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Analysis of the small-angle neutron scattering of nanocrystalline ferromagnets
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In ferromagnets with a nonuniform magnetocrystalline and/or magnetoelastic anisotropy, such as nanocrys-
talline (nc-) or cold-worked(cw-) polycrystalline materials, the static magnetic microstructure gives rise to
strong elastic magnetic small-angle neutron scattef8QNS). The paper explores a method for analyzing
field-dependent SANS data from such materials in terms of a model based on the theory of micromagnetics.
Samples of cw Ni and of electrodeposited nc Ni and nc Co were characterized by x-ray scattering and
magnetometry, and were investigated by SANS both with and without polarization of the neutron beam. The
variation of the differential scattering cross section with the scattering vector and with the applied magnetic
field is well described by the model. Also, experimental results for the exchange stiffness cénatahfor
the spin-wave stiffness constabtobtained from the analysis are found to agree with literature data obtained
by inelastic neutron scattering on single-crystal specimens. The model supplies an “anisotropy field scattering
function” that contains information on the magnitude of the magnetic anisotropy in the material, and on the
characteristic length scales on which the anisotropy changes direction. The results suggest that the anisotropy
may be strongly nonuniform in each crystallite, possibly due to twinning, and that some magnetic moments in
the Ni samples are strongly pinned at defects.
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[. INTRODUCTION grain size. Instead, the magnetization probes an effective av-
erage of the anisotropy in many neighboring grains the mag-
The favorable magnetic properties of nanocrystalline ferhitude of which drops steeply with decreasing siz@bvi-
romagnets have led to a number of applications both as ha@usly, it is of interest to have at ones disposal the techniques
and as soft magnetic materials. Essentially, the reduction dP' measuring the relevant length scales, or the quantities
the grain sized to the nanometer scale influences the mag{hat determine them, in nanocrystalline ferromagnets.
netic properties by introducing random jumps in the orienta- | N€ grain size is routinely measured, e.g., by diffraction

tion of the magnetic “easy axes” on the scale of nanometersO" transmission electron microscopy, but the length scale of

It has been shown that the effect of the reduced grain size o:rﬁée;r?g‘fgt;ﬂLéhgemggneté%ggogirﬁfihgogilig%pne%; tt%ebzri
the magnetic properties depends critically on the magnitude 9

S ; X isotropy. Since lattice defects and strain fields will also in-
of the grain size relative to a magnetic exchange lergth fluence this quantity, the grain size may not always be an

= VA/K with A the ferromagnetic exchange-stifiness con-agequate parameter to describe the relation between the mi-
stant anck an anisotropy energy coefficient. Nanocrystalline crostructure and the magnetic properties. While the anisot-
hard magnets havg <d with the magnetization locked into ropy energy coefficients are known for single crystals and
the easy axes of each grain and an enhanced remanence dygnmary information on the magnetic anisotropy can be ob-
to gradients in the orientation of the magnetization at grainained by analysis of the approach to saturation in a magne-
boundaries:? By contrast, nanocrystalline soft magnets havetization isothernf, there are no known techniques for char-
Ik>d; in this case the magnetization cannot follow theacterizing the microstructure of the anisotropy field in dense
changes in the orientation of the easy axes on the scale of tmanocrystalline materials.
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Similarly, few data are available for the ferromagnetic The nanocrystalline samples under investigation are el-
exchange-stiffness constant in nanocrystalline solids, and, iamental Ni and Co of high purity and mass density prepared
particular, there are no measurements Afin single- by pulsed electrodepositidfi:>> Compared to the previously
component nanocrystalline ferromagnets, which constitutétudied elemental nanocrystalline materials prepared by
simple model systems for ferromagnetism in nanocrystallindnert-gas condensatidh'and to multiphase nanocrystalline
materials A is defined so that the exchange energy density iféfromagnets crystallized from the gldsur samples have
gradients of the magnetizationA¢Vv|2 with v a unit vector much smaller nuplear scattering contrast from pores or sec-
in the direction of the magnetizatiofsee Ref. 5 and Sec. ©Nd phases, or, in other words, a considerably more favor-
16.1 in Ref. 6: besides determinint, A is an important able ratio of(magneti¢ scattering signal tgnucleaj back-
material parameter in the theory of micromagnetics, a cond"ound. _ _ _ .
tinuum approach that deals with the variation of the direction The Paper is organized as follows: Section Il discusses the
of the magnetization as a function of position and tifle. (he€ory of magnetic SANS of nanocrystalline ferromagnets;
Among the phenomena that are described by micromagnetid8 the interest of a self—cc_)ntalned presentation, Secs. Il A and
are domain wall€, spin waves, the effect of lattice defects /B summarize, respectively, the relevant elements of the
on the approach to saturatidnhe so-called “magnetization well-known formallsms of micromagnetics and of magnetic
ripple” in thin films,'*'! and the magnetic properties of SANS. Section IIC shows how the results are combme_d to
amorphous ferromagnetMore recently, several analytical der_lve the expressions for t.he field dependence of the dlffgr—
and numeric treatments of the magnetic microstructure angntlgl scattering cross section that are the f_ocus of attention
of macroscopic magnetic properties of nanocrystalline har@' this paper. For conciseness, we summarize only the deri-
and soft magnets, based on the micromagnetics theory, hay&tion for isotropic materials in the main text; the Appendix
been proposedf4 presents the generalization to anisotropic microstructures and

Small-angle neutron scatterinGANS) experiments can shows that the ef_fects of texture on the results are sr_nall.
supply information on the magnetic microstructure in theF|_naIIy, Sec.. [ID discusses how the theory can be combmgd
bulk of nanocrystalline materials with a resolution that cov-With experimental data to measure the ferromagnetic
ers length scales in the nanometer regime. Several SAN&Xchange-stiffiness  constant and the anisotropy field-
studies have investigated ferromagnetic nanoparticles isgcattering function introduced in Sec. IIC. This requires
lated by a nonmagnetic matrix where the magnetic interacSéParating. SANS by the magnetic microstructure from
tion between neighboring particles is weak or negligifié” SANS due to_vanatlon in the atom|c_ density or to §ec0nd
By contrast, adjacent grains in bulk nanocrystalline ferro-Phases; we discuss how the separation can be achieved, al-
magnets, that are the subject of the present work, are strongf§atively, by analysis of the dependence of SANS on the
coupled via the exchange interaction at grain boundariedn@gnetic field using nonpolarized neutrons, or by varying
indeed, SANS data indicate that the local orientation of thdN€ polarization of the incident neutron beam at constant
magnetization can be correlated over many neighboriné‘eld' Section 1l describes the experiment and data reduc-

grains’®1® This is well supported by micromagnetics ion, followed by the presentation of the results for the

theory® and suggests that micromagnetics and magneti@‘_‘dear microstructure :_;lnd for the magnetic propertie; by
SANS theory may be combined to provide a quantitativeW'de'angle X-ray scatterlng and magngtometry, respectively,
analysis of experimental SANS data. In the past, this ap@nd Of the SANS data in Sec. IV. Sections V and VI present
proach has been applied successfully to the study of colgdiScussion and conclusions, respectively.

worked ferromagnetic single crystals, where it provided in-

formation on the dislocation arrangeméhtHowever, for Il. THEORY

lack of a more adequate theory, SANS data of bulk nano-
crystalline ferromagnets were generally analyzed in terms of
scattering by sets of hard spheres with a distribution of We intend to model the static magnetic microstructure,
sizes!®19?1a model adopted from nuclear scattering withoutthat is, the spatial variation of the orientation of the magne-
rigorous examination of its applicability to magnetic scatter-tization vector at equilibrium, in dense, single-phase materi-
ing by nanocrystalline ferromagnets. Recently, quite generadls with a highly nonuniform magnetocrystalline and/or mag-
results for the dependency of the differential scattering crosgaetoelastic anisotropy; examples for such materials are
section of ferromagnets with a nonuniform magnetic anisothanocrystalline or cold-worked single crystalline or poly-
ropy on the magnetic field and on the scattering vector haverystalline materials. With this in mind, we consider a mate-
been derived from the theory of micromagnefitdt was  rial with uniform values of the atomic density,, atomic
suggested that analyzing experimental SANS data of nandgnagnetic momenju,, and exchange-stiffness constait
crystalline ferromagnets in terms of the theory may providebut with a nonuniform magnetic anisotropy. More precisely,
quantitative information orti) the magnetic microstructure, we allow the anisotropy energy densiyo depend not only

(i) the exchange stiffness constant afit) the magnitude on the magnetizatiol (x) but also explicitly on the position
and microstructure of the magnetic anisotropy. The purposg. An anisotropy field(or perturbing fieldd Hp is defined as

of the present work is to check the theory against experimerthe derivative ofa with respect to the orientation of the mag-
tal data and to explore how far meaningful information cannetization. In Sl units, withv a unit vector alongM, v

be obtained. Preliminary results of this study have been com=M/Mg where Mg denotes the saturation magnetization
municated in Ref. 23. Mgs=pata,

A. Micromagnetics
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1 (9 a (a) ‘.'-o, "“’ ------ ».8

HP_ ,lLoMS ﬁV ) (1) y * \!‘l
By definition, the vectoHp is normal toM and acts as a -
torque onM; like a, Hp varies as a function of and ofM. scattered 7 \
Below, we shall introduce the restrictive assumption that the neutron
material be nearly saturated, so that the magnetization is detector
nearly aligned with the direction of the applied magnetic sample
field and only small variations d¥l about this direction are =
of interest. It is then permitted to neglect the dependency of —/ H, , (M)
Hp on M, and retain onlyHp=Hp(X), with the understand-
ing thatHp be computed foM parallel to the applied mag- Aﬁdem neutron k,

netic field. The grain size, crystallographic texture, and strain
in the material enter our theory exclusively through the mag-
nitude and spatial structure ¢i, near saturation, that is,
through the “anisotropy field microstructure.” For instance,
in an idealized nanocrystalline material, each grain has its
individual, uniform magnitude and orientation fs .

At static equilibrium, the torques on the magnetization
due to(i) the exchange interactiofij) the magnetic fielH,
andlz(siii) the anisotropy field must be balanced; this requires
tha

(b)

2A
MoMé

{VZM,V2My , V2M}+H(X) +Hp(x) | X M(x)=0.
2

The magnetic field is the sum of the applied field, and
of the demagnetizing fielty, which can be separated into
two components: the field$, which arises from the discon-
tinuity of M at the macroscopic sample surface, and the field
HB(x), which arises from the divergence ®(x) in the
bulk. Hy varies slowly with position in the material and is
approximated by the uniform fieldli= —Ny(M), with the
demagnetizing factaly dependent on the sample geometry.
(M) denotes the macroscopic magnetization. Because of the FIG. 1. Illustration of the scattering geomet(s) and of the
uniformity of Mg and A, M is continuous at grain bound- anglesd, ¢, anda [(b) and(c)]. The Fourier coefficients andm of
aries, thereforedj is exclusively from the macroscopic ex- the anisotropy field and of the reduced magnetization, respectively,
ternal surface of the material, and is entirely unrelated to th@re confined to the plane normal to the mean magnetizetiorand
size or shape of grains in the nanocrystalline material. the scattering vectay is normal to the incident neutron wave vec-

In the limit where the angle of misalignment of the mag-tr, Ko. The symbolss,, &, e, denote the unit vectors along the
netic moments relative t¢M) is small, Eq.(2) can be coordinate axes.
linearized by neglecting terms that are of second order in
Mp(x), the component of the magnetization perpendicular toncludes amorphous ferromagnets with random anisotropy
the macroscopic magnetizatiod;p(x) =M (x) —(M). Ithas  (ignoringHY),*? thin films?8and cubic single crystals with
been shown?’ that, with the anisotropy field and the mag- Hp(x) due to magnetostriction, for instance, in the strain
netization expressed in terms of their Fourier transforms, field of a dislocatiorf. For an arbitrary dependency B> on

x, the solution in the limit of small misalignment‘fs

» e, (M)

Hp<x>=<2w>*3’2”f h(@ex—igoda, (3
- _ @ Ms g x[h(a)xq,]
M) = M Si?0 T Hag 02(Hagt MeSIZd)

. (5
Moo=z 22| [ [~ majexs-igoda,

(4) The vectorq, denotes the component gfthat is normal to
the applied fieldH,, and ¥ is the angle betweeg andH,,

the linearized equation can be solved independently for eackee Fig. 1H . denotes aeffective magnetic fieJdlefined by
wave vectorq. Analytical solutions to Eq(2) have been

considered in various contexts, generally assuming specific ) 5
functional dependencies afor of H on M and onx; this Her(a,H;) =H;[1+I5(H)g]. (6)
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H.x depends on the magnitude of thrternal fieldH;=H, a3 == 1 _
+H§ and on theexchange length of the internal field J* qa (D= VZ exiiq(X;—X1)1Pmag;Pmag)
. il
defined by _
><[Qj,xQI,x‘l'Qj,yQI,yI|ez'(Qj><QI)]’

I _( 2A )1/2 (9)

—_— 7

HoMsH; @) whereb,,,c andb,,5denote the atomic nuclear and magnetic
scattering lengths, respectively, an@ represents the
Halpern-Johnson vector, which is related to a unit veetior

. o ; ; the direction ofg and to the atomic magnetic mom b
effective magnetic field is to suppress the fluctuations of th‘?he vector funf([:qtiorQ—s(s sl )_ﬂg/,u 34,35 T?:g SEJ/
- " Ma a a a- -

magnetization. E q2u atiof6) may, alternatively, be exprgssed perscripts tod>/d() denote the spin states of the incident
asHe=H;+Mdyq°, wherel,, denotes the magnetostatic ex- and of the scattered neutron, e.dS "~ /dQ (dS*+/dQ)
change lengthly=2A/(1oM9); it is then readily seen rejates to “spin-flip” (“spin-non-flip”) scattering with the
that Her approximates the internal field at smellwhereas  jncident and scattered spin in theand — (+ and +) direc-
He at highq is dominated by the terMdl3,0%, which is  tions, respectively, relative to the unit vecr The latter is
related to the exchange interaction and the stray field, but igarallel to the magnetic field and defines the direction of
independent of the applied field. Increasing the applied magquantization of the neutron spin.
netic field will therefore result in a relatively larger increase  Equations(8) and(9) account for scattering due to varia-
of Hey at smallerq, thereby suppressing selectively thosetions in the atomic density and composition and to variations
fluctuations of the magnetization with the longest wave-in the magnitude and orientation of the magnetic moment.
length. As a consequence, the dominant wavelength of theur discussion of micromagnetics in Sec. Il A assumes an
magnetic fluctuations will evolve to ever smaller values asdeal material with uniform density and composition; the
the magnetic field is increased. scattering cross section would then be exclusively due to the
It is also instructive to consider E@) in the limit Heg  variation in the spin orientation. However, in real samples
>Msg, wherem(q)~h(q)/H¢. Because of the convolution the atomic density and the magnitude of the moment will not
theorem, the product in reciprocal space corresponds in re@le perfectly uniform, for instance, due to missing atoms and
space to the convolution with the Fourier transform ofmissing moments in pores. We assume such nuclear defects
1M, which is a decaying exponential with a characteristicto be uncorrelated to the variations of the anisotropy field
lengthly, . In other words, the magnetic microstructure is thethat gives rise to the magnetic microstructure discussed
convolution of the anisotropy field microstructure with an above and to the magnetic scattering that is of interest here;
exponential response function with a characteristic lehgth there is then no interference between the respective scatter-
that varies as the reciprocal root of the internal field. At smalling amplitudes, and the combined nuclear and magnetic “re-
applied magnetic fieldg; may be larger than the grain size; sidual” scattering cross sectia® z/d() due to the nonuni-
in this case the anisotropy fields of the individual grains in aform density and composition is additive to the scattering
nanocrystalline ferromagnet are decorated by static fluctuaeross section of the spin misalignmet¥ , /d(}. In order to
tions of the magnetization that extend over several neighborseparate the two contributions formally, we decompose the
ing grains, so that the individual fluctuations can stronglyvectors u, ; into the value for the perfectly aligned state,
overlap. Maj= 1aj€ and the difference vecto p, ;= paj— Haj -

The vectorsQ; are decomposed analogous=¢(c-e,)

B. Small-angle neutron scattering —e, and Q]-:Q+ AQj, and the latter expression is substi-
ited into Eqs.(8) and (9). Attention is restricted to small

By inspection of Eq(5) it is seen that the effect of the

Magnetic neutron scattering is the subject of severajyicaignment of the moments and to situations where the

monographs, for instance, Refs. 29-32. Our discussion ean magnetization is along the direction of quantizagign
magnetic SANS, both with and without polarization of the . Ap -gare then normal tgcez and their meaqn value van-
] aj

|nC|den_t beam, is base(_j on the results in Ref. 33. For elas.“l%hes. SinceQ is a linear vector function ofe, the mean
scattering, and neglegtmg spm-dep_endent nuclea_r scatterm\galue of AQ will also vanish. When there is no interference
the differential scattering cross sections at scattering vegctor between the spin misalignment and variation of the nuclear

due to atoms at positions, obey(see also Sec. 2.3.3 in Ref. density then the contributions of terms containibg;

32 Brmagl AQ OF Drnagj Bmagy QAQ to the sums in Eqg8) and
(9) will cancel. The remaining terms can be grouped into the
dx =~ 1 _ two additive scattering cross sectiond%g/dQ} and
qq (= V% exiigx—x))] d3\ /dQ, the first containing only termby,. and by,
and the second only ternig,, AQ. In displaying the results
X (BnycjBnuc) = PrucjPmag) Q1 2 we also combine terms with and without spin flip, e.g.,
dX*/dQ=d3**/dQ+d3*"/dQ, to account for the fact
*BruciPmag; Q) 2 PmagiBmag) Qj,2Q1.2) that the SANS instrumentation that is of interest to the
(8) present work has no polarization analysis:
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d2z 1 terms of the Fourier transform of the magnetizati@ng.,
d_Q(q) = VE exdiqx;—x)] Ref. 30, but it expresses the scattering cross section in terms
I of the Fourier transform o instead ofM.

A2 ~
X [bnuc,j bnuc,l + bmag,j bmag]|Q| * I:)nuc,j bmagJQz ) )
C. SANS by the magnetic microstructure

= Bruc)Pma 'Qz], (10 . . ) . )
1 magy We shall now investigate scattering by a magnetic micro-
g 1 structure that satisfies E¢5). In doing so, we restrict our
Mo = ; _ attention to scattering geometries with the incident neutron
= exd 19(X; —X;) IPmagib AQ.-A
ao (9 V% FL1A0 =) Jomag Pmag L(AQ;- AQ) beam normal to the direction of the applied figidore pre-

. cisely, normal to(M)). We use Cartesian coordinates with
+ie (AQXAQ)]. 1y (M) along the unit vectoe, and with the incident neutron

In the simplest case, each of the scattering lengthsand ~ Peam alongs, (see Fig. 1 the anisotropy field and, conse-
bmag has identical values at all sites. It is then readily seerfluently, its Fourier components, are then in the plane con-
that Eq.(10) reduces to the well-known expression for scat-{@ining & ande,, and the scattering vector is in the plane
tering by magnetically aligned systems, such as saturategPntaininge, ande; :

ferromagnetic particles in a nonmagnetic mafrix:
h=h{cosy,siny,0}, q=q{0,sin9,cosd},

d3r 1., _ , , .
g (0= (bue™ 2bnuddmagsin® 9 + by g sin? ) which defines the angle. _
Straightforward algebra shows that, when E4).is sub-
stituted form(q) in Eq. (14) for the scattering cross section,
X% exdiq(x;—x)]. (12 the result can be written as
It can be seen that the interference between nuclear and d>y _
magnetic scattering gives rise to a dependency of the residual dQ (@H)=Su(@R(y. 9.0.H), (19
scattering cross section on the polarization of the incident
beam. In spite of the absence of interference between nuclear 83 . h2(q)
and magnetic scattering, EQL1) for the spin misalignment Sy(a)= v PmaPayz (16)
scattering also has a polarization-dependent term, involving S
the cross produc®;x Q. This term depends on the angle )
included by the pair of sping | and, unless the spins take a s
helical structure with a preferred direction of rotation, it will R(#.9.0.Hi)= mcosz 4
take either sign with equal probability, independent of the et
interatomic distance. Therefore, the cross product does not M3 )
generally contribute to the sum in E¢L1), and the spin- + [Hor(q.H,) - MoSin? 972 Sin? ¢ cos’ 9.
misalignment scattering will be independent of the polariza- et S
tion. By omitting the term®; < Q, we can write Eq(11) in (17
a form that is more suitable for combination with the results
in Sec. Il A: Equations (15—(17) imply that dX,,/dQ can be ex-
pressed as the product of anisotropy-field scattering func-
dXy 1 ] 2 tion S4(q), that depends only on the microstructure of the
E(Q)Z v E,: BrmagjAQj expliax;)| . (13 anisotropy field, but not on the applied magnetic field, and of

a dimensionlesmicromagnetics response function for SANS
For small-angle scattering the discreteness of the atomi®(#,¥,q,H;), that depends on the applied field and on the
structure of matter is of no importance, so that the sum in Egscattering vector, but not on the geometry of the microstruc-
(13) can, quite analogously to the usual procedure in nucleafure.
small-angle scattering, be replaced by an integral based on It is seen that the differential scattering cross section de-
the continuous function, AQ(x)=¢[e-Mp(x)/Mg]  pends not only on thenagnitudeof the Fourier components
—Mp(x)/Mg. By comparing with Eq(4) it is seen that the h(q) of the anisotropy field, but als@hrough the angle))
magnetic scattering cross section can then be expressed agn their orientation Therefore, the variation ofl%.,/d{}

with H andg may depend on the crystallographic texture and

a3y w3 5 2 ) on other forms of anisotropy of the sample properties. For
E(Q): Tbmadoa| p(a)*, (14 simplicity, we shall here consider the isotropic case, where
h(q) take on all anglegs with equal probability. In the Ap-
where p(g)=¢[e-m(q)]—m(q) and Ip(q)|? pendix, we examine the more general case of an arbitrary

=|m(q)|?sir’ a, with « the angle included byn andq (see  texture in the orientation of the anisotropy field, and show
Fig. 1. Equation(14) is similar to previous results for the that the texture has only small effects on the results for the
cross section for spin-only magnetic neutron scattering irscattering cross section.
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In the isotropic case, the response function may be aver g 2 5 3
aged over all the orientationg (for detail, see the Appen- __ ] ] o] s ¢
dix), that is, s H §
= 31 3 4
ds S, 3, 3
do (q!Hi):SH(q)RiSO(ﬁvqui)! (18) % 21
1 (= (a) (b)
Riso(ﬁ!Q!Hi):ZJ’iWR(djvﬁrqui)dw 5 00 é 1'0 15
A [10™ J/m]
M2 cos 9 _ _ _ . :
= o2 5 (19 _FIG. 2. (a) Experimental differential scattering cross section
eff 1+ H—S’sin2 19) d2/dQ for nc Ni at T=5K, q=qg;=0.10nm’%, and at different
eff

magnetic fieldH;, versus response functicﬁ(qi ,H;). Values of

In the limit Ho>Ms, Eq. (19) suggests thatlS, /dQec1 H; (in mT, and in order of decreasiri®): 110, 240, 490, 990, 1990,
+co2 . and independent of the value B, the ratior of 3990. The different symbols refer to computationFofvith differ-

! H . — 12
the scattering cross section normal to the applied magneti@t values for the exchange-stifiness constant:6.2x10" *J/m

—12 —12 . H
field over the scattering cross section parallel to the field ha ) 9.2¢10°**J/m (@), 12.2<10 . J”T‘ (D).’ t.he .dashed I'ne.s are
the value%. guides to the eye. The best straight-line(§iblid line) is obtained

_ —12 . ; & ;
The finding of enhanced scattering in the direction paral-forA 9.2x10 *“J/m; the values of the anisotropy fle_ld scattering

lel to the magnetization contrasts with scattering by isolatedunctionS and of the residual scattering cross-sectiaik/d(2 at
ferromagnetic particles in a matrix, where the magnetic scatd= ¢z are given by the slope and the intercept of the line, respec-
tering cross section is enhanced in the direction normal to thive!Y; () Reduced mean-square deviation between experiment and
magnetization, according to the well-known variation 't X“/v. versus exchange-stiffness constantfor nc Ni at T
d3/dQecsin? 9.2 In the latter case, the scattering contrast is > <

due a jump in thenagnitudeof M at the interface between

magnetic particle and nonmagnetic matrix, in other words, tqror given values ofA and Mg the response functioR is

a discontinuity of the component of the magnetizatfi@r-  known and the only unknowns in E€R2) are the functions
allel to the field. By contrast, the scattering of interest in the —

present work is due to the nonunifororientation of the d2r/dQ and S,. SI!’]CG the eq“‘f"“o” IS Im_ear R, the
magnetic momentéat constant magnitude ofl). The spin values of these functions at any given experimeqte&n be

misalignment gives rise to fluctuations in the component ofl€términed by a straight-line fit in a plot of the experimental
M which isnormalto the field® The elastic scattering due to total scattering cross-sectidmeasured at several magnetic
the static spin misalignment is similar to inelastic scatteringfields) versusR(q,H;) at that particular value of;; this is
by spin-waves in so far as the spin-wave scattering also folilustrated in Fig. Za). The data in the figure is for nc Ni at
lows the (1+cog 9) law (see p. 53 in Ref. 36 T=5K, q=0.10nm?, and is typical of our experimental
By averaging Egs(18) and (19) over the angled, one  results, details of which will be given below. It is empha-
obtains the azimuthal average of the scattering cross sectiagized that no underlying model is required for the functional
on a two-dimensional detector. Wh&p is independent oft  dependence oSy on g. Instead, the value 0§, at each
then the result is experimentaly is measured independently by the fit.
When the exchange-stiffness constant in the expression
Su _ for Hy is treated as an adjustable parameter, then the fit can
<0 (@H)=S(@R(a,H), (200 also provide information o\, as illustrated in the figure:

when R is computed with an arbitrary value o, then

Mé 1 dgld() depends nonlinearly OR, contrary to Eq(22). The
anz, 2+ Ms)llz : (21)  “true” value of A is identified as that value for which the
e

R(q,H;)=

o curvature vanishes. In the present work, a single valua of
eff

was used to fit simultaneously the entire data set, aj afid
H;, by Eq.(22) (one straight-line fit at eact)). The experi-
D. Measurement ofA and of Sy mental value ofA was determined as that value that mini-

Based on the assumption that, near saturation, the residuy~<> the We|ght¢d mean-square deviagdretween experi-
ment and the simultaneous fit to all the data, with the

and spin-misalignment scattering cross-sections are additivvt\e/eighting factors given, as usual, by the experimental uncer-
and using the fact tha2/d(2 is field independent near tainty of the individual data points. As a measure of the
saturation, we have

uncertainty of the experimental value fé& we quote the
— bootstrap standard deviation, that is, the standard deviation
of the set of results foA that is obtained by analysis of many
samples with the same size as the actual data set, drawn

d¥ - dsg _
15 (AH)= 5o (@+Sy@R@H). @2

214414-6



ANALYSIS OF THE SMALL-ANGLE NEUTRON . .. PHYSICAL REVIEW B63 214414

randomly from the data and allowing for multiple occurrence lll. EXPERIMENT AND DATA REDUCTION

of individual data in the samplésee Ref. 37 for details We i tiqated talline Ni and C |
It is noted thatA is more generally computed from experi- € investigated nanocrystafline NI and L0 samples pre-

mental values for a closely related quantity that governs th@2réd by pulsed electrodeposititsee details in Refs. 24 and
dynamicsof the spin system, the spin-wave stiffness constant>): e samples are sheets with a thickness of 100380
D. The most direct method for measuribginelasticneutron ~ Measurement by the Archimedes method indicated a mass
scattering, requires energy-resolved data from triple axes dfensity of (100.6:0.2)% of the literature value for the
time-of-flight instruments. Standard experimental SANS in-coarse-grained materials, suggesting low porosity and,
strumentation measures an energy-integrated differentidience, small residual scattering cross section. Hot extraction
scattering cross-section and is therefore unable to discrimen the nc Ni sample yielded light elements impurities of
nate between the elastic and the inelastic scattering. Howd.014 at. % hydrogen, 0.017 at. % nitrogen, and 0.0045 at. %
ever, inelastidmagnon scattering is restricted to scattering oxygen. Nanocrystalline Ni prepared under identical condi-
angles below a critical anglé;, and measurement @ at  tions contains typically 0.1-0.3 at.% S and 0.1-0.2 at. %
H=0 provides an alternative way of measuridgoased on C** As a reference material for the determination of the
SANS date&® in particular using polarized neutrofisIn  exchange-stiffness constant we used a polycrystalline Ni-
nanocrystalline materials the accuracy of this method may bgheet(purity: 99.99% cold-rolled from 1 to 0.25 mm thick-
compromised by the strong elastic magnetic SANS backness.
ground. In studies of the static magnetic microstructure one X-ray scattering was recorded in Bragg-Brentano geom-
is interested in measuring the purely elastic magnetic SAN@try with Mo K a4, radiation and a $ii) solid state detec-
signal. In spite of the lack of energy resolution, this can beor, The magnetization isotherms were measured in a super-
achieved by making use of the known fact tliatdepends  conducting quantum interference  device(SQUID)
on the applied magnetic fiefand that spin-wave scattering magnetometer. Rectangular rods typically % mn? were
is entirely suppressed at sufficiently high fiefdsFor the  cut from the samples and mounted with the long axes paral-
spin-wave dispersion relatiohw=Dq’+guguoH, where el to the magnetic field. Both for the magnetization results
hw denotes the spin-wave energy, it can be shown that thgnd for the SANS data analysis, the magnetic field was cor-
requirements of conservation of momentlg=k;+q and  rected for demagnetization, with demagnetization factors es-
energy#2k/(2m) =7%2k/(2m) + %o cannot be satisfied si- timated from the values for spheroids with aspect ratios simi-
multaneously for any scattering vector in the small-angle retar to the samples. A typical value d is 0.01 for the
gime when the field exceeds the critical value SANS samples, and the correction was found important only
at small applied magnetic fields.
. The Co sample for the SANS experiments was prepared
~_ 0 (23 by stacking two disks of 19 mm diameter and a total thick-
4mguougD ness of 160um, whereas the Ni sample was a single, 330-
um-thick sheet of similar lateral dimensions. The cold-

(m, g ko, andk, denote, respectively, the neutron mass thevorked sample consisted of a stack of four cold-rolled strips;
g factor, and the incident and scattered neutron wavé? @n effort to minimize the anisotropy in the plane the strips
vectors.*2 For H=H* the magnetic SANS is entirely elas- Were mounted with the rolling direction rotated successively

tic, as is required for analyzing the data in terms of ourPy 90° about the sample normal. _ _
model. The ambient temperature SANS experiments were carried

. = = ) out at the 30-m SANSNG3J) instrument at the National
The separation 0fiZg/d(} anddXy /dQ can be inde- |ngiitte of Standards and Technology Cold Neutron Re-

pendently verified by experiments with a polarized neutronga,.ch Facilitf’ (NCNR) with a wavelength. =0.6 nm and
beam. Since the spin-misalignment scattering is independegt wavelength spreadAA/A=0.15. The samples were

*

the applied field. Equatiofil2) supplies the well-known re-

; to the incident beam. The field at the sample position was
sult (compare, for instance, Ref. #3 be P

determined by a Hall probe and the lowest field, due to the
remanence of the magnet, was found to be 1.3 mT. All
ds- d3+t 2 SANS measurements were carried out with the sample first
FTO T \—/bnucbmagsmzﬁPR(q). (24)  taken to the maximum flgld and Fhe data then re_corded at
subsequently lower experimental fields. The runs with a non-
polarized beam involved series of measurements with vari-
Pr denotes an interference function of the residual scattereus magnetic fields at each of three different sample-to-
ing, Pr(0) =2, exdiq(x;—x)]. In principle, P may be detector distances, covering tlierange of about 0.02-3
measured by the dependencyd¥/dQ on the polarization, nm™%. The data were corrected in the usual way for absorp-
provided that the nuclear and magnetic scattering-length derion, detector efficiency, and background, and were con-
sities in the defects that give rise to the residual scattering argerted to absolute units with the aid of a porous S#tan-
known. dard. The sample transmission was measured for each field,

214414-7
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TABLE |. Results of Bragg-reflection profile analysis,;; andL,qy, area-weighted mean column lengths
in the respective crystallographic directiaty.,andd,q.me, area- and volume-weighted equivalent mean
sphere diameters of the crystallites.and B, stacking fault and twin fault probability, respectivelyg,
estimated mean distance between fawlfsestimated microstrain.

Ligg Logo darea dyol L fault €

(nm) (nm) (nm) (nm) a B (nm) (%)
nc Ni 11 6 49 =<0.002 0.05 4.3 0.4
nc Co 9.5-3.0 0.1 1.9 <20

but was found to increase only insignificantly, from 0.833 toably smaller than the one for thH@11) direction,L,,; (see
0.844 for the example of Ni, when the field was increasedrable ). This indicates that stacking faults or twin bound-
from 1.3 mT to 1.8 T. aries contribute to the broadening of the reflectihZhe
The experiments with polarized neutrons at NIST used &tacking fault probabilitye was determined by analysis of
supermirror transmission polarizer and a microwave spinthe reflection positiof§ and found to be insignificant.
flipper in the primary beam; the polarization of the scatteredrherefore, the fault-induced broadening is dominated by the
neutrons was not discriminated. These experiments wergontribution from twin boundaries. The mean spacing be-
only carried out at a single sample-detector distance, anflveen grain boundarids and the twin boundary probability
were therefore restricted to tlierange 0.08—0.7 nit. The B was computed based on the experimental values for,

polarization of the incident beanp=|[I"—1"[/(I"+17), L,y and« (see Sec. 13.5 in Ref. #6An area-weighted
was determined by measuring the transmission with a seconflean grain sizébased on an approximation of the grains as
supermirror inserted in the primary beam as the analyiZer; spheres was obtained asl .= 3L,%% and the mean dis-

andl "~ denote the transmitted intensities with the spin-flippertance between twin boundaries was estimated Lgg,

on and off, respectively. The values pfwere found to be =d,,,/3 with d,; the(111) interplanar spacing. While,;,

0.94 and 0.89 for the two spin orientations. and L, are of the order of 10 nm the considerably higher
A SANS experiment with nc Ni at cryogenic temperaturesyalue of 49 nm is found for the “true” grain Siz€lgez. >° ON

was carried out at instrument V4 at the Berlin Neutron Scatthe other hand, the mean distance between twin boundaries is

tering Center, using a nonpolarized beam and a 5-T cryoestimated at only 4.3 nm, so that each grain contains several

magnet with a vertical field. The sample was mounted on &yin boundaries.

6-mm Cd aperture. The experimental procedure was analo- The scattering curve of nc Co, Fig(i8, indicates a hcp

gous to the one at NCNR, with=0.6 nm,AN/A=0.11, and  |attice structure, and the widths of the Bragg reflections are

an estimated remanent field of 1 mT. Care was taken t@een to be even more different than in Ni, with t461) and

correct for the comparatively strong scattering by the en{201) reflections considerably wider than the remaining ones.

trance and exit windows of the cryostate. This is known to indicate a high density of stacking fadfts,
Materials parameters for NiCo in bracketsused in the in agreement with the low stacking-fault energy of Co. A

data analysis areg factor g=2.21(2.21), p,=9.13  yolume-weighted mean grain sizg, (Refs. 47 and 49was

X10%%m™3  (9.05x10°m™%), u,=0.616ug(1.708us),  estimated by analysis of the integral breadth of those reflec-

henceM s= 522 kA/m(1434 kA/m)° tions that are exclusively broadened due to grain size and
strain ((100), (002, (112, (004)), and the stacking fault
IV. EXPERIMENTAL RESULTS probability « was determined by using E(1L3.85 in Ref. 46

in conjunction with mean column lengths estimated from the
integral breadth of th€101) reflection. The grain size is
Planar defects, such as grain- and twin boundaries, arund to be quite small, about 10 nm, but the mean distance
potential sources for discontinuities in the magnetic anisot-
ropy field and it is therefore of interest to characterize the
nature and number of these defects in the nanocrystalline | <" (@) 1 <00 ()
samples. To this end, we analyzed wide-angle x-ray scatterg |
ing data within the theoretical framework established by §
Warren?® Because of strong reflection overlap in Co, the
more rigorous Warren-Averbach analySisould only be ap-
plied to the Ni sample. An approximate analysis based on the <tot>
integral width of the Bragg reflectioflswas applied in the a1 <ot
case of Co. The results are summarized in Table I. J <220~ \<222> ] <1°°]J 12> /
The x-ray scattering curves are displayed in Fig. 3. For : . W ; S
Ni, the (2000 Bragg reflection is found to be wider than ° 20 2930[01 “© 010 2 2930[01 0 %
(112), and consequently the value of the area-weighted mean
column length in the(200 crystallographic direction ob- FIG. 3. X-ray diffraction intensity versus scattering angf@r
tained by the Warren-Averbach analydis,, is consider- nc Ni(a) and nc Co(b).

A. Wide-angle x-ray scattering

nc Ni nc Co

b

<200>

intentisty (arl
intentisty (arb. units)
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FIG. 4. Magnetization isotherms @t=5 and 300 K for nc Ni

(a) and nc Co(b).

between faults, estimated &s,,;=dgo/ @ (with dgyg, the f ! :
basal interplanar spacihghas an even smaller value of 1.9 by the theory in Sec. Il. The strongly field-dependent signal

nm.

Table | also lists values for the microstragnestimated
from the scattering data.

show qualitatively that the samples are magnetically soft.

B. Magnetization

Figure 4 shows magnetization isotherms for nc Ni and na/d() versusq is shifted to largerq as the field is in-
Co. It is seen, that the materials are nearly saturated at asreased. In SANS data the scattering vector at maximum
applied field of aboufugH=0.2T; the small-misalignment curvature often corresponds tom2over a characteristic
limit is therefore expected to be satisfied for this and highetength scale; therefore the observation is consistent with the
fields. Estimates of the coercive field for nc Kic Co in
brackets are ugHc=1.8mT(2.2mT) af=5K and 0.2 mT
(0.2 mT) at T=300K. The coercivity values are of limited tuations of the magnetization, so that the dominant wave-
accuracy due to the hysteresis of the cryomagnet, but thelgngth is progressively reduced.

PHYSICAL REVIEW B63 214414

C. Unpolarized SANS

The experimentatl>/dQ from the unpolarized runs, re-
corded at different combinations of magnetic field and tem-
perature, are displayed in Fig. 5. The scattering cross section
is seen to diminish strongly when the magnetic fields
increased, in the case of nc Ni and nc CoTat295K by
close to three orders of magnitude. Although the samples are

nearly saturated aioH=0.2 T, d%/d(Q) continues to vary as

a function of H throughout the experimentally accessible
range of applied fields, which extends to the much higher
values of 1.8 T for the ambient temperature rund 4nT at
cryogenic temperature. This suggests that the scattering sig-
nal is dominated by the progressive alignment of magnetic
moments in the nearly saturated ferromagnet, as investigated

cannot originate from magnetized particles in a nonmagnetic
matrix (or from nonmagnetic particles or pores in a magnetic
matrix), since the scattering contrast between a particle and
the matrix would remain essentially constant, independent of
H, once the sample was near saturation. It is also seen that
the region of maximum curvature in the log-log plots of

notion (compare Sec. Il Athat increasing the magnetic field
leads to a suppression of the long-wavelength magnetic fluc-

In order to verify the elastic nature of the SANS signal,

High field extrapolations of the low-temperature isothermscomparative measurements with wavelengths0.6 and 1.1
recorded up to a maximum field of 5.5 T, yielded saturationnm were performed on the nc Co sampleTat 295 K. Fig-
mass-magnetizations of 5810 Am?%kg and 160.8)
Am?kg for Ni and Co, respectively, values that are within function of 4 sin(9)/\, where the scattering angle 9.2
1% and 2%, respectively, of the literature vafie$ 58.57

Am?kg for coarse-grained Ni and 163.1 Afikg for coarse-

ure 6 shows that the differential scattering cross section is a

This is not expected for inelastic scattering and confirms the
elastic nature of the scattering signal.

grained hcp Co. This confirms recent results for the satura- As an illustration of the azimuthal anisotropy of the scat-
tion magnetization in electrodeposited nc Co, Ref. 51.

tering pattern on the area detector, Fig. 7, shows the field

10° . 10° , s
a) cwNi ' b) neNi | 10 °* 107 d) ncCo |
10°) T=295K { ;o] T=295K g T=205K
[XR . 10 1°* : . '.
W 104 . ] Teiin
'-Z 10% . 10°] .
« ‘e
QO . » . e,
= M o r e, 'y
¢ 10743 1073 10 - :.‘;_:"
° iy
@ 10! 1011
1 101_ ,
10y 1
10%
10% | 1074 1
(1) 10" . . .
0.02 0.1 04 0.02 o1 0.03 o1 03 002 0.1
q [hm™] q [nm"] q [nm’] q [nm™]

FIG. 5. Experimental differential scattering cross secti&_ddﬂ versus modulus| of the scattering vector for different magnetic fields
and for(a) cw Ni, (b) nc Ni at 295 K,(c) nc Ni at 5 K, and(d) nc Co. Values of the magnetic fiejdyH; [from top to bottom(mT)]: (a)
5, 87, 190, 570, 171Qp) 0.5, 39, 88, 190, 570, 800, 1240, 17%96; 0.5, 40, 110, 240, 490, 990, 1990, 3996} 5, 43, 87, 180, 390, 770,

1140, 1740.
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20000 T play of the polarized scattering data, Fig. 8 below. Two data
nc Co sets, nc Ni alf=5 K and nc Co all =295K, showr<1 in

% T=295K 1 agreement with the theoretical result for spin-misalignment

] scattering see Eq(19)]. The results for cold-worked Ni and

% ] for nc Ni at T=295K haver>1, in disagreement with the

% theory.

1 sr'1]

Figure 8 displays results obtained with polarized neutrons
for the Co sample at ambient temperature. The closed sym-
bols refer to+15° sector averages of the scattering cross
section forg parallel to the applied field, whereas the open
symbols refer to analogous averagesdanormalto the ap-
plied field. Circles and triangles denote the two spins states,
3 butd/dQ) varies very little when the incident neutron spin
s ) . . is flipped, and the difference is not resolved in the figure,
0.02 0.1 03 except at the highest applied field, where the total scattering

4nsin(0)/A [nm’] intensity is small. The difference between the spin up and
spin down values ofdX/d(Q) for q normal to the field,

FIG. 6. Azimuthal average differential scattering cross sectionAd/d(}, is plotted in Fig. 9, for nc Ni and nc Co. It is seen
d>/dQ for nanocrystalline Co aT =295 K measured with wave- that Ad%/dQ is much smaller thand=/d(), and that
lengths of 0.6 nnisolid circleg and 1.14 niropen circley plotted ~ Ad2/d{) is independent oH. As discussed in Sec. II B the
as a function ofy=4 sin(6)/\. The good agreement between the polarization dependence d&./d{) originates from interfer-
two data sets indicates that the scattering is elastic. ence between magnetic and nuclear scattering. Since the

scattering due to spin misalignment varies strongly as a func-
dependence of the ratioof scattering cross section normal tion of H, the finding of a field-independemtd./d{) can
to the applied magnetic field to the cross section parallel tonly be understood if there is no interference between the
the field at scattering vectar= 0.1 nm 1. r was determined nuclear and spin-misalignment scattering amplitudes. There-
as the ratio of=15° sector(9) averages ofix/dQ) in the fore, the result supports the assumption, underlying the dis-
respective directions and at the particular scattering vectoigussion in Secs. |1 B and 11 D, of negligible interference be-
examples for the ful dependence can be found in the dis-tween spin-misalignment scattering and residual scattering,

1000k &
%ii. D. Polarized SANS
%
[ ]
»

dz/dQ [em

..
[ ]
[ ]
[ ]
[]
%
%
O A=1.14nm ‘g
® A=0.60nm -

3.0 T ' . 3.0
a) cw Ni b) nc Ni
.5 E 2.5
25 % T=205K 5 T=5K
2.0 * * 1 2.04
_ 157 1. 157
1.o-E . 1.0
é ‘ii [ & &
)
0.5 . 0.5
0.0 . r T 0.0 , . ; r . . .
0 500 1000 1500 2000 0 1000 2000 3000 4000 FIG. 7. Azimuthal anisotropy of the experi-
POH [mT] IJOH [mT] mental dlﬁerentlgl scgtterlng Cross section versus
internal magnetic fieldH;, evaluated atq
3.0 3.0 =0.1nm % r denotes the value of the scattering
: ' ' ' ‘ cross section fog normal to the field over the
¢yncNi | | dyncCo | one forq parallel to the field.
25 T=295K 25 T=205K ap
2.0 1 2.04
] [ ]
_ 15 L] § 1. 159
1.0 i . 1.04
0.5 . 0.51 {' * * + *
0.0 4 r r . 0.04 . r T
0 500 1000 1500 2000 0 500 1000 1500 2000
H  [mT] H [mT)
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100003~ 1000
uH=6mT uH = 200 mT
10004 ] " FIG. 8. Results of polarized
_ __1004 _ scattering runs for nc Co at ap-
'g 'g 8 N plied magnetic fields qho_H:G, _
g 1004 g g \A\lﬁ‘\ 200, and 1750 mT as indicated in
o e 105 e ! i the figure. The data are15° sec-
S, 10 S, S, tor averages of the differential
scattering cross section parallel
G @] 1 o]
o ; T Z o1 (full symbolg and transverse
2| 9 2 o off, parallel (ppen 'symb.ol)st.o the field' direc-
—0— off, transverse  * tion with spin-flipper off(circles
] 0.1 —-&— on, paralle! i
0.1 and on(triangles. Temperaturel
' ' 0.014 + on, transverse —295K.
0.1 0.8 0.1 0.8 0.1 0.8
q [m’] q [m7) q [nm7]

and it suggests that the interference is related to the smailon in a material with otherwise uniform and aligned mag-
residual scattering cross section from pores or second phasewtization. By contrast, for cw Ni and for nc Ni &k

For nc Ni the values ofAdX/dQ) at the lowest applied =295K the differential scattering cross section is enhanced
field (6 mT) are found to be nearly zero, in other words, in the direction normal to the applied field* 1), up to the
d/dQ is practically independent of the incident polariza- highest field investigated; this suggests tHatdQ is here
tion. This can be attributed to the deviation from the mag-dominated by the scattering contrast from moments that can-
netically nearly aligned state and to the formation of a magnot be aligned even with an applied field of 1.8 T. It is
netic domain structure, which may result in depolarizatfon. known that “exchange anisotropy” due to antiferromagnetic
coupling at metal-oxide interfaces in isolated partitiesd
V. DISCUSSION nanocrystalllne material$ can strongly pin the magnetiza-

tion. However, the total oxygen content in the nanocrystal-

A. Small misalignment criterion line Ni sample was found to be quite 10¢0.0045 at. %,
We have noted that the dependency of the azimuthal avgﬁgeairr%rﬁiﬁe”sla?:g E;?;Legs]gtr:gn(?o\l/gjlt\?v;rlle%nggﬂe(lje Nhla d
erage differential scattering cross section on the applied ma <1 and a much smaller scattering cross-section thanpcw Ni:
netic field and on the scattering vector is in qualitative agreey . tore the findi Fo1 t 1o be due t o
ment with the predictions of the theory for scattering due to eretore he Tinding o appears not to be due to ex

spin misalignment. For nc Ni at=>5 K and for nc Co aif Chinggszii?)?eaetllgaxrir?aetii\?glgfi(I)Qr?étion for the strongly pinned
=295K, the dependence d/d) on the azimuthal angle P P gy’ p

9 is also in agreement with the theory. with the diﬁerentialmomems is that the changes of the local atomic coordination
. 9 : ory, with the and spacing in the core of defects, such as dislocations or
scattering cross section enhanced in the direction parallel tQ . : . . .
the applied field (<1). This supports that the scattering grain bouno_larles, may induce either very _hlgh local val_ues of
) the magnetic anisotropy or even local antiferromagnetic cou-

originates from small fluctuations of the magnetization dlrec—p”ng. A large anisotropy at grain boundaries would have

analogies in the surface anisotropy in isolated nanoparticles.

i ' e i 1o e Because the exchange interaction suppresses discontinuous

10 A 200mT 1004 o 6mT+ . . . . .
=] a momt] — E A 20mT changes in the spin orientation, the local canting of the
§ l § " momT atomic spin at defects would entail extended gradients of the
K %&Q 3 193 1  misalignment in the surrounding matter; such gradients obey
‘e 13 ‘s T Eqg. (2) and will therefore give rise to SANS with a field-
L, L 14 4 s . .
- A dependence similar to that discussed in Sec. Il C.
S A g ] The evolution fromr>1 tor <1 upon cooling nc Ni may
3 0.1 15 %' be understood as a result of the temperature dependence of
g g ] the magnetocrystalline anisotropy, which increases in mag-

0.014 E nitude by a factor of about 20n single crystal between

o y T od 1 295 and 5 K, thereby increasing the spin misalignment
q [nm’] q [nm] throughout the entire sample and enhancing the scattering
from those micromagnetics fluctuations that are considered
FIG. 9. DifferenceAd3,/d(} between the differential scattering in the model.
cross sections with the spin flipper on and off, respectively, mea-
sured in the direction normal to the applied magnetic field. Diagram
on the left, nc Ni; on the right, nc Co. Different symbols refer to
different applied magnetic fields as indicated in the figure. Tem- We shall now assess the model by discussing results for
peratureT =295 K. the exchange stiffness const@nand for the anisotropy field

B. Exchange-stiffness constant
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FIG. 10. Fit(lines to the experimental date®) of Fig. 5 based on Eq22); the lines connect the values dgF“/dQ at the discrete
experimentalj andH; . The data at the lowest applied fields may contain inelastic scattering and are therefore ignored. The values of the
remaining magnetic fields are as in Fig. 5. The open cirdesest curve in each plptrepresent the residual scattering cross sections

dS g /dQ.

scattering functiorS,, obtained by fitting the experimental deviation between experiment and f£(A)/v (wherev re-

dS/dQ obtained with an unpolarized neutron beam by the/€rS 0 the number of degrees of freedé?rgre found to be
supporting the validity of the model.

micromagnetics model, as discussed in Sec. IID. We shafff the order of unity, ortng the T in

examine all four data sets, bearing in mind that a prerequisitd '€ Well-defined minimum iry“/v is illustrated in Fig. 20)

of the model, the small misalignment approximation, is onlyfor the example of ne Ni af =5 K. The values of inferred
satisfied in nc Co af=295K and in nc Ni atT=5K, from the minima. iny’ (A) are dlsplay.ed in Table 1. '
whereas it is, at least locally, violated in nc Ni and cw Niat  The spm-wavezgtlffness constaltis related toA via D
T=295K. Literature data for the spin-wave stiffness con-=2A01s/(para),” and the results fob inferred from our
stantD, which are confirmed by our independent determina-data are also shown in Table Il. Previous measuremerids of
tion (see beloy;, suggest the estimates for the field required®y inelastic neutron scattg:rmg on smgle-czrystal samples
to suppress magnon scatterfiigg. (23], H* =90 mT for Ni  Yielded D:§74i 295@32/;\ . D=433meV A, zand D
andH* =70mT for Co; in order to guarantee that the scat—=4§go meV A for Ni, andD =490+ 20 meV A° for hep
tering is elastic, only data recorded at fieldsH* were con- Co” It is seen that our results are in excellen_t agreement
sidered in the analysis. The fits were also limited to data afith the literature data. The observed increasd ifand D)

<g* = M<H—J(2A) with H the laraest applied ©f n¢ Ni by (21+5) % of the ambient temperature value
%agnetic llfi?ald,s b”éaga(use) Eqt6) aﬁé’(m pred?cts th:tpthe between 295 ah5 K is comparable to a reported increase by

effective fieldHoq will show no significant dependence on 31% in single crystal$? .
the applied magnetic fieltd for g>qg*. By inspection of Compa””g the expenmental_ value Afin nano_crystalhr_]e
o — _ i materials to that of coarse-grained polycrystalline or single-

Egs.(20) and(21) it is seen thad%/d() is then practically  crystal samples is of interest since analyfitaland
independent ofH, with the consequence that no reliable hymerical® models indicate that a local reduction Afat
separation between spin misalignment scattering and residugfternal interfaces can significantly increase the coercivity
scattering is possible fay>q*. _ and reduce the remanence in nanocrystalline ferromagnets

Figures 10a)—10(d) display the experimental>/d() for ~ and in ferromagnetic nanocomposites where the grains are
unpolarized neutron beatompare Fig. btogether with the  separated by an interfacial phase with magnetic properties
best fits by Eq.(22). It is seen that for all specimens and that differ from those of the grains. Our result #in nc Ni
throughout the entire experimental range of magnetic fieldés somewhat smaller than that in cw Ni, but since the differ-
and scattering vectors, the fit reproduces the dependency éfice is comparable to the experimental error the results are
d>/dQ on the scattering vector and on the magnetic field, incompauble with the assumption of a uniform valuefofhat

good agreement with the data. In accordance with that opdnderlies our theory. In other words, we find no conclusive

servation, the minimum values in the reduced mean-squal%v'dence for a local reduction @f at grain boundaries in Ni

and Co.
TABLE II. Ferromagnetic exchange-stiffness constanand
spin-wave stiffness constabtdetermined by analysis of the SANS C. Residual scattering cross section
data. Also shown in Fig. 10 is the residual scattering cross sec-
. . tion determined from the fits to the experimental data. It is
cw Ni nc Ni nc Co . L
seen that the total scattering is significantly above the re-
T (K) 295 5 295 295 sidual scattering even at the highest applied field, suggesting
A (10 *2Jm) 82-0.2 9.2:0.2 7.6:0.3 28+1 that there may be significant spin-misalignment scattering

D (meV A2 40010 45010 370+20 500+20 even in samples that are considered saturated in common
SANS data analysis.
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also yield the anisotropy field-scattering functisn(q). Ex-
cept for a dependency on known materials parametgys,
depends only on the Fourier coefficients of the anisotropy
field Hp(X); because of the formal similarity of the defining
equation forS,, Eq. (16), to the corresponding expressions
for nuclear scattering the established procedures for charac-
terizing the nuclear microstructure from experimental
nuclear SANS cross sections can be used analogously to ob-
tain information onHp(X).

Figure 11 displays the results f&;(q). For cw Ni, Sy
can be approximated by a power lawdrwith an exponent
—1.9in the entirg range. The results for the nanocrystalline
samples have a weaker dependence,oand it can be seen
thatS,, for the nc Ni sample decreases when the temperature

ncNi T= 5K

* .. .
e noNi T=295K is increased. It has been proposed that the volumetric mean
O cwNi T=295K square anisotropy field can be computed from the experi-
© ncCo T=295K mentalS, based on an invariant of the anisotropy field scat-
1 — L tering function??
0.02 0.1 0.3 )
q [nm’] (N N—— j ‘Suode. (29
Pl /V 271_2b2magpf1 0 H .

FIG. 11. Log-log plot of the anisotropy field scattering functions . ) . . )
S.,(q) determined from the fits in Fig. 10. Evaluation of the integral in the restricted interval qfc-

cessible to experimerftompare Fig. 11lyields a partial in-
variant and, thereby, suggests lower bounds for the mean-

— square anisotropy field; the results for this quantity are
for g>0.1nm %, This is unphysical since the trez/dQ)  displayed in Table II.
cannot be smaller than the nuclear incoherent scattering cross For the idealized case of a saturated, texture-free poly-

section. The finding suggests qualitatively tiitg/dQ is  crystal where only magnetocrystalline anisotropy is present,
considerably smaller than the total experimental scatteringhe value of |[Hp|?)y can be computed as follows: at satura-
cross section at the highest applied magnetic field; in othelion, the magnetization is aligned with the applied field
words, the spin-misalignment scattering is dominant at alfhroughout the material, whereas the crystallographic easy
applied fields, and a much higher field would have been necaxes of the individual grains are randomly oriented in space.
essary to suppress the spin-misalignment scattering suffithis means that the magnetization takes on all orientations
ciently for the weak residual scattering to be resolved. It igelative to the crystallographic axes with equal probability.
noted that the difference cross section of the polarized dat&he expectation value fdHp|? in the saturated polycrystal
for nc Co, Fig. 9 above, is also considerably smaller than théan therefore be computed by averagiits|® in a single
total cross section of that sample at the highest applied fielcErystal over all orientations o relative to the crystallo-
Since the difference cross section scales with the residudlraphic axes. In other words, the volumetric mean-square
scattering cross section, compare E24), this result sup- anisotropy field(|Hp|?)y in the polycrystal coincides with
ports qualitatively the conclusion that, fay>0.1nnm?,  the orientation mean square anisotropy figldp|%)q of a

< single-crystal. Table Il display$|Hp|?), computed from
literature data for the dependency of the anisotropy energy
on the crystallographic orientation in single crystals.

It is seen that the experimental bound {di p|?), in all
Ni data sets is larger than the theoretigdd 5| ), . This may
Besides separating the spin-misalignment scattering frorbe understood as a resuili of the contribution of magneto-

residual scattering, the fits to the scattering data by(E®).  elastic anisotropy tdHp on top of the magnetocrystalline

For Co the computeng/dQ is zero within error bars

dXr/dQ in nc Co is small compared to the spin-
misalignment scattering

D. Anisotropy field scattering function

TABLE Ill. Lower bounds for the volumetric root-mean-squaRMS) anisotropy field(|Hp|?)¥?, de-
termined from the partial invariant of the anisotropy field scattering fun@&jg(m). The columns labeled Ni
(crysh and Co(crysb refer to the orientation-averaged RMS magnetocrystalline anisotropy fiejd?) 5?2 in

single crystals of Ni and Co, respectively, and were computed from data in Ref. 6.

cw Ni nc Ni nc Co Ni(crysb Co (crysh
T (K) 295 5 295 295 4.2 296 288
wol|Hp|2¥2 (mT) 43 126 92 101
ol [Hp[2)5Z (mT) 93 4 320
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anisotropy, andii) of the existence, inferred from the azi- 300 T
muthal anisotropy ofiX/d(), of additional scattering from nc Ni
spin canting that decorates pinning centers at defects. In fact,
the agreement is best for nc Ni &5 K, were the magne-
tocrystalline anisotropy is strong and is therefore expected to
contribute dominantly tq|Hp|?)y. A similar enhancement
of the anisotropy constant, relative to the value in the coarse-
grained material, has also been inferred by analysis of the
approach to saturation in nc Fé.

For nc Co at 295 K the experimental lower bound for
{|Hp|?)y is smaller than the theoreticélHp|?), . In fact,
the experimenta,(q) of all samples diminish more slowly
thanq~?, so that the integral in E¢25) shows no sign of

convergence within the experimental intervalgpfimited to 4 r
Omax=0.3nm L. This suggests that important contributions 0.000 0.005 0.010
to the integral are af values higher than 0.3 nm, corre- q2 [nm-z]

sponding to structures smaller than roughlym/8 .

~20nm. This agrees with the finding of the x-ray analysis FIG. 12. Log-linear plot of the lovet part of Sy(q) versusg?
that the grain size of Co is only about 10 nm, and that theGuinier-plot ofS) for nc Ni atT=>5 K (@) and atT=295K (O).
distance between twin boundaries or stacking faults are eveHe solid lines are the straight lines of best fit to the data.
smaller, about 4 and 2 nm in Ni and Co, respectively. In Ni
twin boundaries are 0111) planes, and the easy axes is
along the(111) lattice directions. It is readily verified that
three out of four easy axes are discontinuous at any twin
boundary and that, unless the magnetization is aligned with
the fourth direction(i.e., along the twin boundary normal Despite the lack of rigorous justification for doing so it is
the anisotropy field will also be discontinuous. Therefore, theof interest to compare the predictions of E¢80)—(22) to
large number of twin boundaries in nc Ni leads to nonuni-the experiment at small applied magnetic field where the
formity of the anisotropy field on a scale much smaller thanmean misalignment angle of the magnetization is not small.
the grain size, which cannot be resolvedSif(q) due to the To this end, Fig. 13 displa)_/s the scattering .data for Coin the
finite gy In Co, twin boundaries and stacking faults are oncomplete range of scattering vector and field together with

the basal planes, and the easy axes is along the normal of tfae model. The parameters of the fit are the same as in Fig.

basal planes. Here, the easy axes is continuous at the plar?a(?(d)’ in particular, only data recorded at magnetic fields

defect, so that there will be no long-range inhomogeneity of
the anisotropy field. However, the presence of defects may 100000
lead to localized nonuniformity of the anisotropy in the im-
mediate vicinity of the defect.

'the anisotropy field also exhibits additional structure on a
much smaller scale than 20 nm.

E. Validity of the model at small magnetic field

Straight lines fitted to the lowgpart of the data in a plot — 10000+
of In S, versusqg? (Guinier plod have the slopeg/3 withrg "—G
the radius of gyratiofi° Similar to nuclear scattering, where w_ 10004

re is a measure for the particle size; deduced from the
anisotropy field-scattering function is a measure for the size
of regions in which the anisotropy field is aligned paradfel.

In an idealized nanocrystalline ferromagnet with purely mag-
netocrystalline anisotropy, the radii of gyration of the crys-
tallites and of the anisotropy field will coincide. We could
not evaluater g for nc Co since the Guinier plot does not 11
give a straight line, but for nc Ni the plot, Fig. 12, is approxi-

mately linear and the fits suggeast=20nm atT=5 K and

re=22nm atT=295K. For idealized spherical grains of 0’})_02 01 0.6
diameterd the radius of gyration isg=(2)2d/2, in other q [m’]

words, rg=19 nm would be inferred from the x-ray result

d=49nm, in apparent agreement with the results obtained FIG. 13. Symbols, experimental azimuthal average differential
from S, . Note that when there is a set of objects with ascattering cross sectiotis./dQ for nc Co atT=295K as in Fig.
distribution of sizes, then the experimental is heavily  5(d). Solid lines, fit to the data at magnetic fieldgH; =180 mT, as
weighted towards the largest obje€tsOur result forrg in  in Fig. 10; dashed lines, extrapolation to data recorded at smaller
nc Ni is therefore compatible with our earlier conclusion thatmagnetic fields.

dz/dQ [em
g

104
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woHi=180mT are considered in computing,(q) and isotropy that is nonuniform on a nanometer scale. This in-
d3 /dQ(q). Based on that fit, the figure also displays theClUdeS, in -~ particular, amorphous ferromagnets  with
il random” ®2 anisotropy.
dX/dQ) computed by extrapolation to the smaller internal  The SANS data confirm the prediction of micromagnetics
fields of uoH;=2.3, 46, and 91 mT. It is seen that the ex- theory that near saturation the magnetic microstructure on
trapolated data practically interpolate the experimentdfor the scale of 1 nm to several hundred nm may be described as
>0.06 nm'*, and that there is qualitative agreement at lowefinterpenetrating static fluctuations of the orientation of the
g. This supports the finding from the Ni data at 295 K, thatmagnetic moments about the field direction; as the field is
Egs.(20)—(22) appear to give a good description of the field decreased both the amplitude and the dominant wavelength
dependence of the scattering even when the misalignmef the fluctuations increases. It has been suggested that mag-
angle is not small. netic SANS data from nanocrystalline solids can be analyzed
In the interval 0..kq<0.2nm* the experimental in terms of scattering by noninterfering hard sphéfes.

d3/dQ of nc Co at the lowest applied field is well approxi- This presupposes that the magnetic microstructure is validly
mated by a power law iq with an exponent of-4.7(1). The ~ described by an array of domains with uniform scattering
corresponding values for cw Ni and nc NiBt+295K, and contrast(uniform magnetization with discontinuous jumps
for nc Ni atT=5K are —5.01), —4.91), and—4.9(1), re-  Of the magnetization at the domain boundaries. Such do-
spectively. It is noted that the steepest power law predicted@ins are indeed generally observed in nanocrystalline soft

by the models based on noninterfering hard spheres with B\agnets, but their dimensions are on the scale of microns or
distribution of sizes, used in previous data analysis of mag@POV€;” beyond the resolution of SANS. Our considerations

netic SANS!819%s the well-knowng~# law. Therefore, such Show that the SANS signal arises not from the domain struc-

models do not apply to the present data. By contrast, Eqdure. but from the continuous variation of the spin misalign-
(20) and (21) can readily explain steep power laws for the Ment angle, which defines theternal structure of domains
spin-misalignment scattering: when the magnetocrystalliné@nd which is not adequately described by hard-sphere mod-
anisotropy is dominant theB,(q) has an asymptotiq 4 €IS _ . .
decay at largeg,?2 and by Eqs.(6) and (21) the response Finally, our data are in support of magnetic properties of

function R varies also asymptotically ag 4. Since the scat- elemental _nan_ocrys_talline ferror_nagnets depending not only
tering cross section is the product &, and R, the ©N the grain sized; instead, we infer that other factors be-

asymptotic power law may be as steepgas. _sidesd_can sign_ificantly affgct the magnetic microstructqre,
in particular, twin boundaries and centers of strong anisot-

ropy or of antiferromagnetic coupling, potentially due to
VI. CONCLUSIONS changes in the atomic coordination and interatomic spacing

We have analyzed the field dependent elastic SANS datd the core of grain boundaries or dislocations.
recorded on nanocrystalline and cold-worked polycrystalline
Ni and Co near saturation in terms of a model derived from ACKNOWLEDGMENTS
micromagnetics theory in the limit of small misalignment of
the magnetization. We have found good agreement between This work was supported by the Alexander von
theory and experiment for the samples with the highest mag-umboldt-Foundation(Feodor Lynen program by the
netocrystalline anisotrop§Co at ambient and Ni at low tem- Deutsche  ForschungsgemeinschaftSFB 277  and
peratur¢. For Ni, both nanocrystalline and cold-worked Heisenberg-Programimby the National Science Foundation
polycrystalline, at ambient temperature some spins retain ggreement No. DMR-9423101and the European Com-
finite misalignment to the applied magnetic field even at thenission(TMR Contract No. ERB FMGECT 950060
highest fields available; therefore the requirement for the ap-
plicability of the theory is not str_ict_ly satisfied. However, we APPENDIX: RESPONSE FUNCTION FOR SANS BY
find that for. all samples th_e variation of the az!muthal aver- ANISOTROPIC MICROSTRUCTURES
age scattering cross sections with the scattering vector and
the applied field can be excellently fitted by the theory. The results of Sec. Il C involve the restrictive assumption
Moreover, the results for the ferromagnetic exchange conef an isotropic microstructure, an assumption that naust
stant are in good agreement with the published data detepriori be questioned for the cold-worked and, therefore, tex-
mined by inelastic neutron scattering on single crystals. It isured samples, which are considered as part of the present
concluded that, where the small-misalignment limit can bestudy. In fact, typical samples for magnetic SANS will often
reached, the theoretical predictions are well supported bgxhibit a sheet geometry, for instance, thin films or sheets
experiment. When the misalignment of some spins remaindeposited from vapor or solution or melt-spun ribbons; while
finite, there is no rigorous justification for applying our it may be admissible to approximate the microstructure of
analysis, but the experiment remains, at least qualitatively, isuch samples as isotropic in the plane, an out-of-plane an-
agreement with the theory, suggesting that the linearized sdsotropy must be admitted since the sheet or film normal is
lution to the balance of torque equatipig. (2)] may still  generally a preferred directidigrowth direction or direction
provide a useful approximation. It is emphasized that theof solidification. We shall now computal,,/dQ) of a
analysis is not restricted to nanocrystalline materials, but thatample in which the distribution of the directions of the mag-
it applies quite generally to bulk ferromagnets with an an-netic anisotropy field exhibits preferred orientations. To this
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end, we assume that the Fourier coefficients of the anisot-
ropy field can be expressed @) = =;h;(q) with theh;(q)
originating from individual grains or defects, and consider
only such cases where the directions of the anisotropy fields
of the individual defects are uncorrelated, so that terms
hi(q) - hj(q) with i +# ] take both signs with equal probability.
Consequently, the expectation value for the sum over these
terms vanishes, and

|h(q>|2=$ ()] (A1)

Becausem and p are linear vector functions di and m,
respectively, Eqs(Al) and(5) imply that

0.1 1 10
Im(ef=2 [my(@l?, H,, / M

FIG. 14. The response functicﬁl Eq. (A10), versus the dimen-
sionless parametét /Mg for different values of the texture coef-
ficient %5 as indicated in the figure.

Ip(q)|2=$ ()2,

c

o c

—+ Cosw
2 W= l,2,3;~ 77W(q) l/I

E(q!HI)_ i H,](Q)R('/ﬁ: !q!Hi)l (A ) S(q,lp)—ESH(q)

with Sy ;(0)=872V b} ,,piMg?hj(a)? [compare Eq.
(16)]. Note, that the decomposition of the anisotropy field
Fourier transformh(q) into contributions from individual
“defects” does not require that the corresponding structures . . . . )
in real space be spatially separated; these contributions wiwIth 7u(0) and_ 7a(d) the Fourle_r cosine and sine coeffi-
overlap, for instance, when magnetoelastic anisotropy due to€NtS: respectively, of the functionz(q, 4)/Su(q). For
long-range strain fields from dislocations is considered. gelNstance,
cause perturbations of the spin-structure decay on a length
scalely, the perturbations of the magnetization resulting = (9, )
from the individualh;(q) will quite generally overlap, even ne(q)=2 )
when the anisotropy fields of the microstructural elements o q
are localized as in the case of the magnetocrystalline anisot-
ropy of the individual grains in a polycrystalline or nanocrys- and, in particularz5(q) = 2. In terms ofs(q, ),
talline solid.

For microstructures with a large number of defects in the
total scattering volume the sum in E@\2) can be replaced M 2m
by an integral over the orientation of the defects. This is d_Q(q’Hi):fo s(a.¥)R(¢,9,9,Hi)dy. (A7)
conveniently done in terms of a distribution functisfg, ),
defined so that

: (A5)

+ mp(q)sinwy

coswyr diy (AB)

Substituting the Fourier series, E@AS5), for s(q,) in Eq.

(A7), using Eq.(17) for R, and considering the symmetry of
> Sn.j(a)=s(q,¢) o, (A3) the products of trigonometric functions in the sum, it is
i readily seen that the value of the integral vanishes for all the

) ) ) ) terms except those involving the constant and egsRere-
the sum being over all defects with(q) oriented in the ¢5e

interval [ — Syl2,4+ 64/2]. By definition, the totalS, is
the sum over alB, j, that is,

dEM 1 2m c
om <0 (AH)=Su(a) 5 . (1+ n3(q)cos 2)
su@= | sta.ndu (A2)
XR(#,9,9,H))dy. (A8)
We can therefore express the anisotropys(d, ) by the
Fourier series With R expressed by Eq17) this evaluates to
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d3y 1 M3 1
—a (a,H)= SH(q) 2
dQ HZ, Mg .
1+ —sirt 9
Heff
Ms M3
X 2—(1—2—)sir121f}+—25in419
Heff Heff

Mg M3
1+ 2—) SiPI+ — sin“ﬁ] }
HEff Heff

X
2

Assumingz$ to be a constant, independent@fwe find for

(A9)

the azimuthal average response function, to be used wit

Egs.(20) and(22),

_ 1 M3 1
RQ.H) =702 | 2+ T
of 1+—S>
Hef‘f
75 1
1)
( Heff

PHYSICAL REVIEW B63 214414

In the limit of 75(q)=0, Egs.(A9) and(A10) reduce to the
results for the isotropic case, E449) and (21).

It is readily seen that possible values fgf are in the
interval [—2, 2]: in the limiting case where the anisotropy
field is entirely alonge, (in an experiment with a sheet
sample with the incident beam along the normal of the sheet,
this means that the anisotropy field acts exclusively in the
plane of the shegts(q, )< s(— wl2)+ S(+ wl2), it is
readily verified thaty5=—2. By analogous reasoning it is
found that anisotropy exclusively along the sheet normal re-
sults in »5=+2. Figure 14 dlsplays the funct|oR(q H;)
versus the paramete’reﬁ/M for »5=0 and for the extreme
valuesn5=—2 andn5=2. It can be seen that fdﬂeﬁ~Ms

fifferent values ofn$ lead to response funcuorl%(q,Hi)

that differ, approximately, by a constant factor, whereas the
functional form of the dependency on the applied magnetic
field remains almost unaffected. The anisotropy field-
scattering functions computed from a given data set by
analysis in terms of Eq(22) will therefore depend on the
choice ofz5 only through a scaling factor, whereas the func-
tional form of S,; will be little affected. Because real speci-
mens will rarely exhibit the extreme anisotropy considered
above, it will generally be a reasonable approximation to
neglect the texture at the higher effective fields, and to use
the result for isotropic microstructures, Eg1) in Sec. Il C.
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