.

C. Interparticle correlations and temperature dependence

Based on the average Fe particle size, D=12 nm, and on
the value of the crystalline volume fraction, x-=40%, we
estimate the mean thickness ¢ of the matrix layer at about
4 nm using 5=D(xgl/ 3~1) (Ref. 107). Therefore dipole fields
which emerge from neighboring particles will not only over-
lap, but they will also extend, at least partly, through the
neighboring crystallites. Closer inspection of the magnetic-
field dependence of the unpolarized difference-intensity data
in Figs. 4(a) and 4(b) suggests that the characteristic wave-
length of the dipole-field-induced spin misalignment varies
as a function of the applied magnetic field: the region with
the largest curvature in the difference signal shifts to larger
g-values as the field is increased, which indicates that long-
wavelength fluctuations of the magnetization are progres-
sively suppressed by the applied field. In particular, the ob-
servation that significant spin-misalignment scattering exists
even at the smallest g-values (277/0.08 nm~' =80 nm) sug-
gests the existence of magnetic dipolar correlations on length
scales even much larger than the mean particle size of D
=12 nm. This assessment is further supported by the results
of the temperature-dependent data (Fig. 5), where it can be
clearly seen that the characteristic angular anisotropy of the
dipole-field effect is also visible at the smallest g-values.

The temperature-dependent data (Figs. 5 and 6) addition-
ally demonstrate that the long-range correlated spin mis-
alignment is present in the spin system even up to several
hundred degrees Kelvin above the Curie point of the amor-
phous intergranular matrix phase (7¢"=345 K). Further-
more, the SANS curves at different temperatures in Fig. 6
seem to be “self-similar,” i.e., no temperature-dependent fea-
ture in the g-dependency can be detected. This observation
suggests that the characteristic length scale on which the
dipole-field-induced spin misalignment in our Nanoperm
sample evolves is independent of temperature. The charac-
teristic wavelength of the spin disorder was estimated above
by inspection of the field dependence of the radially aver-
aged difference-intensity data (Fig. 4) and was found to be of
the order of at least 80 nm.

Assuming that the spontaneous magnetization of the Fe
particles varies only slightly between T and the highest
available temperature, 7=693 K, as is true for Fe single
crystals,!?8 it is clear that the magnitude of the perturbing
dipole field remains almost constant over this temperature
range, since AMy is essentially given by My of the Fe nano-
particles [compare Fig. 7(b)]. As a consequence of a reduced
susceptibility, we expect the response of the paramagnetic
matrix to the dipole field to be smaller above T than below
T Hence the disordering effect of the dipole field is
smaller above 7¢", which explains the decrease of the spin-
misalignment scattering signal with increasing temperature,
as can be seen in Fig. 6.

The findings below suggest that there exists some degree
of long-range correlation between the Fe particles, even
when the matrix is paramagnetic. That the coupling between
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the Fe particles is not completely interrupted above T¢" has
also been found previously by magnetization and Mossbauer
studies on Fe-based nanocomposite alloys (see, e.g., Refs.
80, 82, and 108—110 and references therein). Moreover, in-
vestigations with Kerr microscopy on Vitroperm-type alloys
with a large induced uniaxial anisotropy reveal macroscopic
domain patterns well above T¢m.!1!

However, the nature of the coupling mechanism is still a
matter of debate.!'> While Hernando and Kulik'*® suggested
that the coupling between the Fe particles through the para-
magnetic matrix is accomplished by exchange polarization,
Herzer!'3 showed that the experimental results may also be
explained by assuming pure dipolar coupling between the
particles. Even in amorphous reentrant systems dipolar inter-
actions have been linked to long-range ferromagnetic
order."'* Due to the presence of conduction electrons in the
metallic intergranular layer, a third mechanism of the RKKY-
type is in principle also possible. Recent calculations by Alt-
bir et al.''’ and by Skomski''® suggest, however, the absence
of the RKKY interaction mechanism for well-separated mag-
netic particles (larger than about 1 nm) in a nonmagnetic
metallic matrix due to the dominance of the magnetostatic
interaction. Although the present data may favor the domi-
nance of the dipolar interaction, the existence of exchange
coupling through the paramagnetic intergranular layer cannot
be ruled out.

D. Influence on macroscopic parameters

It may be expected that the dipole-field effect, besides
giving rise to the characteristic anisotropy in the SANS pat-
tern, will also affect the macroscopic magnetic behavior, in
particular, the high-field susceptibility. Indeed, the magneti-
zation data shown in Figs. 10 and 11 exhibit a relatively
large susceptibility up to the highest applied field of woH
=7 T. The values of y in Fig. 11 are relatively large com-
pared to the “usual” contributions such as the Pauli spin
susceptibility (y~10-107) or to the susceptibility due to
the so-called paraeffect.!'” The field dependence of the latter
at 7=300 K can be estimated based on the materials param-
eters spin-wave stiffness constant D, g-factor g, and zero-
temperature saturation magnetization Mg. Using D
=141 meV A%, g=2.10, and M9=1.7 T, we find, however,
that the paraeffect gives rise to a significantly lower suscep-
tibility which varies between y=0.01 at 0.1 T and yx
=(.002 at 7 T.!'7-118 Likewise, micromagnetic computations
by Kronmiiller''® indicate that the magnitude of the experi-
mental susceptibility can also not be explained by the dipole
fields. Possible origins for the increased high-field suscepti-
bility in our Nanoperm sample might be related to the exis-
tence of ferrimagnetic or antiferromagnetic couplings within
the Fe-rich amorphous matrix,!'®120:121 spin canting, or to the
presence of weak itinerant ferromagnetism.'?2

VI. SUMMARY AND CONCLUDING REMARKS

We have presented the results of the magnetic-field, tem-
perature, and neutron-polarization dependence of dipole-
field-induced spin-misalignment scattering in the soft mag-
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netic two-phase nanocomposite FeggZr;B;Cu (Nanoperm).
The jump AMj in the saturation magnetization at the inter-
face between the iron nanoparticles and the amorphous mag-
netic matrix gives rise to a dipolar stray field Hj, which acts
as a torque on the magnetic moments and, thereby, induces
spin disorder at the nanoscale. The dipole-field-induced spin
disorder gives rise to a clover-leaf-shaped angular anisotropy
in the magnetic small-angle neutron scattering (SANS) cross
section with maximum intensity at angles #= +30°-40°
relative to the direction of the applied magnetic field H. The
clover-leaf-shaped pattern is observed between room tem-
perature and 7=693 K, i.e., several hundred degrees Kelvin
above the decoupling temperature of the intergranular amor-
phous matrix phase (7¢"=345 K). From field-dependent
SANS data we conclude that the range of the dipolar corre-
lations extends to length scales of at least 80 nm, consider-
ably larger than the mean iron-particle size of D=12 nm.
We have derived expressions for the spin-dependent nuclear
and magnetic small-angle neutron scattering cross section
d3/dQ) of a multicomponent and multiphase nanocrystalline
ferromagnet. The cross section d2/d() contains anisotropic
magnetic contributions proportional to sin? §, cos® 4, and
sin € cos #, which are a direct manifestation of the dipolar
character of magnetic neutron scattering. In particular, the
experimentally observed clover-leaf-shaped anisotropy can
be explained by terms m,m, sin 6 cos ¢, which yield maxi-
mum intensity at angles §==45° relative to H. As a conse-
quence of the fact that within the magnetic-field regime stud-
ied (30—1500 mT) the transversal spin component m, is
much smaller than the longitudinal component m_, the differ-
ence in the SANS intensities with the neutron-spin flipper on
and off, I~—I*, exhibits a dominating sin? # anisotropy. It is
expected that dipole-field-induced spin disorder has no sig-
nificant influence on the high-field susceptibility.

In contrast to our previous SANS work on single-phase
and single-component nanocrystalline ferromagnets,® con-

tributions ]\2)1\2 . sin fcos 6 to d2.,,/dQ) are found to domi-
nate the scattering (at intermediate field values) in the
present study on the composite material Nanoperm. For ho-
mogeneous elemental ferromagnets such as nanoscaled Ni or
Co, d>,;/dQ) can be computed in the approach-to-saturation
regime using the continuum theory of micromagnetics.'?3-12
Note that due to the nonlinear nature of the underlying par-
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tial integrodifferential equations of micromagnetics, certain
approximations, such as small misalignment of magnetic
moments, are generally inevitable in order to arrive at
closed-form expressions. As we have outlined in Refs. 56,
59, and 60, when the micromagnetic approach is followed,
one is able to determine the volume-averaged magnetic in-
teraction parameters of a nanocrystalline ferromagnet such as
the exchange-stiffness constant, magnetic anisotropy field,
magnetostatic stray field (due to V-M #0), and it even be-
comes possible to compare micromagnetic predictions for
the exchange length of the magnetic field with experimental
SANS data. However, the straightforward analytical calcula-
tion of magnetization profiles (and ensuing dX,,/dQ}) in in-
homogeneous nanocomposites entails, even close to satura-
tion, great mathematical difficulties,'”® since additional
boundary conditions at the interface between particles and
matrix have to be taken into account.

As a final comment we would like to note that the clover-
leaf-shaped angular anisotropy might be overlooked in ex-
periments if one measures the scattering cross section only at
saturation and at zero applied magnetic field, which corre-
sponds to the situation where the vast majority of magnetic
SANS studies have been performed to date. Measurements at
intermediate field values are therefore necessary, and the
subtraction of the sin? @ scattering at saturation is helpful, in
order to reveal the clover-leaf-shaped anisotropy.
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