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Spin structure of nanocrystalline terbium
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We present an experimental study of the magnetic microstructure in the nanocrystalline hard magnet Tb.
Field-dependent small-angle neutron scattering~SANS! data are analyzed quantitatively in terms of the corre-
lation function of the spin misalignment. We find that up to applied fields of several tesla the magnetization
remains ‘‘locked in’’ to the basal planes of the hcp crystal lattice of each individual crystallite, but that the
in-plane orientation of the spins is highly nonuniform within each grain. This spin disorder at the nanoscale can
be suppressed by a large applied field, but in the remanent state the disorder reduces the magnetization to
values considerably below the Stoner limit. In field-dependent SANS, the intragrain spin disorder gives rise to
a crossover of the scattering curves, and to the unusual finding that the scattering cross section at small
scattering vector increases with increasing magnetic field. As the origin of the internal spin disorder within the
grains, we propose an extra magnetic anisotropy energy at small grain size, presumably due to microstrain, a
suggestion which is supported by analysis of ac-susceptibility data in the paramagnetic state. Our finding of a
reduced remanence at small grain size is contrary to the remanence enhancement that is observed in other
nanocrystalline hard magnets. We also report an unusual logarithmic field dependence of the magnetization
over wide ranges of the applied field and temperature.

DOI: 10.1103/PhysRevB.69.054402 PACS number~s!: 75.50.Tt, 61.12.Ex, 75.50.Ww, 81.07.Bc
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I. INTRODUCTION

In nanocrystalline~nc! ferromagnets the orientation of th
magnetization vector is highly nonuniform on the nanome
scale, because at each grain boundary the set of cryst
graphic ‘‘easy axes’’ for the magnetization changes its ori
tation. Studying the detailed nature of this nonuniformity
of importance for understanding the macroscopic magn
properties of nc materials. Several recent micromagne
computer simulations explore the magnetic microstructure
nc hard magnets as a function of the grain size, of the
isotropy energy, and of the magnitude of the exchange c
pling in the grain boundary regions,1–4 but there are practi-
cally no experimental data on the nanoscale magn
microstructure in the bulk of these materials. This is a c
sequence of the inadequate lateral resolution of present
croscopic techniques~Kerr, magnetic force, and Lorentz m
croscopy as well as scanning electron microscopy w
polarization analysis! and of their inability to image the mag
netic domain structure in the bulk, as opposed to at the
face. At present, the only known technique with a poten
to resolve the magnetic microstructure in the bulk and on
length scale of nanometers is magnetic small-angle neu
scattering~SANS!.

Studies of SANS in nominally saturated nanocrystall
soft5–8 and hard9 magnets have provided information on th
nuclear microstructure. Investigations of the magnetic mic
structure by SANS have been carried out on essentially
magnetic nc samples of the elemental transition metals
Ni, and Co,10–15 and on nc soft magnets crystallized fro
glasses.16 It has recently become possible to analyze su
data quantitatively by employing a model for magne
SANS by ferromagnets which is applicable near saturat
This approach supplies quantitative data on the magnetic
0163-1829/2004/69~5!/054402~16!/$22.50 69 0544
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crostructure, the exchange-stiffness constant, the magni
and microstructure of the magnetic anisotropy,13,14,17and the
magnetostatic stray field.18 Similar to the computer model
applied to hard magnets, the magnetic SANS analysis
based on the theory of micromagnetics. This continu
theory describes the variation of the orientation of the m
netization as a function of position and time based on a b
ance of the torques on the magnetic moments due to
anisotropy, the applied and demagnetizing fields, and the
change interaction.

The magnetic microstructure of nc hard magnets, unl
that of soft magnets, has not been studied by SANS so fa
this paper, we present such a study, an investigation of th
rare earth Tb. Single crystal Tb is ferromagnetic below 2
K;19 an intermediate antiferromagnetic phase with a heli
spin structure and a periodicity of 9–10 lattice consta
along thec axis of the hexagonal lattice20 is stable up to the
Néel temperature of 229 K. Tb has an extraordinarily lar
magnetocrystalline anisotropy. It not only confines the m
ments to the basal plane of the hcp lattice under most exp
mental conditions in the ferromagnetic regime, but it resu
also in a significantly anisotropic susceptibility even in t
paramagnetic state. As the basal planes of neighboring c
tals in a polycrystal are not coplanar, the large anisotro
imposes, depending on the crystallographic misorienta
between neighboring grains, a variation of the spin orien
tion from grain to grain. The present study aims at inves
gating the nature of this highly perturbed spin structure in
nc material and of its dependence on the magnetic field.

The first part of this paper~Sec. II! discusses the theory o
SANS by hard magnets, with emphasis on two issues,
separation of magnetic from nuclear scattering, and
analysis of the scattering data in terms of real-space infor
tion. Frequently, the separation of nuclear and magnetic s
©2004 The American Physical Society02-1
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WEISSMÜLLER et al. PHYSICAL REVIEW B 69, 054402 ~2004!
tering is based on the assumption that the first is isotro
whereas the second varies with the angleq between the ap-
plied magnetic fieldHa and the scattering vectorq as sin2 q.5

This is adequate when the scattering is due to jumps in
magnitude of the magnetization in a saturated magnetic
terial, for instance at the boundaries between magnetic
ticles and a nonmagnetic matrix. However, in single-ph
bulk ferromagnets the magnetic scattering arises from
misalignment of the magnetic moments; near saturation
scattering will then vary as (11cos2 q), whereas both mag
nitude and angular variation of the scattering in the dem
netized state and at intermediate fields depend strongly
the field and on the nature of the magnetic interaction.14,17

This precludes the application of the sin2 q law to determine
the nuclear scattering. It has been found that even in
magnetic materials the scattering from the spin misalignm
is not entirely suppressed by the magnetic fields which
typically available from electromagnets~<2 T!. Neverthe-
less, the nuclear scattering cross section can be determ
by a suitable extrapolation to the idealized saturated st
based on field-dependent SANS data recorded in
approach-to-saturation regime.14,17 Because of their large
magnetic anisotropy, hard magnets require a consider
larger field for saturation. In fact, the material of the pres
work could not be saturated with the available magne
field, and as a consequence the extrapolation method
inapplicable. However, we could make use of the fact t
the Curie temperatureTC of Tb is below room temperature
so that the material can be studied in the paramagnetic
aboveTC , without incurring the risk of irreversible coarsen
ing of the microstructure by grain growth. Section II A show
how the combined nuclear and magnetic scattering du
pores and second phases in the ferromagnetic state ca
determined from scattering data for the material in the pa
magnetic state.

The question of how information on the real-space s
structure can be extracted from experimental sp
misalignment scattering cross sections is the subject of
bate. Some authors maintain that a characteristic size of
herently magnetized regions can be evaluated
decomposing the scattering into contributions from hyp
thetical hard spheres with a distribution of sizes.10,21 How-
ever, concerns were raised on the grounds that models fo
magnetic microstructure suggest continuous variations of
spin-misalignment angle with a wide spectrum of wav
lengths, very much unlike the homogeneously magneti
domains with sharp boundaries which are implied by
hard sphere analysis.22 The continuous variation of the spi
orientation is indeed well known for ferromagnetic amo
phous alloys. The elastic magnetic differential scatter
cross section of these materials can be modeled b
Lorentzian-squared term, which arises from an exponen
decay in the correlation of the spin orientation, with a we
defined correlation length.23 This exponential decay has
firm foundation in the random magnetic anisotropy theo
for the magnetism of amorphous materials. In the absenc
an equivalent model for nanocrystalline hard magnets,
find it desirable to use a model-independent approach in
lyzing the scattering data. This is further supported by
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observation that the magnetic scattering of nanocrystal
ferromagnets will frequently display power laws steeper th
q24, which cannot be reproduced by hard-sphere model
by the Lorentzian-squared terms.14 In Sec. II C of this paper
we show how quantitative information on the magnetic m
crostructure can be derived from SANS data if a mod
independent analysis of the~auto!correlation function of the
spin-misalignment angle is carried out.

Sections III and IV present experimental procedures a
results, respectively, both for the magnetic and structu
characterization and for SANS. One of the intriguing expe
mental findings is that the magnetic SANS at small scatter
vector q increases with increasing applied magnetic fie
Ha . This is contrary to the case of soft magnets, and it c
tradicts the common trend that the progressive ordering
the spin system by increasingHa will necessarily decrease
the scattering contrast arising from the spin misalignment
Sec. V we discuss the results, and we present a model
can qualitatively explain the experimental observation.

II. THEORY

A. Elastic magnetic SANS

The elastic differential scattering cross sectiondS/dV for
SANS ~assuming a nonpolarized incident beam and negl
ing spin-dependent nuclear scattering! at scattering vectorq
due to atoms at positionsxj is given by14,24

dS

dV
~q!5

1

V (
j ,l

~bnuc,jbnuc,l1bmag,jbmag,lQj•Ql !

3exp@ iq~xj2xl !#, ~1!

wherebnuc andbmag denote the atomic nuclear and magne
scattering lengths, respectively,V is the volume, andQ rep-
resents the Halpern-Johnson vector, which is related to a
vector « in the direction ofq and to the atomic magneti
moment ma , by the vector function Q5«(«•ma /ma)
2ma /ma .25,26

Equation~1! accounts for scattering due to variations
the atomic density and composition and to variations in
magnitude and orientation of the magnetic moment. Of
terest for studies of the magnetic microstructure are
variations of the orientation of the magnetic moment, and
is therefore desirable to separate this ‘‘spin-misalignm
scattering’’ from scattering due to the nonuniform atom
density and to the ensuing variations of the local magnitu
of the magnetization. We have previously discussed
separation for the case of a multicomponent material in
limit where the angle of misalignment of the magnetic m
ments relative to the field direction is small.14 For hard mag-
nets the misalignment angle will not generally be small sin
the large anisotropy will tilt the spins even at large appli
magnetic fields. This prevents the application of our previo
results to hard magnets, but a formal separation of the s
misalignment scattering is still possible if attention is r
stricted to single-component ferromagnets with unifo
magnitude ofma and ofbmag. To this end, the atomic mag
netic moments vectorsma j are decomposed into the mea
2-2
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SPIN STRUCTURE OF NANOCRYSTALLINE TERBIUM PHYSICAL REVIEW B69, 054402 ~2004!
value over all atoms,̂ ma&, and the difference vector
Dma, j5ma, j2^m&. The Halpen-Johnson vectorsQj are de-
composed analogously, so thatQj5^Q&1DQj and

^Q&5«S «•
^ma&
ma

D2
^ma&
ma

~2!

can be substituted in Eq.~1!. We use the angular brackets^ &
to denote averages throughout this paper. By definition,
mean value ofDQ vanishes, and the contributions of th
termsbmag

2 DQj^Q& to the sum in Eq.~1! will therefore can-
cel. The remaining terms can be grouped into the two ad
tive scattering cross sectionsdSR /dV and dSM /dV, the
first containing only termsbnuc andbmaĝ Q&, and the second
only termsbmagDQ:

dSR

dV
~q!5

N

V

s inc

4p
1

1

V F ^bnuc&
21bmag

2 ^ma&
2

ma
2 sin2 qG

3U(
j

exp~ iqxj !U2

~3!

dSM

dV
~q!5

1

V
bmag

2 U(
j

DQj exp~ iqxj !U2

. ~4!

The symbols inc denotes the nuclear incoherent scatteri
By inspection of Eq.~3! it is seen that the ‘‘residual scatte
ing cross section’’SR depends on the nuclear microstructu
through the nuclear interference function,

Pnuc~q!5
1

N U(
j

exp~ iqxj !U2

, ~5!

whereN denotes the number of atoms, and through a p
actor which varies as a function of the vector mean of
magnetic moment. SR depends only on the nuclear micro
structure and on the mean magnetization, and is otherw
independent of the magnetic microstructure. The scatte
due to the nonuniform orientation of the magnetization, t
is, due to the magnetic microstructure, is isolated in the cr
section for ‘‘spin-misalignment scattering’’SM .

The macroscopic mean magnetization^M &, which can be
measured with a magnetometer, scales with the mean at
moment. This allows one to estimate^ma& in Eq. ~3! from
experimental magnetization data according to

^ma&
ma

5
^M &
MS

, ~6!

whereMS denotes the saturation magnetization.
For small-angle scattering the discreteness of the ato

structure of matter is of no importance, so that the sum in
~4! can, quite analogously to the usual procedure in nuc
small-angle scattering, be replaced by an integral based
the continuous function DQ(x)5«(«•M P(x)/MS)
2M P(x)/MS . M P is defined as the difference between t
local magnetization and the macroscopic mean magne
tion, M P(x)5M (x)2^M &. The magnetic scattering cros
section can then be expressed as
05440
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dSM

dV
~q!5

8p3

V
bmag

2 ra
2um~q!u2 sin2 a, ~7!

wherem denotes the Fourier transform of the reduced m
netizationM P(x)/MS ,

M P~x!/MS5~2p!23/2E E E m~q!exp~2 iqx!d3q, ~8!

anda represents the angle included bym andq. In experi-
mental SANS studies the scattering is measured only forq in
the plane normal to the incident neutron beam. Often i
useful to discuss a ‘‘radial average’’ differential cross se
tion, averaged over all orientations ofq within this plane.
For use in the next section we present results for this ave
in two situations of high symmetry:~i! the demagnetized
texture-free soft magnet at vanishing applied fields and~ii !
the nearly saturated texture-free ferromagnet. In~i!, the vec-
tor m takes on all orientations with equal probability an
independent of the orientation ofq, whereas in~ii ! the vec-
torsM P and, therefore,m are confined to the plane normal t
^M &, with a constant expectation value independent of
orientation ofq. In both cases the expectation value ofumu is
independent of the orientation ofq, so that um(q)u2
5m2(q) and

dS̄M

dV
~q!5

8p3

V
bmag

2 ra
2m2~q!^sin2 a&, ~9!

where the averagêsin2 a& takes on the values 2/3 and 3/4
cases~i! and ~ii !, respectively.

The spin-misalignment scattering cross sectionSM in the
ferromagnetic state is due to thestatic magnetic microstruc-
ture; by contrast, in the paramagnetic state the magnetic s
tering arises from thermally activateddynamicfluctuations
of the spin direction. The cross section for the paramagn
scattering is given by27

dSP

dV
5

N

V

2

3
~gnr 0!2J~J11!, ~10!

where r 0 denotes the classical radius of the electronr 0
52.818310215 m), gn is the neutron magnetic momen
measured in units of nuclear magnetons (gn521.913), and
J is the effective spin quantum number. In writing Eq.~10!
we have omitted the atomic form factor, which is unity in th
small-angle region.

By making use of Eq.~10! and of tabulated values fors inc
and J, it is possible to determine the nuclear interferen
function for residual scattering from the experimental to
scattering cross section in the paramagnetic state,

dS

dV
~q!5

N

V

s inc

4p
1

dSP

dV
1

N

V
^bnuc&

2Pnuc~q!. ~11!

OncePnuc(q) is known the spin-misalignment scattering c
be separated from the residual scattering by using the exp
sion for scattering in the ferromagnetic state, obtained
combining Eqs.~3!–~5!,
2-3
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WEISSMÜLLER et al. PHYSICAL REVIEW B 69, 054402 ~2004!
dS

dV
~q!5

N

V

s inc

4p
1

N

V F ^bnuc&
21bmag

2 ^ma&
2

ma
2 sin2 qGPnuc~q!

1
dSM

dV
~q!. ~12!

For Tb, the nuclear scattering length isbnuc57.34
310215 m.28 With the atomic momentma59.34mB ,37 one
obtains for the magnetic scattering lengthbmag50.27
310214 m3ma /mB525.2310215 m. Sincebmag is signifi-
cantly larger thanbnuc, the residual scattering cross secti
is dominantly magnetic.

B. Inelastic magnetic SANS

Since our interest is in the static magnetic microstructu
which is probed by elastic scattering, it is required to ver
that the inelastic scattering cross section in the ferromagn
state is negligible. We have previously shown14 that, for the
spin-wave dispersion relation\v5Dq21gmBm0H where
\v and D denote the spin-wave energy and the spin-wa
stiffness constant, respectively, the requirements of conse
tion of momentum and energy upon absorption or emiss
of a magnon cannot be satisfied simultaneously for any s
tering vector in the small-angle regime when the field e
ceeds the critical value

H* '
\4k0

2

4m2gm0mBD
~13!

~m, g, and k0 denote, respectively, the neutron mass, thg
factor, and the incident neutron wave vector!. For H>H*
the magnetic SANS is entirely elastic, as is required for a
lyzing the data in terms of our model. In materials with
large magnetocrystalline anisotropy, such as Tb, the s
wave dispersion relation contains, as an extra term, the
energy D. The computation of the critical field is readil
generalized for the simplest such dispersion relation,\v
5D1Dq21gmBm0H. SinceD and gmBm0H are additive,
Eq. ~13! and its derivation will remain valid ifH is consis-
tently replaced byH1D/(gmBm0). The expression for the
critical field will then take on the new form

H* '
\4k0

2

4m2gm0mBD
2

D

gm0mB
. ~14!

When the second term on the right-hand side is large
magnitude than the first, then spin-wave scattering in
small-angle regime is suppressed atany field and wave vec-
tor.

We have estimated mean values of the exchange-stiff
constantA and of the spin-wave stiffness constantD in Tb
from the interplanar exchange parameters,29 using Eq.
~3.20a! in Ref. 30 and averaging over the in-plane and o
of-plane interactions. This yieldsA'2.3310211 J/m andD
'150 meV Å2, so that the numerical value of the first ter
on the right in Eq.~14! for the critical field to suppress spin
wave scattering is about 0.4 T. Using the experimental va
for the gap energy at the temperatures of our experim
D/kB520 K at T55 K and D/kB5261 K at T5200 K,31
05440
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the magnitude of the second term is estimated at about 2
at 5 K and 261 T at 200 K. In spite of the uncertaint
involved in the simplified representation of the dispersi
relation, the implication of the large gap energy is therefo
clearly that the critical field is negative, in other words, i
elastic scattering is suppressed at all applied fields, so
the magnetic SANS signal is entirely elastic.

C. Correlation function and characteristic length

A ~self-!correlation functionC(r ) of the spin misalign-
ment can be defined by

C~r !5MS
22V21E E E M P~x!•M P~x1r !d3x; ~15!

it is related to the Fourier transformm of M P /MS by

C~r !5V21E E E um~q!u2exp~ iqr !d3q. ~16!

By comparison to Eq.~7! it is seen thatum(q)u2 can be
determined from the spin-misalignment scattering provid
that the anglesa are known. A rigorous evaluation ofC(r )
may therefore require a knowledge of the complete inform
tion on the orientation and magnitude of the vectorm as a
function of the orientation and magnitude of the wave vec
q. In general, the required database will not be available,
useful information onC(r ) can still be derived from experi
mental scattering cross sections. As above we consider
two limiting cases:~i! the isotropic~demagnetized! case, and
~ii ! the case of a nearly saturated texture-free ferromagne
both casesC is isotropic,C5C(r ), and

C~r !5
1

V E
q50

`

m2~q!
sin~qr !

qr
4pq2dq. ~17!

By solving Eq.~9! for m2(q) and substituting the result into
Eq. ~17!, we obtain

C~r !5a~2p2bmag
2 ra

2r !21E
q50

`

q
dS̄M

dV
~q!sin~qr !dq,

~18!

wherea51/̂ sin2 a& takes on the values 3/2 and 4/3 for cas
~i! and~ii !, respectively. In spite of the quite different orien
tation distributions ofm, these results agree to within bett
than 67%. In our data analysis we used the mean of b
values,a517/12'1.42.

A characteristic lengthl C of the spin misalignment can b
defined in terms of the limit of the logarithmic derivative o
C(r ) for r→0:

l C52S d ln~C!

dr D 21U
r→0

. ~19!

When fluctuations in the spin misalignment decay expon
tially, the definition is then consistent withC(r )}exp
(2r/lC). Furthermore, in a granular system with discontin
ous interfaces the correlation function of the grains is32
2-4
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C~r !}12
A

4Vg
r ~20!

in the limit r !R with R the radius of mean curvature of th
interfaces. A and Vg denote the total surface or interfac
area and the total volume of the grains. This is readily s
to give l C54Vg /A and, for the special case of spheric
particles,l C54R/3. The result for spheres is confirmed b
applying Eq.~19! to the known correlation function for th
sphere,33 C(r )5123r /(4R)1r 3/(16R3) for r<2R and
C(r )50 for r .2R.

In addition to the characteristic lengthl C , the analysis of
C(r ) can also supply information on the mean magneti
tion. This is readily seen by considering Eq.~15! for r 50:

C~0!5
1

V E E E uM P~x!u2

MS
2 d3x5

^uM Pu2&
MS

2 . ~21!

In polar coordinates, and for uniformMS , we can write
M P5MS$sinf sinu,cosf sinu,cosu2^cosu&%, with u the
angle included byM ~x! and^M &. It is then readily seen tha
uM Pu25MS

2(122 cosu^cosu&1^cosu&2) and, since u^M &u
5MS^cosu&, that consequentlŷuM Pu2&5MS

22^M &2. This
leads to the result

C~0!512S ^M &
MS

D 2

, ~22!

which links the correlation function to the macroscopic ma
netization^M &.

It is well known that the lateral resolution and the size
the largest structure resolved in a small-angle scattering
periment depend, via the sampling theorem, on the upper
lower experimental scattering vector, respectively. In eva
ating the integral Eq.~18! for experimental data limited to
the interval@qmin ,qmax# one can obtain meaningful informa
tion on C(r ) only for distancesr in the interval@r min ,rmax#
with, roughly,r min52p/qmax andr max5p/qmin . In our experi-
ments on Tb~see below!, we usedqmin50.06 nm21, qmax
53 nm21, and consequentlyr min52 nm, r max550 nm. Be-
sides limiting the resolution for the characteristic length,
finiteness of the experimental data also implies that the
duction of the mean magnetization, relative toMS , that can
be inferred fromC(0), is representative only for the effect o
structure in the magnetization on scales betweenr min and
r max. In particular, the results of SANS are insensitive to t
macroscopic domain structure of a material.

III. EXPERIMENT AND DATA REDUCTION

Nanocrystalline Tb was prepared by the inert-gas cond
sation technique. The material was thermally evaporated
1028 mbar base-pressure vacuum system, backfilled wit
stationary He atmosphere of 10 mbar, using Al2O3 crucibles
heated by tungsten foils. The powder was collected and c
solidatedin situ under high vacuum and at ambient tempe
ture; pressure and duration were 1 GPa and 20 min, res
tively. The samples are disks of diameter 8 mm and thickn
of about 0.2 mm. Measurement by the Archimedes met
indicated a mass density of 9563% of the literature value
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for the coarse-grained material. Magnetic measureme
were performed on rectangular rods, of dimension 0.230.4
36 mm3, cut from the sample after completion of the SAN
experiment. A coarse-grained reference sample for the m
netization measurements was obtained by annealing on
the rods for 10 min at 600 °C in a vacuum of
31026 mbar. Macroscopic magnetization isotherms we
measured with a vibrating sample magnetometer~Oxford In-
struments!, and the magnetic susceptibility was determin
with an ac susceptometer~Quantum Design PPMS!. The de-
magnetization factors where estimated from the values
spheroids with aspect ratios similar to the samples. X-
diffraction on the as-prepared samples was performed
Bragg-Brentano geometry using MoKa1/2 radiation and a
solid state detector.

The SANS experiments were carried out at instrument
at the Berlin Neutron Scattering Center~BENSC!. An unpo-
larized beam of wavelengthl50.6 nm and a wavelength
spreadDl/l50.15 was used. The instrument was equipp
with a 5 T vertical field cryomagnet with an estimated re
anent field of 1 mT, and the sample was mounted on a 6 mm
diameter Cd aperture. All SANS measurements were car
out with the sample first taken to the maximum field and
data then recorded at subsequently lower experimental fie
The series of measurements with various magnetic fie
were repeated at each of three different sample-to-dete
distances, covering aq range of about 0.06 to 3 nm21. The
data were corrected in the usual way for absorption, dete
efficiency, and background, and were converted to abso
units with the aid of a water standard. Care was taken
correct for the comparatively strong scattering by the
trance and exit windows of the cryostat. The sample tra
mission was measured for each field, and was found to v
only insignificantly when the field was increased from 1 m
to 4.5 T, from 0.65 to 0.69 at 5 K and from 0.79 to 0.73 a
200 K.

IV. EXPERIMENTAL RESULTS

A. X-ray diffraction

Figure 1~a! displays the x-ray diffraction pattern for the n
Tb sample. A mean grain size was determined by analysi
the integral breadth of the Bragg reflections, correcting
instrumental broadening and separating size- and str
induced broadening by the method of Klug and Alexand
assuming Cauchy size and Gaussian strain broadening.34 The
result for the grain size is 9.361.8 nm. Owing to the reflec-
tion overlap, the scatter in the results for the peak widths
considerable. As a consequence, only an upper limit for
root-mean square~rms! microstrain ^«2&1/2 was obtained,
^«2&1/2,0.6%.

The three reflections in the triplet around 15° scatter
angle have similar widths, a finding that is contrary to resu
for nanocrystalline hcp Co, where a broad^101& reflection
indicates a large number of stacking faults.14 The absence of
this broadening in nc Tb indicates that faulting is insigni
cant. The ratio of the integrated intensities of the^100&,
^002&, and^200& peaks is close to that of untextured powd
samples, suggesting that the crystal orientations are rand
2-5
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FIG. 1. X-ray diffraction intensity versus sca
tering angle 2u for nanocrystalline ~nc! and
coarse-grained~cg! Tb. ~a! Disk-shaped as-
prepared sample used for SANS measured w
Mo Ka radiation.~b! Thin bar samples used fo
magnetometry measured with CuKa radiation.
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Because of the small sample volume the coarse-gra
annealed sample~cg Tb! yielded only a weak scattering sig
nal, which precluded an investigation in focusing diffracti
geometry over a wide range of scattering vector. Instead,
scattering in the region of the most intense peaks was in
tigated with a position-sensitive detector and Ni-filtered
Ka radiation, as displayed in Fig. 1~b!. It was found that
after the annealing the reflection width corresponds to
instrumental width; this indicates grain growth to a size
100 nm or above.

B. ac susceptibility

Figure 2~a! displays the real partx8 of the ac susceptibil-
ity, measured at frequency 1000 Hz and amplitude 10
versus temperatureT for the nanocrystalline and the coars
grained samples. The most obvious result is thatx is consid-
erably smaller for nc than for cg Tb, both in the ferroma
netic and in the paramagnetic state. Both curves exh
maxima at about the same magnetic transition tempera
For cg Tb this corresponds to a ferromagnet-antiferromag
transition, with a maximumx at aboutTC5219 K; this is in
reasonable agreement with single-crystal data (TC
5220 K).19 The susceptibility of cg Tb exhibits a secon
narrow peak at the Ne´el temperatureTN5229 K. This tran-
sition is suppressed in the nc material in favor of a sin
maximum inx at the Curie temperature of 224 K, signifi
cantly higher thanTC in the coarse-grained material. In co
trast to this observation, a pronounced decrease inTC at
small grain size has been reported for nc Gd.35
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The broad ‘‘hump’’ inx aroundT5150 K in cg Tb cor-
responds to a similar feature in single-crystal Tb, which h
been attributed to changes in the relaxation dynamics;36 this
hump is absent in nc Tb.

The temperature dependence of the inverse paramag
susceptibilityx21 is displayed in Fig. 2~b!. According to the
Curie-Weiss law for the mass susceptibility,

x5
NAma

2

3makB~T2uP!
~23!

~whereNA is Avogadro’s number andma denotes the atomic
weight!, the paramagnetic atomic momentma can be de-
duced from the slope of straight-line fits tox21(T), while
the abscissa intercept of the line indicates the paramagn
Curie temperatureuP . For cg Tb we obtainma59.75mB and
uP5231 K, which is well compatible with the values fo
single-crystal Tb,ma59.77mB anduP5239 and 195 K forH
along thea andc axes of the hcp lattice, respectively.37

The paramagnetic magnetization of an idealized, textu
free polycrystal is obtained by relating the magnetization
the field in terms of the susceptibility tensor of the sing
crystal, and taking the orientation average in crystal coo
nates. For Tb the result isM5(2xa/31xc/3)H with xa and
xc the susceptibilities along thea and c axes, respectively
When this expression is evaluated with Eq.~23! and the lit-
erature data forma and for uP in the respective crystallo
graphic direction, then a curved graph ofx21 versusT is
obtained; this can be readily understood as a consequen
the fact that, as the temperature approaches the ordering
e

e-
i-
FIG. 2. ~a! Experimental ac susceptibilityx8
versus temperatureT for nanocrystalline and
coarse-grained Tb.~b! Inverse ac susceptibility
x21 versusT for nanocrystalline~bold solid line!
and coarse-grained~bold dash-dotted line! Tb.
Thin solid lines: literature data~Ref. 39! for
single-crystal Tb with the field oriented along th
crystallographica andc axes as indicated in the
figure. Thin solid line marked ‘‘poly’’ refers to
the inverse susceptibility of a texture-free coars
grained polycrystal, computed by taking the or
entation average of the single-crystal data forx8
in crystal coordinates.
2-6
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SPIN STRUCTURE OF NANOCRYSTALLINE TERBIUM PHYSICAL REVIEW B69, 054402 ~2004!
sition from above, the diverging susceptibility of the cryst
lites with the highestuP will make an increasingly dominan
contribution to the net susceptibility. The orientatio
averaged susceptibility is plotted as one of the thin so
lines in Fig. 2~b!; it is seen to agree quantitatively with th
experimental data for cg Tb at temperatures sufficien
aboveuP . The fact that this good agreement to literatu
data was obtained with annealed nc Tb suggests that
magnetic properties are not noticeably affected by impurit
and that the modified magnetic properties in the nanocrys
line state, to be discussed below, are an intrinsic effect of
small size, not extrinsic due to impurities or second pha
In this context it is noted that the samples retained a sh
metallic surface even after exposure to air for about one y
and that they showed no detectable change in the mag
properties over a period of several months. This is in cont
to inert-gas condensed transition metals, such as Fe, w
pick up prohibitive amounts of oxygen upon exposure
air.38

As compared to the data for cg Tb, the susceptibility of
Tb is significantly lower at all temperatures, and the cur
ture in the plot ofx21 versusT in the paramagnetic state
increased. Accurate estimates ofma are complicated by the
significant curvature ofx21(T), but the graph ofx21(T)
exhibits a tendency to align in parallel with that of cg Tb a
with the single-crystal curves asT is increased. This trend
could not be explored to arbitrarily highT, since the maxi-
mum temperature for experiment was limited by the need
prevent grain growth. We carried out repetitive measu
ments ofx(T); these gave identical results, indicating t
absence of irreversible changes in the microstructure du
heating to 325 K. A lower bound for the moment was o
tained from the slope ofx21(T) at the highest temperature
In the interval 320–325 K the slope is 13
60.4 (g Oe/emu)/K, which yields a paramagnetic mome
of (9.5660.14)mB , within 2% of the single-crystal value
This suggests that the reduction of the grain size does
affect the mean atomic moment; in other words, there is
evidence for a significant reduction ofma at grain bound-
aries.

C. Magnetization

Figure 3 displays hysteresis loops at the temperaturT
51.6 K for cg and nc Tb. The most obvious finding is that
Tb has a considerably larger coercivity than cg Tb, an
significantly lower magnetization at all fields. It is also foun
that, even at an applied field ofm0Ha512 T, the magnetiza-
tion of both materials falls significantly short of the satur
tion magnetization of single-crystal Tb,sM5328 A m2/kg.37

Also shown is the predicted remanent magnetization
texture-free polycrystalline Tb if the magnetization is lock
in with the easy axis closest to the direction of the satura
field; this is the Stoner-Wohlfarth limit for the remanence39

which is more familiar in conjunction with isolated sma
particles, but which provides an equally adequate descrip
of some bulk hard magnets.2,40 For a hexagonal crystal struc
ture with six easy axes in the basal plane the theoret
remanent magnetization obtained in this way41 is 3

4 MS , as
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indicated by the dashed line in Fig. 3. It is seen that
applied fields below about 0.7 T for cg Tb, and below abo
7 T for nc Tb, the magnetization of the samples is below
Stoner-Wohlfarth limit for the remanence; the reduced rem
nence for nc Tb at 1.6 K is 0.4MS .

A conceivable reason for the low apparent remanenc
the occurrence of domains, magnetized at an angle to
applied field, in the region of demagnetizing fields near
edges of the rod-shaped samples. The effect of these fiel
not adequately corrected for by subtraction of a uniform
magnetizing field. Since cg Tb has a low coercivity, it
conceivable that the local demagnetizing field may be su
ciently strong to nucleate such domains. However, since b
samples have identical shape and dimension, and since n
has a large coercivity which cannot be overcome by the
magnetizing field at edges, the reduced remanent magne
tion in the nanoscale material, relative to cg Tb, cannot
explained in this way. This suggests the nanoscale grain
as the relevant factor.

The significant reduction of the magnetization at sm
grain size persists throughout the entire temperature inte
up to T5300 K, as can be seen in the overview plots
magnetization isotherms for the two samples below a
aboveTC ~see Fig. 4!. The magnetization isotherms at th
Curie temperature and in the paramagnetic state confirm
smaller susceptibility of the nc material, which was alrea
apparent from the ac susceptibility data.

It would be of interest to estimate the spontaneous m
netization or the saturation magnetization by extrapolation
the data. Satisfactory agreement with the high-field branc
of the experimental loops are achieved by fits with t
approach-to-saturation lawsM5s02a/AH2b/H2c/H2

1d H,30 or with combinations of fewer elements of the s
ries. However, the fit parametersa,b,c,d, and in particular the
saturation magnetizations0 , vary strongly as a function o
the choice of the interval inH which is considered in the fit

FIG. 3. Isotherms of the mass magnetizationsM versus the
internal field Hi at temperatureT51.6 K for nanocrystalline and
coarse-grained Tb~solid lines!. Dashed line: Stoner-Wohlfarth limi
for the remanence.
2-7
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WEISSMÜLLER et al. PHYSICAL REVIEW B 69, 054402 ~2004!
This indicates that, at the highest experimental field,
sample is too far from saturation to allow a reliable extrap
lation. It may also be questioned whether the models un
lying the asymptotic approach to saturation law apply
states this far from saturation.

Remarkably, it is found that, at lowT, the magnetization
of nc Tb can be quite accurately described as being pro
tional to the logarithm of the internal field, as can be seen

FIG. 5. Log-linear plot of the mass magnetization, record
while decreasing the field, versus the internal magnetic fieldHi for
nc Tb. The temperature is indicated in the figure. Data are sh
only in the interval where the relative deviation from a straight li
is DsM /sM<0.005. The linear dependency indicatessM

} log(Hi), which precludes estimating the spontaneous or satura
magnetization by extrapolation toHi50 or `, respectively.

FIG. 4. Isotherms of the mass magnetizationsM versus the
internal fieldHi at various temperatures as indicated in the figu
Bold lines, nc Tb; thin lines, cg Tb.
05440
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Fig. 5. Over more than one decade ofHi , the data can be
fitted by a straight line in the plot ofsM versus logHi when
a maximum value of 0.005 for the relative deviation betwe
data and fit is admitted. The divergence of the logarith
prevents a meaningful extrapolation of the data toHi50 or
to Hi5`. We are unaware of a possible explanation for t
origin of the logarithmic magnetization isotherm in terms
magnetic interactions in the nanocrystalline hard magnet

Figure 6 shows data for the mass magnetizationsM ver-
sus temperatureT for nc Tb, measured upon heating at a
applied fieldm0H510 mT after cooling with~FC! and with-
out ~ZFC! applied field. The ZFC magnetization exhibits
Hopkinson-like peak at the temperature where the coerci
becomes comparable to the applied field. There are no
ther prominent features in the plot, yet another indicat
that the sample does not contain second phases with diffe
ordering temperatures.

d

n

n

FIG. 6. Mass magnetizationsM versus temperatureT for nc Tb,
measured upon heating at an applied fieldm0Ha510 mT after cool-
ing with ~FC! and without~ZFC! applied field.

FIG. 7. Coercive fieldHC versus temperatureT for nanocrystal-
line ~nc! and coarse-grained~cg! Tb. Symbols, experimental data
line, the functionm0HC50.91 T3@12(T/225 K)1/2#.

.
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SPIN STRUCTURE OF NANOCRYSTALLINE TERBIUM PHYSICAL REVIEW B69, 054402 ~2004!
Figure 7 shows the coercive fieldHC as a function of the
temperature. AtT51.6 K, the values ofm0HC of cg and nc
Tb are 18 and 860 mT, respectively; in other words,
reduction of the grain size results in an increase ofHC by a
factor of almost 50. By inspection of the figure it is seen th
the data for nc Tb can be well fitted byHC}12(T/T0)1/2.
The result for the characteristic temperature,T05225 K,
agrees well with the temperature of the maximum of the
susceptibility,T5224 K, and with the paramagnetic Cur
temperature,uP5226 K, deduced from fits to the parama
netic ac susceptibility of nc Tb.

FIG. 8. Experimental differential scattering cross sect
dS̄/dV versus modulusq of the scattering vector at various tem
peratures as indicated in the figure. Closed symbols, magnetic
H50; open symbols,m0H54.5 T.
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D. SANS

Figure 8 shows the radial average differential scatter
cross sectiondS̄/dV at different applied magnetic fields an
temperatures. It is seen that at all fields the scattering c
section in the ferromagnetic state is considerably higher t
that in the paramagnetic state. This suggests that the for
is dominated by the spin-misalignment scattering, wher
the nuclear contribution is small. It is also seen that the eff
of increasingHa on the scattering cross section of ferroma
netic Tb is dramatically different from the case of soft ma
nets, where applied fields of 2 T have been found to align
magnetization with the field direction, thereby reducing t
magnetic scattering by several orders of magnitude.11,13 By
comparison,dS̄/dV in Tb is seen to depend only weakly o
Ha , indicating that the maximum applied field of 4.5 T
insufficient to align the spins along the field direction. Wh
is more, the scattering curves exhibit a crossover at aboq
50.2 nm21; in other words, increasingHa has the counter-
intuitive effect of increasing the scattering contrast at sm
q.

The conjecture that the scattering in the ferromagne
state is dominated by the spin-misalignment scattering
supported by inspection of the variation of the total differe
tial scattering cross section~prior to removal of the residua
scattering! as a function of the azimuthal angleq ~the angle
betweenq and the applied fieldHa) on the detector~see Fig.
9!. As can be seen in the figure, the scattering cross sectio
largest in the direction parallel to the applied magnetic fie
This finding confirms qualitatively the (11cos2 q) law of
spin-misalignment scattering, as opposed to the sin2 q varia-
tion expected for residual scattering, and it emphasizes th
separation of magnetic and nuclear scattering based o
sin2 q law would fail for the present samples.

Figure 10 displays the nuclear interference functi
Pnuc(q) computed from the SANS data by means of Eq.~11!.
By combining Pnuc(q) with Eq. ~12!, using experimental
magnetization data for̂M&, we have determined the spin
misalignment scatteringdS̄M /dV in the ferromagnetic state
which can be inserted into Eq.~9! to obtain the expectation
value of the magnitude square of the Fourier component
the magnetization, per volume. The results form2/V are
shown in Fig. 11. Figure 12 displays correlation functio

ld
etector at
value

the region
FIG. 9. Gray-scale coded map of the experimental scattering intensity recorded on the two-dimensional position-sensitive d
temperatureT55 K and at three different magnetic fields as indicated in the figure. The field direction is vertical, and the maximum
of the magnitudeq of the scattering vector~measured from the center of the square horizontally to an edge! is 0.92 nm21. Subsequent
shadings denote doubling of the intensity, with darker regions corresponding to higher intensity. The central black squares mask
of the beam stop.
2-9
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WEISSMÜLLER et al. PHYSICAL REVIEW B 69, 054402 ~2004!
computed from this data via Eq.~18!. Data are only shown
for r>2 nm, in accordance with the limited experimen
resolution~compare Sec. II C!.

The correlation is seen to be significantly field depende
At interatomic distances less than 8 and 5 nm at 5 and 20
respectively,C(r ) decays as a function of increasingHa .
Beyond these interatomic spacings,C(r ) reflects the oppo-
site behavior: the highest applied field is associated with
largest values forC(r ). In the limit of interatomic distances
much larger than the grain size,C(r ) becomes nearly inde
pendent of the applied field. The graphs ofC(r ) at all fields
and temperatures could be fitted excellently by parabola
the interval 2<r<3.5 nm, and these fits were used to es
mate the valueC0 of the correlation function atr 50 by
extrapolation. Figure 13 shows the reduction of the net m
netization due to the spin-misalignment fluctuations, co
puted from the experimentalC0 and Eq.~22!. At T55 K the
results agree with magnetometer data, especially for the r
anent state. This supports the validity of our SANS d

FIG. 10. Experimental nuclear interference functionPnuc versus
the modulusq of the scattering vector.
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analysis, and it indicates that the reduced remanence at s
grain size~compare Sec. IV C above! can be ascribed en
tirely to the spin misalignment on the nanometer length sc
which is probed by SANS. Any contributions of a concei
able macroscopic domain structure can only be relatively
nor.

The good agreement of the magnetization inferred fr
SANS with the magnetometer data atT55 K contrasts with
the results forT5200 K. At the higher temperature, the Fo
rier components of the spin misalignment are smaller tha
T55 K, which indicates a more ordered spin arrangem
and less reduction of the magnetization due to static s
misalignment, whereas the overall magnetization is con
erably decreased. The apparent disagreement is readily
derstood in terms of the different response of the experim
tal techniques to thermal excitation of the spin syste
magnetometry is equally sensitive to the reduction of the
magnetization by static as well as dynamic~thermal! disor-
der of the spin system, whereas SANS may or may not de
spin waves, depending on the dispersion relation and on
neutron wavelength. Since the SANS experiment does
discriminate between elastic and inelastic scattering, the
dynamics may enter the data through magnon scatter
However, as was argued in Sec. II B, the large energy ga
the dispersion relation of Tb prohibits inelastic scattering
the wavelength used in our experiment. This suggests
the SANS data of the present work are exclusively due to
static spin structure, and that the effect of the spin dynam
at higher T, which is responsible for the reduced macr
scopic magnetization, is not included in the experimen
C(r ).

In Fig. 14 the negative inverse logarithmic derivative
the correlation function is plotted versusr. Linear extrapola-
tion to r→0 supplies the characteristic lengthl C of the spin
misalignment defined in Sec. II C. The results are shown
Fig. 15. It is seen that, atT55 K, l C exhibits a weak mini-
mum as a function of the field, the values varying betwe
1.5 and 2 nm, close to the experimental resolution of roug
2 nm. This indicates that, atT55 K, the disorder in the spin
system is dominated by structure on the scale of 2 nm or l
throughout the entire range of applied fields in our expe
o-

-

FIG. 11. Magnitude square of the Fourier c
efficients~per volume! of the magnetization ver-
sus modulusq of the scattering vector at tempera
ture T55 ~a! and 200~b! K at various applied
magnetic fields as indicated in the figure.
2-10



p

g

SPIN STRUCTURE OF NANOCRYSTALLINE TERBIUM PHYSICAL REVIEW B69, 054402 ~2004!
FIG. 12. Correlation functionC(r ) at tem-
peratureT55 ~a! and 200~b! K. Magnetic fields
~in order of decreasingC at small r!: ~a! m0Ha

50, 0.2, 0.4, 0.6, 1, 2, and 4.5 T;~b! m0Ha50,
0.1, 0.2, 0.4, 0.6, 1, 2, and 4.5 T. Down and u
arrows denote the trend of the variation ofC at
small and mediumr, respectively, whenH is in-
creased. Data are shown only forr .2 nm, to ac-
count for the limited resolution of the scatterin
data.
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ment. Since this scale is smaller than the grain size of 9
the scattering must arise from internal nonuniformity of t
magnetizationwithin the individual nanograins.

At 200 K Fig. 15 shows thatl C exhibits a stronger varia
tion as a function of the field: after an initial dropl C in-
creases from its minimum value of less than 2 nm to abo
nm at m0Ha54.5 T. The finding of an initial drop ofl C as
Ha is increased is in qualitative agreement with what is
rived theoretically by analysis of the magnetic interactions
soft magnets,17 and confirmed by experiment in nc Ni an
Co:42 the effect of the applied field is to selectively suppre
the Fourier componentsm with the longest wavelengths, s
that progressively smaller structures survive as the field
increased. However, as compared to the soft magnets at
lar values ofHa , the characteristic lengths in Tb are foun
more than one order of magnitude smaller. What is more,
characteristic length in Tb~at least atT5200 K) increases
when the field is increased above aboutm0Ha51 T. An ex-
planation of this finding will be given in Sec. V B below.

V. DISCUSSION

A. Implications of magnetization data and
correlation functions

The magnetization data of our experiments show, as
most obvious effect of reducing the grain size of Tb to t
nanometer scale, a significant reduction of the magnetiza
at all fields and temperatures investigated. It is notewor
that the finding of a reduced remanence in the nc mate
relative to cg Tb, is in contradiction to the general trend of
enhancedremanence in nanocrystalline hard magnets,43,44
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which constitutes one of the reasons for the commercial
terest in these materials for application as hard magnet
conceivable explanation would be a reduction of the me
magnetic moment at grain boundaries.Ab initio computa-
tions for grain boundaries in Ni suggest a small reduction
the moment,45 and some experimental studies of nc transiti
metals report a more dramatic decrease.46 However, the more
recent experimental studies have found practically no s
dependence of the saturation magnetization in nc Ni and
Co;14 in fact it was convincingly demonstrated that the pr
viously reported size dependence in transition metals is
artifact due to impurities.47 In the present study the analys
of the paramagnetic susceptibility data shows that the m
atomic magnetic moment is unaffected by the grain size
that the reduction of the magnetization cannot be the re
of a possible reduction in the moment at grain boundar
This is in agreement with the expectation that, due to
localized nature of the 4f electrons, which are responsib
for the magnetism in Tb, the atomic magnetic mome
should depend only weakly on the atomic short-range or

The analysis of the correlation functions has led us to
conclusion that the spin orientation varies considerably
length scales smaller than the grain size. In other words,
in agreement with the conclusions drawn from the susce
bility data, the reduced magnetization is not due to a red
tion of the atomic magnetic moment, but results from t
internal spin disorder in the grains. The agreement of
magnetization computed from SANS with that measured
magnetometry shows that, at lowT, this intragrain spin dis-
order involves fluctuations of the spin orientation of suf
cient magnitude to account for the entire field dependenc
ted
-

FIG. 13. Reduced magnetizationM /MS ~us-
ing MS5328 A m2/kg) versus internal magnetic
field Hi at temperaturesT55 ~a! and 200~b! K.
Solid lines, magnetometer data; circles, estima
from the extrapolated value of the spin
misalignment correlation function atr 50 via Eq.
~22!.
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WEISSMÜLLER et al. PHYSICAL REVIEW B 69, 054402 ~2004!
the magnetization, and for a reduction of the net magnet
tion by more than 50% ofMS in the remanent state. It i
emphasized that the reduced remanence due to intrag
spin disorder, which reduces the net magnetization of e
grain, is quite different from the demagnetization of a co
ventional coarse-grained ferromagnet, which occurs by
formation of macroscopic domains with inverse magneti
tion. A gradual formation of domainswithin the individual
nanograins, which would be required to explain the conti
ous variation ofC0 and l C as a function of the field, is no
compatible with the large coercive force of nc Tb.

In Tb, the ‘‘easy axes’’ of the magnetization are in th
basal plane of the hexagonal crystal lattice. The strength w
which the anisotropy counteracts the canting of the mome
out of the plane is measured by the magnitude of a fictiti
magnetic field which acts in the plane and tends to align
moments with the plane.48 For an anisotropy energy densi
V20P2@cos(u)#, where V20 and P2 denote the second Leg
endre polynomial and the associated anisotropy coeffici

FIG. 14. The negative inverse of the logarithmic derivative
the correlation function2@d ln(C)/dr#21 versus the interatomic dis
tancer for the data in Fig. 12~a!. The characteristic lengthl C was
determined by linear extrapolation of this function tor 50.

FIG. 15. Characteristic lengthl C versus applied fieldHa at tem-
peraturesT55 and 200 K, as indicated in the figure.
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the magnitude of the field is 3V20/(m0^M &). With the ex-
perimental value48,49 V2055.653107 J/m3, the estimated
field has the very high value of 62 T atT55 K. At 200 K,
whereV20 is decreased to 1.13107 J/m3, and^M& is reduced
to 0.6MS ,50 one still obtains a large value, 20 T. The max
mum experimental field in the SANS experiment had t
much smaller value of 4.5 T, it was therefore insufficient
cant the moments significantly. Therefore, it is conclud
that under all experimental conditions the net magnetiza
of each crystallite remained essentially locked in to the lo
hexagonal basal plane, and that the intragrain spin diso
involves variations of the orientation of the moments in t
basal planes.

It is tempting to identify the torque on the moments in t
grain boundary regions—which arises from the exchange
teraction with the neighboring grains of different crystall
graphic orientation—as the reason for the intragrain s
misalignment. However, this cannot be the dominant eff
in nc Tb, since we observed a decreased remanent mag
zation, whereas it is known that the exchange interaction
on average enhance the remanence in fine-grained hard
nets, as mentioned above. Thus, it appears that the intrag
spin disorder must result from the two remaining fields th
give rise to a torque on the moments which is nonunifo
within each grain: the magnetostatic stray field from t
neighboring grains, and/or the magnetoelastic anisotropy
to nonuniform microstrain and stress within the nanograi

In view of the absence of a grain-size dependence of
atomic magnetic moment, the decreased paramagnetic
ceptibility must be understood as an effect of modified m
netic interaction. Since there is also little size dependenc
uP , the most obvious explanation is in terms of the anis
ropy energy: In Tb single crystals the paramagnetic susc
tibility is reduced along the axis of high anisotropy energy
the ferromagnetic state, thec axis. By analogy, the finding o
a reduced paramagnetic susceptibility in nc Tb suggests
on average the anisotropy energy in the nc material is hig
than that of the annealed sample. Conceivably, this extra
isotropy originates from magnetoelastic effects related to
microstrain in nanocrystalline materials.

As a matter of fact, the above contention is much in e
dence at the common observation of enhanced microstra
nc metals, typically on the order of several tenths of
percent—a value within the uncertainty of our x-ray da
Microstrain is a result of elastic interactions of varying si
and magnitude at the boundaries to the various grains.51 It is
manifest as interplanar as well as in-plane interatomic d
tance fluctuations which are nonuniform within the ind
vidual crystallites. Therefore, it seems plausible to assu
that magnetoelastic anisotropy forces the orientation of
anisotropy field to vary nonuniformly within each grain. Th
microstrain is not resolved by the diffraction data, but
lower bound is provided by the intrinsic microstrain, whic
is required to achieve a close packing of randomly orien
crystalline grains when the discrete nature of the crystal
tice precludes continuous adjustment of the dimensions w
out strain.51 For fcc metals this implies ^«2&1/2

'(0.05 nm)/D, and a roughly similar value would be ex
pected for hcp due to the essentially similar interplanar sp

f
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ings. This suggests a comparatively large rms strain, of
order of 0.5% in nc Tb. Since Tb exhibits a large magne
striction, in particular when the magnetization is rotat
within the basal plane,52 a considerable strain-induced in
plane magnetic anisotropy is expected to result from the
crostrain.

The finding of a suppression of the antiferromagnetic s
in nc Tb is consistent with the notion of a nonuniform ma
netoelastic anisotropy. The dependency of antiferromagn
order on the grain size has previously been investigated
nc Cr,53,54and a similar suppression of the ordering transit
was found when the material was prepared by inert-
condensation.53 The finding has been argued to be in agre
ment with the notions that~i! the order is suppressed whe
the size of the magnetic unit cell~9–10 lattice constants in
Tb! is comparable to the grain size and~ii ! antiferromagnetic
order is readily suppressed by nonuniform strain, especi
in materials with a large magnetostriction, as in Tb.

Within the notion of spin disorder due to nonunifor
magnetoelastic anisotropy, the finding of a lesser static
order atT5200 K compared to 5 K~compare Fig. 13! can be
readily understood in terms of the considerable reduct
with increasing temperature, of the in-plane magnetostric
coefficients.52 As a consequence, the disordering effect of
induced magnetoelastic anisotropy is reduced at the highT,
so that the spins are more efficiently aligned by the excha
interaction and by the applied field. A more detailed disc
sion of theq-dependent scattering cross section and of
manifestations in Figs. 11, 12, and 15 will be given in t
next section.

It would be of interest to relate the temperature dep
dence of the coercive field to that of the magnetic anisotro
Some nucleation models predictHC}K/^M & whereK is the
anisotropy energy coefficient representing the dominant t
of anisotropy, either magnetocrystalline or magnetoelasti55

Between 1.6 and 200 K the experimental coercivity in nc
decreases by a factor of about 17, from 860 to about 50
~compare Fig. 7!. In the same temperature interval, as in
cated above, the saturation magnetization in Tb single c
tals decreases by about 40%,50 the magnetocrystalline basa
plane anisotropy coefficient decreases by a factor of 5,48,49

and the magnetostriction coefficients decrease by a facto
less than 10.52 Consequently, the nucleation models me
tioned above predict a decrease ofHC by about a factor of 6
or less, considerably less than the experimental variatio
both samples, coarse grained and nanocrystalline. Wh
more, the temperature dependence ofHC in nc Tb is stron-
gest asT approaches zero, whereas^M& as well as the coef-
ficients of the magnetocrystalline anisotropy and of the m
netostriction in Tb exhibit only a weak temperatu
dependence forT below about 40 K. Hence, the variation o
HC is not readily explained as a consequence of the temp
ture dependence of the anisotropy coefficients. TheT1/2 law,
which we found to provide a good empirical representat
of the data for nc Tb, is characteristic for the thermally ac
vated magnetization reversal of isolated small particle56

This would not be expected to be the dominant mechan
in exchange-coupled grains as in our dense, polycrysta
samples. Indeed, time-dependent measurements~to be re-
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ported separately! do not support thermally activated magn
tization reversal. Thus, the origin of the strong temperat
dependence ofHC remains unresolved.

B. Modeling magnetic SANS

It would be desirable to predict the field-dependent SA
by nanocrystalline hard magnets based on micromagne
models, analogous to the approach which has been app
successfully to soft magnets. Of particular interest is the
planation of the crossover of the field-dependent scatte
curves and of the unusual increase of the scattering inten
at smallq when the field is increased. However, in view
the nonlinear nature of the equations, the task of finding
closed-form solutions for the equations of micromagneti
which are the basis for the analysis of scattering by s
magnets, becomes vastly more challenging when large
misalignment needs to be admitted in plausible models
hard magnets. In fact, published micromagnetics studie
nc hard magnets have been limited to finite element num
cal computations.

Since they involve a substantial numeric effort, finite e
ment approaches do not lend themselves for routine com
nation with experimental SANS studies. Rather than ana
ing magnetic interaction, we shall therefore restrict o
considerations to a highly simplified model for the scatter
which incorporates in a heuristic way what we propose to
the two most essential features of the spin structure of nc
~i! the net magnetization of each grain is essentially confi
to the easy plane, up to the highest fields available in
SANS study, and~ii ! within the easy planes the spin syste
is progressively disordered as the applied field is decrea

To this end, we analyzed the idealized limiting case wh
the moments have only one degree of freedom, the rota
about the axis normal to the local easy plane. When subs
tial simplifications are accepted, then a traceable appr
mate solution for the field-dependent scattering can be
rived which allows to verify that the signal from this highl
simplified model exhibits qualitative features in agreem
with the experiment, most noticeably the crossover of
scattering curves at smallq. We present this computation a
supporting online material,57 emphasizing that the nature o
the assumptions is such that the model will be poorly sui
for obtaining further, quantitative information on the ma
netic microstructure and magnetic interactions. Neverthel
as can be seen by inspection of the computed scatte
curves~see the example in Fig. 16!, the model may serve a
a qualitative verification of the assumptions.

The considerations in the supporting online materia57

suggest the following explanation for the crossover of
scattering curves: at highq, dS/dV is dominated by the
scattering of the magnetic nonuniformity on a small sca
the internal spin disorder of the individual grains. With i
creasing applied field,dS/dV is diminished as the increas
ing projected field within the easy planes suppresses the
disorder and aligns the spins more in parallel within the lo
easy planes. At the same time, this process increases
magnitude of the net moment of each grain, while leaving
misalignment relative to the field direction constant, since
2-13
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FIG. 16. Computed values of the Fourier c
efficients of an idealized hard magnet at three d
ferent values of the magnetic field, as indicated
the figure. The square magnitude of the Four
coefficients ~per volume! of the magnetization
versus modulusq of the scattering vector for~a!
the intragrain component,~b! the intergrain com-
ponent, and~c! the sum of intra- and intergrain
components, which determines the experimen
scattering signal. As can be seen in~c!, the model
reproduces the crossover of the intensity curv
at low q which is observed experimentally. Se
supporting online material for details~Ref. 57!.
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moments remain locked in the respective easy planes. S
dS/dV at smallq is dominated by the scattering contrast
structures on a scale of the grain size or larger, the fi
dependence will here be opposite to what is observed at
q, that is, the scattering will increase with increasing field

Besides reproducing in a qualitative way the field dep
dence of the scattering cross section, the model also sup
a field-dependent evolution of the characteristic lengths
agreement with the experiment: at smallHa the largest Fou-
rier components of the magnetization are due to the inte
disorder of the spin system within each individual gra
which is characterized by a smalll C . As the field is in-
creased this disorder is suppressed, in such a way tha
Fourier components with the largest wavevector are dim
ished first, so thatl C is decreasing. This trend is apparent
the experimental data~compare Fig. 15!. As the field is in-
creased further the trend will continue but, eventually,
amplitude of the static fluctuations of the spin orientati
within the grains becomes so small that their contribution
the overall correlation function is no longer resolved. O
can then understand the experimental result forl C by consid-
ering the magnetization within each individual grain as a
proximately uniform, so that the dominant nonuniformity
the spin system is due to the jump in the orientation of
net moments from grain to grain. The characteristic len
representing this structure is comparable to the grain s
This means that, as the field is increased, there is a trans
from a smalll C , representative of structure in the interior
the grains, to a largerl C , representing the grain structur
The transition is not due to a single characteristic len
changing its magnitude, but due to the amplitude associ
with the smaller-scale structure fading, so that the contri
tion of the larger structure to the correlation function b
comes dominant.

In support of the picture suggested above it is noted
the correlation length of idealized, spherical grains of sizeD
is l C52D/3 ~compare Sec. II C!, which yieldsl C56 nm for
the experimental grain size, 9 nm, of the nanocrystall
sample investigated here. Indeed, as can be seen by in
tion of Fig. 15, the experimentall C approaches this value a
large applied field forT5200 K. The failure to observe a
analogous behavior at 5 K is consistent with fact that, due
the larger anisotropy energy, much larger applied fields
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excess of those available in our study, are required to s
press the internal spin disorder at the lower temperature

VI. SUMMARY

In summary, we have investigated nanocrystalline Tb w
a grain size of 9 nm. The paramagnetic susceptibility d
gave no evidence for a decrease of the atomic moment c
pared to coarse-grained Tb, but in the ferromagnetic reg
we found a large increase of the coercive field. The sm
angle neutron scattering signal was found to be dominated
magnetic scattering even at fields of several tesla. We h
shown how the scattering due to the spin misalignment
be separated from scattering due to inhomogeneity in
atomic density, in spite of the failure of the sin2 q law of
magnetic scattering. The SANS data indicate that the m
netization remains locked in to the local basal plane of e
crystallite up to fields of 4.5 T and temperatures of 200
This suggests, as an explanation for the large coercive fi
the fact that domain wall motion is hindered at boundar
between grains with noncoplanar basal planes.

The unusual crossover of the field-dependent differen
scattering cross sections, and the unusually small remane
can be explained in terms of significant disorder of the s
system within each grain. This finding, along with the r
duced paramagnetic susceptibility and the known fact tha
exhibits large magnetostriction coefficients, indicates t
nonuniform strain fields—which are unanimously report
for nanocrystalline metals, and which may even be intrin
at small grain size—induce a magnetoelastic anisotr
which varies within each grain and which is comparable
magnitude to the in-plane anisotropy of Tb. An analysis
the correlation function of the spin misalignment indicat
small characteristic length for the disorder of the spin m
alignment, in agreement with the small magnetic excha
lengths of Tb and with the above-mentioned notion of sm
scale spin disorder.
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