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We present an experimental study of the magnetic microstructure in the nanocrystalline hard magnet Th.
Field-dependent small-angle neutron scatte(®gNS) 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.
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[. INTRODUCTION crostructure, the exchange-stiffness constant, the magnitude
and microstructure of the magnetic anisotrop¥’and the

In nanocrystallingnc) ferromagnets the orientation of the magnetostatic stray fieff. Similar to the computer models
magnetization vector is highly nonuniform on the nanometelapplied to hard magnets, the magnetic SANS analysis is
scale, because at each grain boundary the set of crystallbased on the theory of micromagnetics. This continuum
graphic “easy axes” for the magnetization changes its orientheory describes the variation of the orientation of the mag-
tation. Studying the detailed nature of this nonuniformity isnetization as a function of position and time based on a bal-
of importance for understanding the macroscopic magnetiance of the torques on the magnetic moments due to the
properties of nc materials. Several recent micromagneticanisotropy, the applied and demagnetizing fields, and the ex-
computer simulations explore the magnetic microstructure othange interaction.
nc hard magnets as a function of the grain size, of the an- The magnetic microstructure of nc hard magnets, unlike
isotropy energy, and of the magnitude of the exchange couthat of soft magnets, has not been studied by SANS so far. In
pling in the grain boundary regiods? but there are practi- this paper, we present such a study, an investigation of the nc
cally no experimental data on the nanoscale magneticare earth Th. Single crystal Tb is ferromagnetic below 220
microstructure in the bulk of these materials. This is a conK;!° an intermediate antiferromagnetic phase with a helical
sequence of the inadequate lateral resolution of present mspin structure and a periodicity of 9—-10 lattice constants
croscopic techniquederr, magnetic force, and Lorentz mi- along thec axis of the hexagonal lattié®is stable up to the
croscopy as well as scanning electron microscopy withiNeel temperature of 229 K.  Tb has an extraordinarily large
polarization analysisand of their inability to image the mag- magnetocrystalline anisotropy. It not only confines the mo-
netic domain structure in the bulk, as opposed to at the suments to the basal plane of the hcp lattice under most experi-
face. At present, the only known technique with a potentialmental conditions in the ferromagnetic regime, but it results
to resolve the magnetic microstructure in the bulk and on thalso in a significantly anisotropic susceptibility even in the
length scale of nanometers is magnetic small-angle neutroparamagnetic state. As the basal planes of neighboring crys-
scattering(SANS). tals in a polycrystal are not coplanar, the large anisotropy

Studies of SANS in nominally saturated nanocrystallineimposes, depending on the crystallographic misorientation
sof~® and hard magnets have provided information on the between neighboring grains, a variation of the spin orienta-
nuclear microstructure. Investigations of the magnetic microtion from grain to grain. The present study aims at investi-
structure by SANS have been carried out on essentially sofjating the nature of this highly perturbed spin structure in the
magnetic nc samples of the elemental transition metals Fa&c material and of its dependence on the magnetic field.
Ni, and Co®and on nc soft magnets crystallized from  The first part of this papeiSec. |) discusses the theory of
glasses? It has recently become possible to analyze suctSANS by hard magnets, with emphasis on two issues, the
data quantitatively by employing a model for magneticseparation of magnetic from nuclear scattering, and the
SANS by ferromagnets which is applicable near saturationanalysis of the scattering data in terms of real-space informa-
This approach supplies quantitative data on the magnetic mtion. Frequently, the separation of nuclear and magnetic scat-
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tering is based on the assumption that the first is isotropiobservation that the magnetic scattering of nanocrystalline
whereas the second varies with the anglbetween the ap- ferromagnets will frequently display power laws steeper than
plied magnetic field, and the scattering vectaras sif 9.>  q~*, which cannot be reproduced by hard-sphere models or
This is adequate when the scattering is due to jumps in thBy the Lorentzian-squared terrifsin Sec. |1 C of this paper
magnitude of the magnetization in a saturated magnetic mave show how quantitative information on the magnetic mi-
terial, for instance at the boundaries between magnetic paffostructure can be derived from SANS data if a model-
ticles and a nonmagnetic matrix. However, in single-phasédependent analysis of thautgcorrelation function of the
bulk ferromagnets the magnetic scattering arises from th&Pin-misalignment angle is carried out.

misalignment of the magnetic moments; near saturation the Sections Il and IV present experimental procedures and
scattering will then vary as (&cog 9), whereas both mag- results, n_’-zsp_ectlvely, both for the magnet.lc finq structur_al
nitude and angular variation of the scattering in the demagg¢haracterization and for SANS. One of the intriguing experi-
netized state and at intermediate fields depend strongly ofental findings is that the magnetic SANS at small scattering
the field and on the nature of the magnetic interactfold. vectorq increases with increasing applied magnenc_ field
This precludes the application of the $inlaw to determine  Ha- This is contrary to the case of soft magnets, and it con-
the nuclear scattering. It has been found that even in soffadicts the common trend that the progressive ordering of
magnetic materials the scattering from the spin misalignmerf® Spin system by increasirtd, will necessarily decrease

is not entirely suppressed by the magnetic fields which aréhe scattermg contrast arising from the spin misalignment. In
typically available from electromagnetss2 T). Neverthe- S€c. V we discuss the results, and we present a model that
less, the nuclear scattering cross section can be determin8n qualitatively explain the experimental observation.

by a suitable extrapolation to the idealized saturated state,

based on field-dependent SANS data recorded in the Il. THEORY

approach-to-saturation regim&!’ Because of their large , _

magnetic anisotropy, hard magnets require a considerably A. Elastic magnetic SANS

larger field for saturation. In fact, the material of the present The elastic differential scattering cross sectidyd() for
work could not be saturated with the available magneticSANS (assuming a nonpolarized incident beam and neglect-
field, and as a consequence the extrapolation method wasg spin-dependent nuclear scattejirg scattering vectoq
inapplicable. However, we could make use of the fact thatiue to atoms at positions is given by*2*

the Curie temperaturé; of Tb is below room temperature,

so that the material can be studied in the paramagnetic state  d3, 1

aboveT, without incurring the risk of irreversible coarsen- o (D= vzl (PruciBrucs  PmagPmag1 Qj - Q1)

ing of the microstructure by grain growth. Section Il A shows b

how the combined nuclear and magnetic scattering due to xexdiq(x;—x)1, Q)

pores and second phases in the ferromagnetic state can be
determined from scattering data for the material in the parawhereb,. andb,,4denote the atomic nuclear and magnetic
magnetic state. scattering lengths, respectiveW,is the volume, an@@ rep-
The question of how information on the real-space spirresents the Halpern-Johnson vector, which is related to a unit
structure can be extracted from experimental spinvector € in the direction ofg and to the atomic magnetic
misalignment scattering cross sections is the subject of denoment u,, by the vector functionQ=¢e(e- pa/pa)
bate. Some authors maintain that a characteristic size of co= pa/us.2>%°
herently magnetized regions can be evaluated by Equation(l) accounts for scattering due to variations in
decomposing the scattering into contributions from hypo-the atomic density and composition and to variations in the
thetical hard spheres with a distribution of siz&&' How-  magnitude and orientation of the magnetic moment. Of in-
ever, concerns were raised on the grounds that models for therest for studies of the magnetic microstructure are the
magnetic microstructure suggest continuous variations of theariations of the orientation of the magnetic moment, and it
spin-misalignment angle with a wide spectrum of wave-is therefore desirable to separate this “spin-misalignment
lengths, very much unlike the homogeneously magnetizedcattering” from scattering due to the nonuniform atomic
domains with sharp boundaries which are implied by thedensity and to the ensuing variations of the local magnitude
hard sphere analysté.The continuous variation of the spin of the magnetization. We have previously discussed this
orientation is indeed well known for ferromagnetic amor- separation for the case of a multicomponent material in the
phous alloys. The elastic magnetic differential scatterindimit where the angle of misalignment of the magnetic mo-
cross section of these materials can be modeled by ments relative to the field direction is sm#lIiFor hard mag-
Lorentzian-squared term, which arises from an exponentiahets the misalignment angle will not generally be small since
decay in the correlation of the spin orientation, with a well-the large anisotropy will tilt the spins even at large applied
defined correlation length This exponential decay has a magnetic fields. This prevents the application of our previous
firm foundation in the random magnetic anisotropy theoryresults to hard magnets, but a formal separation of the spin
for the magnetism of amorphous materials. In the absence @hisalignment scattering is still possible if attention is re-
an equivalent model for nanocrystalline hard magnets, wetricted to single-component ferromagnets with uniform
find it desirable to use a model-independent approach in ananagnitude ofu, and ofb,4. To this end, the atomic mag-
lyzing the scattering data. This is further supported by thenetic moments vectorg,; are decomposed into the mean
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value over all atoms(u,), and the difference vector, d=y 8 .

_ —=(q)= ———b2.p2Im(q)|?sir a 7
Apra = pa;— (). The Halpen-Johnson vecto are de- dq ‘@~ 7y Pmag?al M ,
composed analogously, so tf@t=(Q)+AQ; and

wherem denotes the Fourier transform of the reduced mag-
Q) 8( .. <Ma>)  (Ma) @ netizationM p(X)/Mg,
Ma Ma

can be substituted in E@l). We use the angular brackets MP(X)/MS:(ZW)_S/ZJ f f m(q)exp(—igx)d®q, (8)

to denote averages throughout this paper. By definition, the
mean value ofAQ vanishes, and the contributions of the and a represents the angle included byandg. In experi-
termsbﬁanAQj(@ to the sum in Eq(1) will therefore can- mental SANS studies the scattering is measured only for
cel. The remaining terms can be grouped into the two addithe plane normal to the incident neutron beam. Often it is
tive scattering cross sectiom z/dQ) and d3,,/dQ, the useful to discuss a “radial average” differential cross sec-
first containing only term$,,,; andb,{Q), and the second tion, averaged over all orientations gfwithin this plane.
only termsb,,AQ: For use in the next section we present results for this average
in two situations of high symmetry(i) the demagnetized
dxg N ojne 1 S (ma)? . texture-free soft magnet at vanishing applied fields énd
0 D=V, TV (Brue“+ bmag_Mr sir the nearly saturated texture-free ferromagnetijinthe vec-
a tor m takes on all orientations with equal probability and
independent of the orientation gf whereas inii) the vec-
3 torsMp and, thereforem are confined to the plane normal to
(M), with a constant expectation value independent of the
2 orientation ofg. In both cases the expectation valugrof is
. (4)  independent of the orientation of, so that |m(q)|?
=m?(q) and

2
x| expligx;)

J

dx 1 :
dQM(Q):vbrzna4; AQ; expliax;))

The symbolo;,. denotes the nuclear incoherent scattering. _

By inspection of Eq(3) it is seen that the “residual scatter- d>y
ing cross section g depends on the nuclear microstructure E(q N
through the nuclear interference function,

3
8% bl Em?(a)(sirF a), )

where the averaggsir? «) takes on the values 2/3 and 3/4 in
2 caseqi) and(ii), respectively.
' ©) The spin-misalignment scattering cross secligpin the
ferromagnetic state is due to tlstatic magnetic microstruc-
whereN denotes the number of atoms, and through a prefture; by contrast, in the paramagnetic state the magnetic scat-
actor which varies as a function of the vector mean of thdering arises from thermally activatetynamicfluctuations
magnetic moment. X 5 depends only on the nuclear micro- of the spin direction. The cross section for the paramagnetic

1
Pnu4q>=ﬁ‘$ expligx))

structure and on the mean magnetization, and is otherwisgcattering is given By

independent of the magnetic microstructure. The scattering

due to the nonuniform orientation of the magnetization, that dXp N2 5

; i i i ; —— =5 5(vro)JdJ+1) (10
is, due to the magnetic microstructure, is isolated in the cross dQ v3'/no '

section for “spin-misalignment scattering® ), .

The macroscopic mean magnetizatidm), which can be  wherer, denotes the classical radius of the electrog (
measured with a magnetometer, scales with the mean atomic2.818<10 **m), v, is the neutron magnetic moment
moment. This allows one to estimatg,) in Eq. (3) from  measured in units of nuclear magnetong £ —1.913), and

experimental magnetization data according to J is the effective spin quantum number. In writing Ed0)
we have omitted the atomic form factor, which is unity in the
(o) (M) small-angle region.
a = Mg (6) By making use of Eq(10) and of tabulated values far;,.
and J, it is possible to determine the nuclear interference
whereM g denotes the saturation magnetization. function for residual scattering from the experimental total

For small-angle scattering the discreteness of the atomiscattering cross section in the paramagnetic state,
structure of matter is of no importance, so that the sum in Eq.
(4) can, quite analogously to the usual procedure in nuclear d3 N oj e d2p 5
small-angle scattering, be replaced by an integral based on E(Q): Var a0 " v<bnuc> Prudd).
the  continuous  function AQ(X)=g(e-Mp(X)/Mg)
—Mp(x)/Ms. My is defined as the difference between theOnceP,,,{q) is known the spin-misalignment scattering can
local magnetization and the macroscopic mean magnetizdse separated from the residual scattering by using the expres-
tion, Mp(x)=M(x)—(M). The magnetic scattering cross sion for scattering in the ferromagnetic state, obtained by
section can then be expressed as combining Eqgs(3)—(5),

(11

054402-3



WEISSMULLER et al. PHYSICAL REVIEW B 69, 054402 (2004

dz, N ojne N o (ma)? . the magnitude of the second term is estimated at about 20 T
aa D=y 7, Ty P +bmag_#2_5m2ﬂ Prud Q) at 5 K and 2:1T at 200 K. In spite of the uncertainty
a involved in the simplified representation of the dispersion
dSy relation, the implication of the large gap energy is therefore
+ 50 (@ (12 clearly that the critical field is negative, in other words, in-
elastic scattering is suppressed at all applied fields, so that
For Tb, the nuclear scattering length is,,=7.34 the magnetic SANS signal is entirely elastic.
% 107® m.28 With the atomic momenjs,=9.34ug,*’ one
obtains for the magnetic scattering lengthy,,;=0.27 C. Correlation function and characteristic length
X107 MX pa/ pug=25.2<10"1° m. Sinceby,gis signifi-
cantly larger tharb,,c, the residual scattering cross section
is dominantly magnetic.

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

B. Inelastic magnetic SANS C(r)=M§2V_1f f f Mp(X)-Mp(x+r)d3x; (15)

Since our interest is in the static magnetic microstructure
which is probed by elastic scattering, it is required to verify
that the inelastic scattering cross section in the ferromagnetic
state is negligible. We have previously shdfvthat, for the C(r):vflf f f Im(q)|?exp(iqr)d3g. (16)
spin-wave dispersion relatiohw=Dg?+guguoH Where
hw and D denote the spin-wave energy and the spin-waveBy comparison to Eq(7) it is seen thatm(q)|?> can be
stiffness constant, respectively, the requirements of conservgetermined from the spin-misalignment scattering provided
tion of momentum and energy upon absorption or emissiofhat the anglesr are known. A rigorous evaluation &(r)
of a magnon cannot be satisfied simultaneously for any scafnay therefore require a knowledge of the complete informa-
tering vector in the small-angle regime when the field exjon on the orientation and magnitude of the veatoras a
ceeds the critical value function of the orientation and magnitude of the wave vector

£ g. In general, the required database will not be available, but
~ 0 (13) useful information orC(r) can still be derived from experi-
4m°guomgD mental scattering cross sections. As above we consider the
two limiting cases(i) the isotropic(demagnetizedcase, and
(i) the case of a nearly saturated texture-free ferromagnet. In
both case< is isotropic,C=C(r), and

it is related to the Fourier transform of M, /Mg by

*

(m, g, andk, denote, respectively, the neutron mass, ghe
factor, and the incident neutron wave vegtdfor H=H*

the magnetic SANS is entirely elastic, as is required for ana
lyzing the data in terms of our model. In materials with a 1 (e sin(qr)
large magnetocrystalline anisotropy, such as Th, the spin- C(r):_J m2(q)

wave dispersion relation contains, as an extra term, the gap V)g=o qr
energy A. The computation of the critical field is readily
generalized for the simplest such dispersion relatibm,
=A+Dqg?+guguoH. SinceA andguguoH are additive,
Eqg. (13) and its derivation will remain valid iH is consis-

\ = dSy
tently replaced byH +A/(gugug). The expression for the C(r)=a(2m2b? ag"gr)_lfqoq dQM (q)sin(qr)da,

47qg?da. (17

By solving Eq.(9) for m?(q) and substituting the result into
Eq. (17), we obtain

critical field will then take on the new form m
(18)
h4K3 A

H* ~ e D . (14  wherea=1/sir? «) takes on the values 3/2 and 4/3 for cases
M"Gkomst  GHoks (i) and(ii), respectively. In spite of the quite different orien-

When the second term on the right-hand side is larger iation distributions ofm, these results agree to within better

magnitude than the first, then spin-wave scattering in théhan =7%. In our data analysis we used the mean of both

small-angle regime is suppressedaay field and wave vec- Vvalues,a=17/12~1.42.

tor. A characteristic length: of the spin misalignment can be
We have estimated mean values of the exchange-stifinestefined in terms of the limit of the logarithmic derivative of

constantA and of the spin-wave stiffness constdntin To  C(r) for r—0:

from the interplanar exchange parameférsysing Eq.

(3.203 in Ref. 30 and averaging over the in-plane and out- = (d In(C)) -t

c=

of-plane interactions. This yield&~2.3x 10 ! J/m andD dr (19

~150 meV &, so that the numerical value of the first term
on the right in Eq(14) for the critical field to suppress spin- When fluctuations in the spin misalignment decay exponen-
wave scattering is about 0.4 T. Using the experimental valuegally, the definition is then consistent witlC(r)<exp

for the gap energy at the temperatures of our experimen{(—r/lc). Furthermore, in a granular system with discontinu-
Alkg=20K at T=5K and A/kg=2*1K at T=200 K3  ous interfaces the correlation function of the grair’ is

r—0
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A for the coarse-grained material. Magnetic measurements
C(r)oel— oy r (200 were performed on rectangular rods, of dimensionx@2:

g X 6 mnt, cut from the sample after completion of the SANS
in the limit r <R with R the radius of mean curvature of the experiment. A coarse-grained reference sample for the mag-
interfaces. A and Vg denote the total surface or interface netization measurements was obtained by annealing one of
area and the total volume of the grains. This is readily seethe rods for 10 min at 600°C in a vacuum of 5
to give [c=4V,/A and, for the special case of spherical x 10~ ® mbar. Macroscopic magnetization isotherms were
particles,|c=4R/3. The result for spheres is confirmed by measured with a vibrating sample magnetomé®stford In-
applying Eq.(19) to the known correlation function for the strumenty and the magnetic susceptibility was determined
sphere®® C(r)=1-3r/(4R)+r%/(16R%) for r<2R and  with an ac susceptometé@uantum Design PPMSThe de-
C(r)=0 for r>2R. magnetization factors where estimated from the values for

In addition to the characteristic length, the analysis of spheroids with aspect ratios similar to the samples. X-ray
C(r) can also supply information on the mean magnetizadiffraction on the as-prepared samples was performed in

tion. This is readily seen by considering E45) for r=0: Bragg-Brentano geometry using M« ., radiation and a
) 5 solid state detector. _
Cc(0)= EJ f f [Mp(x)] d¥x= (IMp[%) 21) The SANS experiments were carried out at instrument V4
\Y% M3 YE at the Berlin Neutron Scattering Cent&ENSQO. An unpo-

larized beam of wavelength =0.6 nm and a wavelength
spreadAN/A =0.15 was used. The instrument was equipped
. . X with a 5 T vertical field cryomagnet with an estimated rem-
angle included bM (x) and(M). It is then readily seen that 5pen field of 1 mT, and tr?e sangnple was mountedd® mm
[Mp|*=Mg(1-2 COS@(COSGH(COSG)Q andz, since |<M>_| diameter Cd aperture. All SANS measurements were carried
=Mg(cos6), that consequently|Mp|*)=M5—(M)=. This oyt with the sample first taken to the maximum field and the

In polar coordinates, and for uniforivlg, we can write
Mp=Mg{sin¢sinb,cos¢ sin b,cosf—(cos)}, with 6 the

leads to the result data then recorded at subsequently lower experimental fields.
(M)\? The series of measurements with various magnetic fields
C(O)=1—(—> , (22)  were repeated at each of three different sample-to-detector

Ms distances, covering @ range of about 0.06 to 3 nm. The

which links the correlation function to the macroscopic mag-data were corrected in the usual way for absorption, detector
netization(M). efficiency, and background, and were converted to absolute

It is well known that the lateral resolution and the size ofunits with the aid of a water standard. Care was taken to

the largest structure resolved in a small-angle scattering exeorrect for the comparatively strong scattering by the en-
periment depend, via the sampling theorem, on the upper antaa_mqe and exit windows of the c_ryostat. The sample trans-
lower experimental scattering vector, respectively. In evaluMission was measured for each field, and was found to vary

ating the integral Eq(18) for experimental data limited to only insignificantly when the field was increased from 1 mT
the interval[ 0, ,0max] ONE can obtain meaningful informa- to 4.5 T, from 0.65 to 0.69teb K and from 0.79 to 0.73 at
tion on C(r) only for distances in the interval[r in,f maxl 200 K.

with, roughly,r yin=277/0mayx @NAT nax= 7/ min - IN OUr experi-

ments on Th(see below, we usedgmi;=0.06 NM %, Qrmax IV. EXPERIMENTAL RESULTS

=3nm !, and consequently,,=2 nm, r =50 nm. Be-
sides limiting the resolution for the characteristic length, the ) )
finiteness of the experimental data also implies that the re- Figure Xa) displays the x-ray diffraction pattern for the nc
duction of the mean magnetization, relativeMg;, that can T sample. A mean grain size was determined by analysis of
be inferred fromC(0), isrepresentative only for the effect of the integral breadth of the Bragg reflections, correcting for

A. X-ray diffraction

I'max. IN particular, the results of SANS are insensitive to theinduced broadening by the method of Klug and Alexander
macroscopic domain structure of a material. assuming Cauchy size and Gaussian strain broadéhiftue
result for the grain size is 9231.8 nm. Owing to the reflec-
IIl. EXPERIMENT AND DATA REDUCTION tion overlap, the scatter in the results for the peak widths is

considerable. As a consequence, only an upper limit for the

Nanocrystalline Th was prepared by the inert-gas condernoot-mean squarérms) microstrain <82>1/2 was obtained,
sation technique. The material was thermally evaporated in é2)1/><0.6%.
108 mbar base-pressure vacuum system, backfilled with a The three reflections in the triplet around 15° scattering
stationary He atmosphere of 10 mbar, using@l crucibles  angle have similar widths, a finding that is contrary to results
heated by tungsten foils. The powder was collected and corfor nanocrystalline hcp Co, where a brogtD1) reflection
solidatedin situ under high vacuum and at ambient tempera-indicates a large number of stacking faift§’he absence of
ture; pressure and duration were 1 GPa and 20 min, respethis broadening in nc Tb indicates that faulting is insignifi-
tively. The samples are disks of diameter 8 mm and thicknessant. The ratio of the integrated intensities of ti€0),
of about 0.2 mm. Measurement by the Archimedes method002, and(200 peaks is close to that of untextured powder
indicated a mass density of 8% of the literature value samples, suggesting that the crystal orientations are random.
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Because of the small sample volume the coarse-grained The broad “hump” in y aroundT=150K in cg Tb cor-
annealed sampleg Th) yielded only a weak scattering sig- responds to a similar feature in single-crystal Th, which has
nal, which precluded an investigation in focusing diffraction been attributed to changes in the relaxation dynarifitisis
geometry over a wide range of scattering vector. Instead, theump is absent in nc Th.
scattering in the region of the most intense peaks was inves- The temperature dependence of the inverse paramagnetic
tigated with a position-sensitive detector and Ni-filtered cususceptibilityy ~* is displayed in Fig. ). According to the
Ka radiation, as displayed in Fig.(). It was found that Curie-Weiss law for the mass susceptibility,
after the annealing the reflection width corresponds to the
instrumental width; this indicates grain growth to a size of Naul
100 nm or above. X= 3mka(T—0p) (23

(whereN, is Avogadro’s number anch, denotes the atomic
weight, the paramagnetic atomic momepnt, can be de-
Figure 2a) displays the real pant’ of the ac susceptibil- duced from the slope of straight-line fits jo 1(T), while
ity, measured at frequency 1000 Hz and amplitude 10 Oethe abscissa intercept of the line indicates the paramagnetic
versus temperatur€ for the nanocrystalline and the coarse- Curie temperaturép . For cg Th we obtain,=9.75ug and
grained samples. The most obvious result is ghat consid-  #p=231 K, which is well compatible with the values for
erably smaller for nc than for cg Tb, both in the ferromag-single-crystal Tbu,=9.77ug andfp=239 and 195 K foH
netic and in the paramagnetic state. Both curves exhibialong thea andc axes of the hcp lattice, respectivély.
maxima at about the same magnetic transition temperature. The paramagnetic magnetization of an idealized, texture-
For cg Tb this corresponds to a ferromagnet-antiferromagnédtee polycrystal is obtained by relating the magnetization to
transition, with a maximuny at aboutfT =219 K; thisis in  the field in terms of the susceptibility tensor of the single
reasonable agreement with single-crystal datd. ( crystal, and taking the orientation average in crystal coordi-
=220 K).1® The susceptibility of cg Th exhibits a second nates. For Tb the result M = (2x4/3+ x/3)H with x, and
narrow peak at the Ng temperaturd =229 K. This tran- . the susceptibilities along the and c axes, respectively.
sition is suppressed in the nc material in favor of a singlewhen this expression is evaluated with E23) and the lit-
maximum in y at the Curie temperature of 224 K, signifi- erature data foy, and for 6, in the respective crystallo-
cantly higher thaiT¢ in the coarse-grained material. In con- graphic direction, then a curved graph gf! versusT is
trast to this observation, a pronounced decreas@dnat  obtained; this can be readily understood as a consequence of
small grain size has been reported for nc&d. the fact that, as the temperature approaches the ordering tran-

B. ac susceptibility

@ T P T FIG. 2. (a) Experimental ac susceptibility’
' i;‘;ﬁfe ioo] T coase & ] versus temperaturd for nanocrystalline and

i literature coarse-grained Th(b) Inverse ac susceptibility
x ! versusT for nanocrystallingbold solid ling
and coarse-grainegbold dash-dotted lineTb.
Thin solid lines: literature datdRef. 39 for
single-crystal Tb with the field oriented along the
crystallographica and ¢ axes as indicated in the
figure. Thin solid line marked “poly” refers to
the inverse susceptibility of a texture-free coarse-
f grained polycrystal, computed by taking the ori-
0 50 100 180 200 250 300 O e e o e entation average of the single-crystal data yor

T [K] T K] in crystal coordinates.
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sition from above, the diverging susceptibility of the crystal- 300
lites with the highest, will make an increasingly dominant
contribution to the net susceptibility. The orientation-
averaged susceptibility is plotted as one of the thin solid
lines in Fig. Zb); it is seen to agree quantitatively with the =3
experimental data for cg Tb at temperatures sufficiently & 1001
above 6. The fact that this good agreement to literature « 1
data was obtained with annealed nc Tb suggests that th g 0
magnetic properties are not noticeably affected by impurities, — l
and that the modified magnetic properties in the nanocrystal- s ;40
line state, to be discussed below, are an intrinsic effect of the ©

200+

small size, not extrinsic due to impurities or second phases ]

In this context it is noted that the samples retained a shiny ~200- /

metallic surface even after exposure to air for about one year { ——— nano

and that they showed no detectable change in the magneti -300 coarse

properties over a period of several months. This is in contrast 12 8 4 0 4 8 12

to inert-gas condensed transition metals, such as Fe, whicl
pick up prohibitive amounts of oxygen upon exposure to
.38
air. o
As compared to the data for cg Tb, the susceptibility of nc_ /G- 3. Isotherms of the mass magnetizatiop versus the

Th is significantly lower at all temperatures, and the Curva_lnternall fieldH; at temperaturel=1.6 K for nanocrystalline and

ture in the plot of)(_l versusT in the paramagnetic state is coarse-grained Tksolid lineg. Dashed line: Stoner-Wohlfarth limit

. . : for the remanence.
increased. Accurate estimates @f are complicated by the

significant curvature ofy~*(T), but the graph ofy"%(T)  indicated by the dashed line in Fig. 3. It is seen that for
exhibits a tendency to align in parallel with that of cg Tb andapplied fields below about 0.7 T for cg Th, and below about
with the single-crystal curves a6 is increased. This trend 7 T for nc Th, the magnetization of the samples is below the
could not be explored to arbitrarily high, since the maxi-  Stoner-Wohlfarth limit for the remanence; the reduced rema-
mum temperature for experiment was limited by the need tgience for nc Tb at 1.6 K is OMs.
prevent grain growth. We carried out repetitive measure- A conceivable reason for the low apparent remanence is
ments of x(T); these gave identical results, indicating thethe occurrence of domains, magnetized at an angle to the
absence of irreversible changes in the microstructure duringipplied field, in the region of demagnetizing fields near the
heating to 325 K. A lower bound for the moment was ob-edges of the rod-shaped samples. The effect of these fields is
tained from the slope of ~*(T) at the highest temperature. not adequately corrected for by subtraction of a uniform de-
In the interval 320-325 K the slope is 13.9 magnetizing field. Since cg Tb has a low coercivity, it is
*=0.4 (g Oe/emu)X, which yields a paramagnetic moment conceivable that the local demagnetizing field may be suffi-
of (9.56+0.14)ug, within 2% of the single-crystal value. ciently strong to nucleate such domains. However, since both
This suggests that the reduction of the grain size does ngfamples have identical shape and dimension, and since nc Th
affect the mean atomic moment; in other words, there is ntas a large coercivity which cannot be overcome by the de-
evidence for a significant reduction @f, at grain bound- magnetizing field at edges, the reduced remanent magnetiza-
aries. tion in the nanoscale material, relative to cg Th, cannot be
explained in this way. This suggests the nanoscale grain size
as the relevant factor.

The significant reduction of the magnetization at small

Figure 3 displays hysteresis loops at the temperalure grain size persists throughout the entire temperature interval
=1.6 K for cg and nc Th. The most obvious finding is that ncup to T=300 K, as can be seen in the overview plots of
Tb has a considerably larger coercivity than cg Tb, and anagnetization isotherms for the two samples below and
significantly lower magnetization at all fields. It is also found above T (see Fig. 4 The magnetization isotherms at the
that, even at an applied field pfyH,=12 T, the magnetiza- Curie temperature and in the paramagnetic state confirm the
tion of both materials falls significantly short of the satura-smaller susceptibility of the nc material, which was already
tion magnetization of single-crystal Thy, =328 Ant/kg.®”  apparent from the ac susceptibility data.
Also shown is the predicted remanent magnetization of It would be of interest to estimate the spontaneous mag-
texture-free polycrystalline Th if the magnetization is lockednetization or the saturation magnetization by extrapolation of
in with the easy axis closest to the direction of the saturatinghe data. Satisfactory agreement with the high-field branches
field; this is the Stoner-Wohlfarth limit for the remanerice, of the experimental loops are achieved by fits with the
which is more familiar in conjunction with isolated small approach-to-saturation lawsry=oo—a/H—b/H—c/H?
particles, but which provides an equally adequate descriptior-d H,3° or with combinations of fewer elements of the se-
of some bulk hard magnet4? For a hexagonal crystal struc- ries. However, the fit parameteagh,c,d and in particular the
ture with six easy axes in the basal plane the theoreticadaturation magnetizatiom,, vary strongly as a function of
remanent magnetization obtained in this #aig Mg, as  the choice of the interval il which is considered in the fit.

wt, [T]

C. Magnetization
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FIG. 4. Isotherms of the mass magnetizatiop versus the FIG. 6. Mass magnetizatiomy versus temperaturgfor nc Tb,
internal fieldH; at various temperatures as indicated in the figure.measured upon heating at an applied figlgH,= 10 mT after cool-
Bold lines, nc Tb; thin lines, cg Th. ing with (FC) and without(ZFC) applied field.

This indicates that, at the highest experimental field, thd"i9- 5. Over more than one decadetdf, the data can be
sample is too far from saturation to allow a reliable extrapo-fitted by a straight line in the plot afy versus lod; when
lation. It may also be questioned whether the models unde@ Maximum value of 0.005 for the relative deviation between
|y|ng the asymptotic approach to saturation law app'y todata and fit is a-dm|tted. The d|yergence of the |Ogarlthm
states this far from saturation. prevents a meaningful extrapolation of the datddte=0 or
Remarkably, it is found that, at loW, the magnetization 0 Hi=%. We are unaware of a possible explanation for the
of nc Th can be quite accurately described as being propogrigin of the logarithmic magnetization isotherm in terms of
tional to the logarithm of the internal field, as can be seen ifnagnetic interactions in the nanocrystalline hard magnet.
Figure 6 shows data for the mass magnetizatignver-
sus temperatur@ for nc Th, measured upon heating at an

260 - applied fielduoH =10 mT after cooling with(FC) and with-
out (ZFC) applied field. The ZFC magnetization exhibits a
Hopkinson-like peak at the temperature where the coercivity
240 becomes comparable to the applied field. There are no fur-
— ther prominent features in the plot, yet another indication
&D that the sample does not contain second phases with different
N% 2201 ordering temperatures.
200 4 10 T T
bz ® nano
1.6 K 0.8 O coarse
180 \
1@
10 K 50 K E o6 &
\
160 20K Nol 04. \\
' L | ' 4 M N L = ’ \\
0.4 1 4 10 = | L .
ko, [T) . ...
FIG. 5. Log-linear plot of the mass magnetization, recorded 0.0f20—Q Q 0 ‘.‘—
while decreasing the field, versus the internal magnetic figléor 0 50 100 150 200 250
nc Th. The temperature is indicated in the figure. Data are shown T [K]
only in the interval where the relative deviation from a straight line
is Aoy /oy=<0.005. The linear dependency indicatesy FIG. 7. Coercive fieldH versus temperature for nanocrystal-
«log(H;), which precludes estimating the spontaneous or saturatiofine (nc) and coarse-grainegtg) Th. Symbols, experimental data;
magnetization by extrapolation té;=0 or «, respectively. line, the functionuoHc=0.91 TX[1—(T/225 K)*?].

054402-8



SPIN STRUCTURE OF NANOCRYSTALLINE TERBIUM PHYSICAL REVIEW B9, 054402 (2004

. " " D. SANS
8 . . . . .
T=5K Figure 8 shows the radial average differential scattering
oy cross sectionl>/d() at different applied magnetic fields and
1000+ “‘A N 1 temperatures. It is seen that at all fields the scattering cross
0%, section in the ferromagnetic state is considerably higher than
%o % that in the paramagnetic state. This suggests that the former
T=200K &, o
A‘ [o)
A

is dominated by the spin-misalignment scattering, whereas
‘% | the nuclear contribution is small. It is also seen that the effect

..

o
A
A

L)
1004 a %%

A A

1sr-1]

of increasingH , on the scattering cross section of ferromag-
netic Tb is dramatically different from the case of soft mag-
N . nets, where applied fields of 2 T have been found to align the
. K'. magnetization with the field direction, thereby reducing the
104 *,, o', ] magnetic scattering by several orders of magnitidéBy
= % comparisond>./d() in Th is seen to depend only weakly on
*.Hb A H,, indicating that the maximum applied field of 4.5 T is
_ S A °°“ insufficient to align the spins along the field direction. What
T=260K "o s, ta X is more, the scattering curves exhibit a crossover at afpout

%
1 \ I % 1 =0.2 nm 1; in other words, increasingl, has the counter-
" i% intuitive effect of increasing the scattering contrast at small

dz/dQ [em

g.
The conjecture that the scattering in the ferromagnetic

0.1 , , state is dominated by the spin-misalignment scattering is
005 041 1 4 supported by inspection of the variation of the total differen-
q [nm'1] tial scattering cross sectidprior to removal of the residual
scattering as a function of the azimuthal angie(the angle
_FIG. 8. Experimental differential scattering cross sectionPetweeng and the applied fieltH,) on the detectofsee Fig.
dS/dQ versus modulus of the scattering vector at various tem- 9)- AS can be seen in the figure, the scattering cross section is

peratures as indicated in the figure. Closed symbols, magnetic fiel@rgest in the direction parallel to the applied magnetic field.
H=0; open symbolsu,H=4.5T. This finding confirms qualitatively the (#cos o) law of

spin-misalignment scattering, as opposed to thé$ivaria-
. L . tion expected for residual scattering, and it emphasizes that a
Figure 7 shows the coercive fiell as a function of the separation of magnetic and nuclear scattering based on a
temperature. AT=1.6 K, the valugs Of.LO.HC ofcgand nc 2 9 1aw would fail for the present samples.
Tb are 18 and 860 mT, respectively; in other words, the g e 10 displays the nuclear interference function
reduction of the grain size results in an increasélgfby a P..{q) computed from the SANS data by means of Ed).
factor of almost 50. By inspection of the figure it is seen thatBy combining P,,{q) with Eq. (12, using experimental
the data for nc Tb can be well fitted Byc=1—(T/To)*2.  magnetization data fofM), we have determined the spin-
The result for the characteristic temperatuie,=225K,  misalignment scatteringS., /dQ in the ferromagnetic state,
agrees well with the temperature of the maximum of the agyhich can be inserted into E¢9) to obtain the expectation
susceptibility, T=224 K, and with the paramagnetic Curie value of the magnitude square of the Fourier components of
temperatureflp=226 K, deduced from fits to the paramag- the magnetization, per volume. The results fof/V are
netic ac susceptibility of nc Th. shown in Fig. 11. Figure 12 displays correlation functions

uH=1T pH=45T

FIG. 9. Gray-scale coded map of the experimental scattering intensity recorded on the two-dimensional position-sensitive detector at
temperaturel =5 K and at three different magnetic fields as indicated in the figure. The field direction is vertical, and the maximum value
of the magnitudey of the scattering vectofmeasured from the center of the square horizontally to an)edg292 nm®. Subsequent
shadings denote doubling of the intensity, with darker regions corresponding to higher intensity. The central black squares mask the region

of the beam stop.
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AL analysis, and it indicates that the reduced remanence at small
10°] » 9 grain size(compare Sec. IV C aboyecan be ascribed en-
] tirely to the spin misalignment on the nanometer length scale
- which is probed by SANS. Any contributions of a conceiv-

] able macroscopic domain structure can only be relatively mi-
”-E ) o nor.

g 10°5 3 The good agreement of the magnetization inferred from
S, ] SANS with the magnetometer dataTat 5 K contrasts with

] J the results foiT =200 K. At the higher temperature, the Fou-

g rier components of the spin misalignment are smaller than at
X T=5K, which indicates a more ordered spin arrangement
and less reduction of the magnetization due to static spin
misalignment, whereas the overall magnetization is consid-
erably decreased. The apparent disagreement is readily un-
derstood in terms of the different response of the experimen-

10° +———r————r——— tal techniques to thermal excitation of the spin system:
0.04 0.1 L 4 magnetometry is equally sensitive to the reduction of the net
g [nm] magnetization by static as well as dynanfiserma) disor-

] ] der of the spin system, whereas SANS may or may not detect
FIG. 10. Experimental npclear interference functi®p, versus spin waves, depending on the dispersion relation and on the
the modulusg of the scattering vector. neutron wavelength. Since the SANS experiment does not
discriminate between elastic and inelastic scattering, the spin
computed from this data via E@18). Data are only shown dynamics may enter the data through magnon scattering.
for r=2 nm, in accordance with the limited experimental However, as was argued in Sec. Il B, the large energy gap in
resolution(compare Sec. I T the dispersion relation of Tb prohibits inelastic scattering at
The correlation is seen to be significantly field dependentthe wavelength used in our experiment. This suggests that
At interatomic distances less than 8 and 5 nm at 5 and 200 Khe SANS data of the present work are exclusively due to the
respectively,C(r) decays as a function of increasiry, . static spin structure, and that the effect of the spin dynamics
Beyond these interatomic spacing¥(r) reflects the oppo- at higherT, which is responsible for the reduced macro-
site behavior: the highest applied field is associated with thecopic magnetization, is not included in the experimental
largest values fo€(r). In the limit of interatomic distances C(r).
much larger than the grain siz€(r) becomes nearly inde- In Fig. 14 the negative inverse logarithmic derivative of
pendent of the applied field. The graphsCffr) at all fields  the correlation function is plotted versusLinear extrapola-
and temperatures could be fitted excellently by parabolas ition tor—0 supplies the characteristic lendth of the spin
the interval 2r=3.5 nm, and these fits were used to esti-misalignment defined in Sec. Il C. The results are shown in
mate the valueC, of the correlation function at=0 by Fig. 15. It is seen that, ai=5 K, |- exhibits a weak mini-
extrapolation. Figure 13 shows the reduction of the net magmum as a function of the field, the values varying between
netization due to the spin-misalignment fluctuations, com-1.5 and 2 nm, close to the experimental resolution of roughly
puted from the experimentély and Eq.(22). At T=5K the 2 nm. This indicates that, =5 K, the disorder in the spin
results agree with magnetometer data, especially for the rensystem is dominated by structure on the scale of 2 nm or less,
anent state. This supports the validity of our SANS datahroughout the entire range of applied fields in our experi-

60

10

FIG. 11. Magnitude square of the Fourier co-
efficients(per volume of the magnetization ver-
sus modulug) of the scattering vector at tempera-
ture T=5 (a) and 200(b) K at various applied
pH [T ::33 magnetic fields as indicated in the figure.
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0.4] | | (a) - 0.104 _ _
) FIG. 12. Correlation functiorC(r) at tem-
— T=5K __ 008 peratureT=5 (a) and 200(b) K. Magnetic fields
= 08 ‘é (in order of decreasing at smallr): (a) uoH,
g S 006 =0,0.2,04, 0.6, 1, 2, and 4.5 TH) uoH,=0,
S 0.2] é 0.1, 0.2, 0.4, 0.6, 1, 2, and 4.5 T. Down and up
O O 0.04 arrows denote the trend of the variation ©fat
o small and mediunt, respectively, whem is in-
0.024 creased. Data are shown only for 2 nm, to ac-
count for the limited resolution of the scattering
7 5 1w 1w 2 % data.
v [nm]

ment. Since this scale is smaller than the grain size of 9 nmwhich constitutes one of the reasons for the commercial in-
the scattering must arise from internal nonuniformity of theterest in these materials for application as hard magnets. A
magnetizatiorwithin the individual nanograins. conceivable explanation would be a reduction of the mean
At 200 K Fig. 15 shows thal: exhibits a stronger varia- magnetic moment at grain boundarigsh initio computa-
tion as a function of the field: after an initial drdg in- tions for grain boundaries in Ni suggest a small reduction in
creases from its minimum value of less than 2 nm to about $he moment® and some experimental studies of nc transition
nm atuoH,=4.5T. The finding of an initial drop ofc as  metals report a more dramatic decrefsdowever, the more
H, is increased is in qualitative agreement with what is deyecent experimental studies have found practically no size
rived theoretically by analysis of the magnetic interactions independence of the saturation magnetization in nc Ni and nc
soft magnets and confirmed by experiment in nc Ni and 414y fact it was convincingly demonstrated that the pre-
Co the_ effect of the apph_ed field is to selectively SUppreSS\/iously reported size dependence in transition metals is an
the Fourier components with the longest wavelengths, SO o itact que to impuritied’ In the present study the analysis

that progressively smaller structures survive as the field IS¢ the paramagnetic susceptibility data shows that the mean

increased. However, as compared to the soft magnets at Sima'&omic maanetic moment is unaffected by the arain size. so
lar values ofH,, the characteristic lengths in Th are found g y 9 '

more than one order of magnitude smaller. What is more, th(tahat the reduction of the magnetization cannot be the result

o : - . of a possible reduction in the moment at grain boundaries.
characteristic length in Tiat least aff =200 K) increases This is in agreement with the expectation that, due to the

ngﬁgtfgﬁ gfelt(:]i;s flirr:fj:ﬁasv(\e/ﬁl ?)Zovi?/:r?iﬁ:]égg: 1\/TB ﬁglc?v)\(/_ localized nature of the # electrons, which are responsible
P 9 9 ' * for the magnetism in Tbh, the atomic magnetic moment

should depend only weakly on the atomic short-range order.

V. DISCUSSION The analysis of the correlation functions has led us to the

I o conclusion that the spin orientation varies considerably on

A. Implications of magnetization data and length scales smaller than the grain size. In other words, and
correlation functions in agreement with the conclusions drawn from the suscepti-

The magnetization data of our experiments show, as thbility data, the reduced magnetization is not due to a reduc-
most obvious effect of reducing the grain size of Tb to thetion of the atomic magnetic moment, but results from the
nanometer scale, a significant reduction of the magnetizatiomternal spin disorder in the grains. The agreement of the
at all fields and temperatures investigated. It is noteworthynagnetization computed from SANS with that measured by
that the finding of a reduced remanence in the nc materialagnetometry shows that, at |oly this intragrain spin dis-
relative to cg Th, is in contradiction to the general trend of anorder involves fluctuations of the spin orientation of suffi-
enhancedremanence in nanocrystalline hard magréfé, cient magnitude to account for the entire field dependence of

1.0 . T : 1.0

’..0 LI b A
0.8 0.8
FIG. 13. Reduced magnetizatid/Mg (us-
= 0.6 < 0.6 ing Mg=328 Ant/kg) versus internal magnetic
< < ield H; at temperature$ = an .
field H $=5 (a) and 200(b) K
= 0.4 = 0.4 Solid lines, magnetometer data; circles, estimated
(b) from the extrapolated value of the spin-
0.2 0.2] misalignment correlation function at=0 via Eq.
T=5K T=200K (22).
0.0 . , . . 0.0 . . , )
0 1 2 3 4 5 0 1 2 3 4 5
wH, [T] wH, [T]
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5.0 - - - the magnitude of the field is\B,y/(uo(M)). With the ex-
T=5K perimental valu&*® V,,;=5.65x10" J/n?, the estimated
— 45 field has the very high value of 62 T &t=5 K. At 200 K,
E whereV,, is decreased to 1410° J/n?, and(M) is reduced
_ 40 " to 0.6V 5, one still obtains a large value, 20 T. The maxi-
S bo mum experimental field in the SANS experiment had the
z  3Y 45T ] much smaller value of 4.5 T, it was therefore insufficient to
E—E-:) 3T cant the moments significantly. Therefore, it is concluded
5‘ 3.0 2T / that under all experimental conditions the net magnetization
! 1T of each crystallite remained essentially locked in to the local
2.5 0T hexagonal basal plane, and that the intragrain spin disorder
20 involves variations of the orientation of the moments in the
0 1 2 3 4 basal planes.
r [nm] It is tempting to identify the torque on the moments in the

grain boundary regions—which arises from the exchange in-

FIG. 14. The negative inverse of the logarithmic derivative of teraction with the neighboring grains of different crystallo-
the correlation function-[d In(C)/dr]~* versus the interatomic dis- graphic orientation—as the reason for the intragrain spin
tancer for the data in Fig. 1@). The characteristic length was ~ misalignment. However, this cannot be the dominant effect
determined by linear extrapolation of this functionrts 0. in nc Th, since we observed a decreased remanent magneti-

zation, whereas it is known that the exchange interaction will

the magnetization, and for a reduction of the net magnetiza®n average enhance the remanence in fine-grained hard mag-
tion by more than 50% oMg in the remanent state. It is Nets, as mentioned above. Thus, it appears that the intragrain
emphasized that the reduced remanence due to intragraﬁﬁ)in disorder must result from the two remaining fields that
spin disorder, which reduces the net magnetization of eaciive rise to a torque on the moments which is nonuniform
grain, is quite different from the demagnetization of a con-Within each grain: the magnetostatic stray field from the
ventional coarse-grained ferromagnet, which occurs by th&eighboring grains, and/or the magnetoelastic anisotropy due
formation of macroscopic domains with inverse magnetizat0 nonuniform microstrain and stress within the nanograins.
tion. A gradual formation of domainwithin the individual In view of the absence of a grain-size dependence of the
nanograins, which would be required to explain the continuatomic magnetic moment, the decreased paramagnetic sus-
ous variation ofC, andl¢ as a function of the field, is not ceptibility must be understood as an effect of modified mag-
compatible with the large coercive force of nc Tb. netic interaction. Since there is also little size dependence of

In Th, the “easy axes” of the magnetization are in the 0p, the most obvious explanation is in terms of the anisot-
basal plane of the hexagonal crystal lattice. The strength witFoPy energy: In Tb single crystals the paramagnetic suscep-
which the anisotropy counteracts the canting of the moment8bility is reduced along the axis of high anisotropy energy in
out of the plane is measured by the magnitude of a fictitioughe ferromagnetic state, theaxis. By analogy, the finding of
magnetic field which acts in the plane and tends to align thé reduced paramagnetic susceptibility in nc Tb suggests that
moments with the plan®. For an anisotropy energy density ©n average the anisotropy energy in the nc material is higher
V,oP,[cos@)], whereV,, and P, denote the second Leg- than that of the annealed sample. Conceivably, this extra an-

endre polynomial and the associated anisotropy coefficientsotropy originates from magnetoelastic effects related to the
microstrain in nanocrystalline materials.

As a matter of fact, the above contention is much in evi-

6 dence at the common observation of enhanced microstrain in
—0— T=5K nc metals, typically on the order of several tenths of a
5] —e— r=200K o percent—a value within the uncertainty of our x-ray data.
/ Microstrain is a result of elastic interactions of varying sign
—_ 4 g ] and magnitude at the boundaries to the various graifiss
g manifest as interplanar as well as in-plane interatomic dis-
34 1 tance fluctuations which are nonuniform within the indi-
~° o vidual crystallites. Therefore, it seems plausible to assume
2 o o that magnetoelastic anisotropy forces the orientation of the
‘.29*3—0———0// anisotropy field to vary nonuniformly within each grain. The
11 microstrain is not resolved by the diffraction data, but a
lower bound is provided by the intrinsic microstrain, which
0 is required to achieve a close packing of randomly oriented
0 1 2 3 4 5 crystalline grains when the discrete nature of the crystal lat-
“oH [T] tice precludes continuous adjustment of the dimensions with-
: out straim? For fcc metals this implies (¢2)2
FIG. 15. Characteristic lengily versus applied fielt, at tem-  ~(0.05 nm)D, and a roughly similar value would be ex-
peraturesT=5 and 200 K, as indicated in the figure. pected for hcp due to the essentially similar interplanar spac-
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ings. This suggests a comparatively large rms strain, of thported separatelydo not support thermally activated magne-
order of 0.5% in nc Th. Since Th exhibits a large magneto4ization reversal. Thus, the origin of the strong temperature
striction, in particular when the magnetization is rotateddependence dfic remains unresolved.

within the basal plan& a considerable strain-induced in-
plane magnetic anisotropy is expected to result from the mi-
crostrain.

The finding of a suppression of the antiferromagnetic state It would be desirable to predict the field-dependent SANS
in nc Tb is consistent with the notion of a nonuniform mag-by nanocrystalline hard magnets based on micromagnetics
netoelastic anisotropy. The dependency of antiferromagnetimodels, analogous to the approach which has been applied
order on the grain size has previously been investigated fasuccessfully to soft magnets. Of particular interest is the ex-
nc Cr>***and a similar suppression of the ordering transitionplanation of the crossover of the field-dependent scattering
was found when the material was prepared by inert-gasurves and of the unusual increase of the scattering intensity
condensation® The finding has been argued to be in agree-at smallg when the field is increased. However, in view of
ment with the notions thai) the order is suppressed when the nonlinear nature of the equations, the task of finding the
the size of the magnetic unit ce®—10 lattice constants in closed-form solutions for the equations of micromagnetics,
Th) is comparable to the grain size afid antiferromagnetic  which are the basis for the analysis of scattering by soft
order is readily suppressed by nonuniform strain, especiallynagnets, becomes vastly more challenging when large spin
in materials with a large magnetostriction, as in Tb. misalignment needs to be admitted in plausible models for

Within the notion of spin disorder due to nonuniform hard magnets. In fact, published micromagnetics studies of
magnetoelastic anisotropy, the finding of a lesser static disac hard magnets have been limited to finite element numeri-
order atT =200 K compared to 5 Kcompare Fig. 18can be  cal computations.
readily understood in terms of the considerable reduction, Since they involve a substantial numeric effort, finite ele-
with increasing temperature, of the in-plane magnetostrictioment approaches do not lend themselves for routine combi-
coefficients?? As a consequence, the disordering effect of thenation with experimental SANS studies. Rather than analyz-
induced magnetoelastic anisotropy is reduced at the hibher ing magnetic interaction, we shall therefore restrict our
so that the spins are more efficiently aligned by the exchangeonsiderations to a highly simplified model for the scattering
interaction and by the applied field. A more detailed discuswhich incorporates in a heuristic way what we propose to be
sion of theg-dependent scattering cross section and of itthe two most essential features of the spin structure of nc Th:
manifestations in Figs. 11, 12, and 15 will be given in the(i) the net magnetization of each grain is essentially confined
next section. to the easy plane, up to the highest fields available in our

It would be of interest to relate the temperature depenSANS study, andii) within the easy planes the spin system
dence of the coercive field to that of the magnetic anisotropyis progressively disordered as the applied field is decreased.
Some nucleation models predidiK/(M) whereK is the To this end, we analyzed the idealized limiting case where
anisotropy energy coefficient representing the dominant typéhe moments have only one degree of freedom, the rotation
of anisotropy, either magnetocrystalline or magnetoeldstic. about the axis normal to the local easy plane. When substan-
Between 1.6 and 200 K the experimental coercivity in nc Thtial simplifications are accepted, then a traceable approxi-
decreases by a factor of about 17, from 860 to about 50 mate solution for the field-dependent scattering can be de-
(compare Fig. ¥ In the same temperature interval, as indi- rived which allows to verify that the signal from this highly
cated above, the saturation magnetization in Tb single cryssimplified model exhibits qualitative features in agreement
tals decreases by about 43%he magnetocrystalline basal- with the experiment, most noticeably the crossover of the
plane anisotropy coefficient decreases by a factor 88, scattering curves at smail We present this computation as
and the magnetostriction coefficients decrease by a factor alupporting online material, emphasizing that the nature of
less than 10 Consequently, the nucleation models men-the assumptions is such that the model will be poorly suited
tioned above predict a decreaseHy by about a factor of 6 for obtaining further, quantitative information on the mag-
or less, considerably less than the experimental variation inetic microstructure and magnetic interactions. Nevertheless,
both samples, coarse grained and nanocrystalline. What &s can be seen by inspection of the computed scattering
more, the temperature dependenceHef in nc Tb is stron-  curves(see the example in Fig. L&the model may serve as
gest asT approaches zero, where@d) as well as the coef- a qualitative verification of the assumptions.
ficients of the magnetocrystalline anisotropy and of the mag- The considerations in the supporting online matéfial
netostriction in Tb exhibit only a weak temperature suggest the following explanation for the crossover of the
dependence fof below about 40 K. Hence, the variation of scattering curves: at high, d%/d() is dominated by the
Hc is not readily explained as a consequence of the temperacattering of the magnetic nonuniformity on a small scale,
ture dependence of the anisotropy coefficients. THelaw,  the internal spin disorder of the individual grains. With in-
which we found to provide a good empirical representationcreasing applied fieldd>/dQ is diminished as the increas-
of the data for nc Tb, is characteristic for the thermally acti-ing projected field within the easy planes suppresses the spin
vated magnetization reversal of isolated small partiles. disorder and aligns the spins more in parallel within the local
This would not be expected to be the dominant mechanisreasy planes. At the same time, this process increases the
in exchange-coupled grains as in our dense, polycrystallinenagnitude of the net moment of each grain, while leaving its
samples. Indeed, time-dependent measurem@atbe re- misalignment relative to the field direction constant, since all

B. Modeling magnetic SANS
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FIG. 16. Computed values of the Fourier co-
efficients of an idealized hard magnet at three dif-
ferent values of the magnetic field, as indicated in
the figure. The square magnitude of the Fourier
coefficients (per volume of the magnetization
versus modulug) of the scattering vector foi)
the intragrain componenth) the intergrain com-
ponent, andc) the sum of intra- and intergrain
components, which determines the experimental
scattering signal. As can be seen(d@), the model
reproduces the crossover of the intensity curves
at low g which is observed experimentally. See
supporting online material for detail®ef. 57.
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moments remain locked in the respective easy planes. Sinexcess of those available in our study, are required to sup-
dx/dQ at smallg is dominated by the scattering contrast of press the internal spin disorder at the lower temperature.
structures on a scale of the grain size or larger, the field
dependence will here be opposite to what is observed at high
g, that is, the scattering will increase with increasing field.
Besides reproducing in a qualitative way the field depen- In summary, we have investigated nanocrystalline Tb with
dence of the scattering cross section, the model also suppli@sgrain size of 9 nm. The paramagnetic susceptibility data
a field-dependent evolution of the characteristic lengths irgave no evidence for a decrease of the atomic moment com-
agreement with the experiment: at smid|| the largest Fou- pared to coarse-grained Tb, but in the ferromagnetic regime
rier components of the magnetization are due to the internale found a large increase of the coercive field. The small-
disorder of the spin system within each individual grain,angle neutron scattering signal was found to be dominated by
which is characterized by a smdly. As the field is in- magnetic scattering even at fields of several tesla. We have
creased this disorder is suppressed, in such a way that tlsown how the scattering due to the spin misalignment can
Fourier components with the largest wavevector are diminbe separated from scattering due to inhomogeneity in the
ished first, so thatc is decreasing. This trend is apparent in atomic density, in spite of the failure of the %if law of
the experimental datecompare Fig. 1p As the field is in-  magnetic scattering. The SANS data indicate that the mag-
creased further the trend will continue but, eventually, thenetization remains locked in to the local basal plane of each
amplitude of the static fluctuations of the spin orientationcrystallite up to fields of 4.5 T and temperatures of 200 K.
within the grains becomes so small that their contribution toThis suggests, as an explanation for the large coercive field,
the overall correlation function is no longer resolved. Onethe fact that domain wall motion is hindered at boundaries
can then understand the experimental result fdoy consid-  between grains with noncoplanar basal planes.
ering the magnetization within each individual grain as ap- The unusual crossover of the field-dependent differential
proximately uniform, so that the dominant nonuniformity in scattering cross sections, and the unusually small remanence,
the spin system is due to the jump in the orientation of thecan be explained in terms of significant disorder of the spin
net moments from grain to grain. The characteristic lengthsystem within each grain. This finding, along with the re-
representing this structure is comparable to the grain sizeluced paramagnetic susceptibility and the known fact that Th
This means that, as the field is increased, there is a transiticgxhibits large magnetostriction coefficients, indicates that
from a smalll -, representative of structure in the interior of nonuniform strain fields—which are unanimously reported
the grains, to a largelr:, representing the grain structure. for nanocrystalline metals, and which may even be intrinsic
The transition is not due to a single characteristic lengttat small grain size—induce a magnetoelastic anisotropy
changing its magnitude, but due to the amplitude associategthich varies within each grain and which is comparable in
with the smaller-scale structure fading, so that the contribumagnitude to the in-plane anisotropy of Th. An analysis of
tion of the larger structure to the correlation function be-the correlation function of the spin misalignment indicates
comes dominant. small characteristic length for the disorder of the spin mis-
In support of the picture suggested above it is noted thaalignment, in agreement with the small magnetic exchange
the correlation length of idealized, spherical grains of €1ze lengths of Th and with the above-mentioned notion of small-
is |c=2D/3 (compare Sec. Il § which yieldsl.=6 nm for ~ scale spin disorder.
the experimental grain size, 9 nm, of the nanocrystalline
s_ample i_nvestigated here_. Indeed, as can be seen by inspec- ACKNOWLEDGMENT
tion of Fig. 15, the experimenté} approaches this value at
large applied field folT=200 K. The failure to observe an Support by the Deutsche Forschungsgemeinschaft
analogous behavior at 5 K is consistent with fact that, due t¢Heisenberg program and SFB 27% gratefully acknowl-
the larger anisotropy energy, much larger applied fields, iredged.
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