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N anocr ysta ll i ne materials can exhi bi t prop erties w hich are consi derabl y
di ˜erent from their coarse-grained counterparts , making them uni que for

basic or applied research and also very promisin g for p otential appli cati ons.
T he topics w hich are addressed in the present pap er are magnetic prop erties

and magnetic correlations on the nanometer scale, mechanical prop erties,
in particular the in Ûuence of grain boundari es on the elastic and plastic
b ehaviou r, and vibration mo des of grain boundary atoms in nanostructured
materials.
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1. I n t rod uct io n

Na nocrysta l line materi als are polycrysta ls | consisti ng of qui te conventi onal
substances l ike metals, al loys or ceramics | wi th the speciÙc feature tha t the grain
size is of the order of a few to som e tens of nanom eters. The overal l properti es of
tha t typ e of m ateri al, such as electri cal , m echanical and m agneti c are to a great
extent determ ined by the presence and the nature of the large am ount of grain
bounda ries or interf aces. As a second aspect, the gra in size frequentl y is in the
range of or even beyond the cri ti cal length scale for physi cal properti es, l ike do-
m ain wal l wi dth in m agneti sm, free path length in electro nic m oti on etc., givi ng
these m ateri als the character of m esoscopi c system s. As a consequence, the proper-
ti es of these materi als can be signi Ùcantl y al tered com pared to thei r coarse gra ined
counterpa rts, m aking them interesti ng for potenti al novel appl icati ons in techno l -
ogy as well as in the Ùeld of basic science. For the latter, the hi gh volum e fracti on
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of interf aces and the m esoscopic length scale al lows to study speciÙc phenom ena
where the inÛuence of the one or the other dom inates the properti es.

From the mid-80's, increasing interest in these m ateri als can be recogni zed,
sti m ulated by Glei ter' s ini ti ati ve for a contro l led laborato ry synthesi s by the
inert- gas condensati on (IG C) techni que [1]. Since then, num erous publ icati ons
and conference proceedings [2, 3] docum ent the relevance m eanwhi le attri buted to
nanocrysta l l ine m ateri als. In thi s period not only the interest has increased but
also the objecti ves have changed: from general interest in novel properti es at the
beginni ng over wel l -characteri zed synthesi s and system ati c studi es of selected to p-
ics to wards emphasis for appl icati ons in industry , envi ronm ent, and techno logy.
Al ong wi th thi s developm ent, also the metho ds for synthesi s and pro cessing were
bro adened and reÙned f ollowing di ˜erent chemical or physi cal routes, not at least
aim ing at large-scale pro ducti on for techno logical appl icati on.

The present arti cle presents selected topi cs related to nanocrysta l l ine mate-
ri als based on pure m etals or al loys, synthesi zed pri m ari ly by the IG C techni que,
but also by therm odyna m ical ly dri ven phase separati on [4] or, in com puter simu-
lati ons, by Ùll ing an assigned vo lum e wi th nanocrysta l l ine gra ins nucl eati ng f rom
stochasti cal ly chosen seeds [5]. The general obj ective in m ost cases is to relate
m acroscopi c, phenom enological pro perti es to structure and physi cal phenom ena
on the nanometer scale. Hence, for the experim enta l characteri zati on, when in-
sight into the materi al wi th nanometer scale resoluti on is requi red, neutro n- or
X- ray (synchro tro n) scatteri ng often pl ays a key ro le, as wi l l be demonstra ted in
the fol lowing. In com plement to the exp erimenta l investigati ons, m olecular dyna m -
ics com puter simul atio ns give valuabl e addi ti onal input. Al l together com bines to
a set of to ols whi ch should al low a conclusi ve interpreta ti on and understa ndi ng of
the microstructure- properti es relati onshi p.

2. St ru ct u r e an d p r op er t ies

2.1. Ma gnetic propert ies of nanost ructured Fe and C o

The parti cular m orpho logy of nanocrysta l line m ateri als has m ul ti ple inÛu-
ences on the m agneti c properti es. W hereas isolated m agneti c cl usters above the
onset of superparam agneti sm are magneti cal ly hard [6], nanostructured magnets
consisting of consol idated gra ins often have superior soft magneti c properti es [7].
R emarkabl y, the coercivi ty in such materi als can be tuned by a variati on of the
gra in size. Thi s was f ound for instance in nanocrysta l line Fe where the coerciv-
i ty shows a di stinct m aximum at gra in sizes of about 35 nm , fal l ing o˜ sharpl y
to wards smal ler gra ins [8].

It is evi dent tha t the interpl ay of structure and m agneti c correl ati ons on
the nanoscale play a key ro le f or the expl anati on of thi s behavi or. Ma gneti c small
angle neutro n scatteri ng (SANS) is the onl y techni que whi ch di rectl y can analyze
m agneti c correl ati ons on the nanoscale. W i th or wi tho ut an externa l Ùeld appl ied,
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one can di stinguish the sponta neous m agneti c correl ati ons and thei r response to an
externa l Ùeld. Fi gure 1 shows exam ples of l ines of equal intensi ty (two -dimensional
isointensi ty conto urs) from a nanocrysta l l ine Fe sam pl e, superposing nucl ear scat-
teri ng and magneti c scatteri ng

d¥

d ¨
( Q ) = A ( Q ) + B ( Q ) sin 2 ê ; (2 .1)

where ê i s the azim utha l angle between the di recti on of the local m agneti zati on
M and the scatteri ng vecto r Q, and A ( Q ) and B ( Q ) are the nucl ear and m agneti c
scatteri ng term s, respectivel y

A ( Q ) = ( Â b) 2
j F N (Q ; R ) j

2 ; (2 .2)

B ( Q ) = (Â p )2
j F M ( Q ; R ) j

2 ; (2 .3)

wi th (Â b) 2 and (Â p ) 2 | the contra st facto rs, and F N , F M | the structure func-
ti ons for nucl ear and m agneti c scatteri ng, respecti vely. In zero Ùeld, the m agneti c
scatteri ng, to o, averages isotro pical ly (see Fi g. 1), due to the arbi tra ri ly di rect-
ing indi vi dual m agneti c m oments, whereas in the (satura ti ng) Ùeld of 10 kOe the
sin 2 ˆ -dependence can clearl y be seen.

Fig. 1. SA N S isointensi ty contours on a two- dimensional detector, for a nano crys-

tallin e Fe-sample measured in zero Ùeld and in external magnetic Ùelds as indica ted

(the Q -range covered extends to about 0. 16 nm À 1 ).

Averaging both pattern wi th regard to the azim utha l anglearound the centra l
beam results in the radial scatteri ng cross-secti on shown in Fi g. 2, along wi th
another equivalent exam ple for a nanocrysta l l ine Co sampl e.

The scatteri ng curves measured wi th and wi tho ut magneti c Ùeld l ie close
to gether and are para l lel f or large Q -values; for smal ler Q a signi Ùcant spli tti ng is
observed, whi ch is due to extra m agneti c scatteri ng in zero Ùeld. Thi s scatteri ng
gives di rect evi dence for extended magneti c correla ti ons exceeding the gra in size,
thus conÙning m any gra ins to a correl ated m agneti c al ignm ent. A quanti ta tiv e
analysis of the SANS data [9, 10] from sampl es of di ˜erent gra in sizes resul ts in
the plot of Fi g. 3 where the magneti c correl ati on length of nanocrysta l l ine Fe is
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Fig. 2. Radial scattering cross- section for as-prepared nanostructured Fe (a) and C o

(b) measured at H = 0 and H = 10 kOe.

shown as a functi on of gra in size. Shortest correl ati ons are found for gra in sizes
around 25 to 30 nm whi ch is the range of the bul k dom ain-wal l wi dth. These re-
sul ts are quanti ta ti vely understo od and expl ained wi thi n the fram e of the random
ani sotro py m odel (R AM) [11, 12], general ized to ta ke into account dom ain-wall
form ati on wi thi n gra ins and reduced interf ace coupl ing [13]. It expl ains quanti ta -
ti vel y the sudden and strong m agneti c softeni ng occurri ng below the grain size of
m inimum correl ati on.

Fig. 3. Average spatial magnetic correlation length L m versus average grain size D , for

nanostructured Fe. T he solid line in the low grain size regime is primarily a guide to the

eye, but also represents a Ùt prop ortion al to 1 =D 3 predicted by the RA M. N o magnetic

correlation s w ith L are found (gray shadow ed region).

In Fi g. 1, at the interm ediate Ùeld of 1.5 kOe, the intensi ty conto urs are found
elongated paral lel to the externa l Ùeld, whi ch reÛects a net m agneti c com ponent
of the correl ated gra ins di recti ng perpendicular to the Ùeld. Thi s e˜ect, observed
also in other sam ples of di ˜erent m ateri al (e.g. Co), di ˜erent gra in size and at
di ˜erent Ùelds, reÛects tha t the dom ains, conÙning several grains, rem ain ti l ted
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considerably out of the Ùeld di recti on even in Ùelds up to several kOe. Al tho ugh
thi s behavi our seems energeti cal ly unf avourabl e at a Ùrst glance, the e˜ect and i ts
dyna mics can wel l be described by a model whi ch m inimi zes the conÙgurati on en-
ergy of a magneti cal ly ani sotro pi c cluster in an externa l Ùeld, the Stoner{ Wohl farth
m odel [14], here modiÙedto account for the m agneti c exchange between the gra ins.
Ca lcul ati ng the two- di mensional m agneti c scatteri ng of the related m odeled m i-
cro structure (ti l ted ferrom agneti c domains in a hom ogeneous m agneti c matri x)
resul ts in the observed intensi ty conto urs when the ti lti ng angles l ie in a cone of
up to 70£ opening angle [15].

2.2. Magnet ic nanost ructure i n Fe{Si { B-based al loys

W hereas the sam ples trea ted in the previ ous section were produced by the
IG C-techni que, the route of synthesi s fol lowed here starts from m etal l ic glasses
whi ch underg o a decom positi on and nanocrysta ll izati on upon anneal ing at tem per-
atures near thei r glasstra nsiti on tem perature T g. Our exam ple ref ers to nanocrys-
ta l l ine m ateri als of the FeSiBNbCu system , well kno wn for thei r soft m agneti c
pro perti es, i.e. hi gh perm eabi l i ty , low coercivi ty and low m agnetostri cti on [16, 17].
They are prepared f rom the m elt spun am orpho us al loy by therm al trea tm ent.
Annea l ing at 823 K for 1 h pro duces nanosized ˜ -Fe(Si ) crysta l l i tes of about 5 nm
in radius embedded in an am orpho us m atri x. The excel lent soft m agneti c proper-
ti es of these materi als have attra cted m uch attenti on for structura l and m agneti c
studi es. It is kno wn tha t the com bined addi ti on of copper and niobium to the
am orpho us Fe{Si{ B alloy is cruci al for the form ati on of the nanostructured m or-
phology. The addi ti on of Cu enhances the nucl eati on of ˜ -Fe(Si) gra ins, whi le the
slow- di ˜usi ng Nb hinders a rapid growth.

The low coercivi ty of these al loys in the l i tera ture is frequentl y attri buted to
random anisotro py e˜ects [16, 18]. As outl ined in the previ ous secti on, one of the
basic assumpti ons for appl yi ng the RAM is the presence of a m agneti c exchange
coupl ing across the interf ace, here across the amorpho us-crysta l l ine pha se bound-
ary . Again, the SANS techni que is used to characteri ze the m agneti c m icro structure
and correl ati ons in nanocrysta l l ine FeSiBNbCu. Fi eld dependent SANS m easure-
m ents have been perform ed in di ˜erent temperature regim es related to crysta l -
l izati on tem perature (T x = 750 K) and Curi e tem peratures of the nanocrysta l l ine
preci pi tates (T cr

c ¤ 900 K) and of the am orpho us phase (T am
c ), the latter be-

ing lower tha n the crysta l l izati on tem perature Tx . Hence, at room tem perature
the m ateri al shows ferrom agneti c behavi ours for both pha ses. W ith increasing
tem perature the satura ti on m agneti zati on of the two phases is reduced unti l the
am orpho us phase becom es param agneti c at T = T am

c . At sti l l higher tempera-
tures (T am

c < T < T c r
c ) we observe ferromagneti c single-dom ain crysta ls showi ng

superparam agneti c properti es.
For a quanti ta ti ve analysis of the tem perature and Ùeld dependent scatter-

ing of our al loy, again Eq. (2.1) appl ies, however, wi th di ˜erent deÙniti ons for
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the coe£ cients A ( Q ) and B ( Q ) in order to account f or the speciÙc condi ti ons of
the two -phase al loy. W e consider ferrom agneti c single dom ain preci pi ta tes wi th
m agneti zati on M c r

s in a f erromagneti c am orpho us m atri x M am
s .

Ori entati on and am pl i tude of the m agneti zati on in the two phases m ay be
di ˜erent. Again, there are two scatteri ng contri buti ons of the preci pi ta tes: the
nucl ear scatteri ng F 2

N ( Q ) and the magneti c scatteri ng ~F 2
M ( Q) , the latter m easuri ng

Ûuctua ti ons in both, am pl i tude and ori entati on, of the local m agneti zati on. The
two coe£ cients of Eq. (2.1) then becom e

A ( Q ) = F 2
N ( Q ) + ~F 2

M ( Q ) 2
L ( ˜ )

˜
;

B ( Q ) = ~F 2
M ( Q ) f [ L (˜ ) À Û] 2 + L̂ ( ˜ ) g ; (2 .4)

where L ( ˜ ) = cota n ˜ À 1 =˜ i s the Langevin functi on, ˜ = ñ 0 ( H + M e˜ ) M cr
s V P =k T ;

Û = M am
s =M cr

s ; L̂ ( ˜ ) = 1 À L 2 ( ˜ ) À 3 L (˜ ) = ˜ and ~F 2
M ( Q ) = M c r

s V P f ( Q ) . The
term s wi th ~F 2

M ( Q ) in Eq. (2.4) describe the tra nsi ti on from ani sotro pi c m agneti c
scatteri ng for large values of ˜ , i.e. hi gh Ùelds and low temperatures, when the
al ignm ent is perfect and the isotro pi c m agneti c contri buti on ~F 2

M ( Q )2 L ( ˜ ) = ˜ in
A ( Q ) v anishes, to isotro pic scatteri ng when the values of ˜ becom es smal l , i .e. for
smal l m agneti c Ùelds and/ or higher tem peratures. Then the anisotro pic m agneti c
term B ( Q ) vani shesand the isotro pi c term appro aches F 2

N ( Q ) + (2 =3 ) ~F 2
M ( Q ).

Fi gure 4 shows the results of the SANS measurements by means of the inte-
grated intensi ti es

R
A ( Q ) dQ and

R
B ( Q ) dQ . The sol id l ines are the result of a Ùt

of Eq. (2.4) to the data .

Fig. 4. The integral intensities
R

A ( Q ) d in (a) and d in (b) follow the Ùeld

and temp erature dependence describ ed by Eq. (2.4).
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The tem perature dependent Ùt param eters M e˜ ( T ) and Û( T ) are shown in
Fi g. 5. For ñ 0 M e˜ ( T ) the Ùt always yi elds values below 10 kOe. In the case of fer-
rom agneti c exchange coupl ing between m atri x and preci pi ta tes one wo uld exp ect
values of about 400{ 500 kOe for ñ 0 M e˜ ( T ) [19, 20]. The m uch lower magni tude
of ñ 0 M e˜ ( T ) deri ved from SANS im pli es tha t the ferromagneti c sing le dom ain
˜ -Fe(Si ) nanocrysta ls are coupled by magneti c di pole{dipole intera cti on to the m o-
m ents of the ferrom agneti c amorpho us m atri x rather tha n by (the m uch stro nger)
exchange coupl ing. Hence, in thi s temperature range the random ani sotro py m odel
[11, 12], al tho ugh frequentl y pro pagated, cannot be appl ied to expl ain the soft
m agneti c properti es of such materi als.

Fig. 5. E˜ective magnetizatio n M e˜ and magnetizati on ratio Û( T ) = M am
s

resulting from a Ùt of Eqs. (2.4) to the exp erimental data. T he error bars describ e the

68.3% conÙdence interv al.

The unexp ected breakdo wn of exchange intera cti on between the two ferro-
m agneti c phases suggests the presence of a non-m agneti c or param agneti c inter-
face between the nanocrysta ls and the matri x. In fact, in situ smal l -angle X- ray
scatteri ng (SAXS) m easurements as well as recent SANS m easurem ents using po-
lari zed neutro ns [21] g ive clear evidence for a concentra ti on pi le-up of Nb around
the ˜ -Fe(Si ) crysta ls duri ng the (Nb- di ˜usi on contro l led) growth of the nanocrys-
ta ls. The Nb- concentra ti on has a stro ng inÛuence on the Curi e tem perature of the
am orpho us phase: 40 K decrease for onl y 1 at.% increase in Nb concentra ti on [21].
In Fi g. 6 the Nb concentra ti on pro Ùle (c N b) is shown as a functi on of the di stance
x from the centre of the Fe3 Si preci pi ta tes, to gether wi th the local change in Curi e
tem perature, calculated vi a T c ( x ) = 6 5 0 K 4 0 K [ cN b ( x ) cM ] . In concl usion,
we Ùnd tha t the combi natio n of the low di ˜usi vi ty of Nb and the reducti on in Curi e
tem perature resul ts in a thi n niobi um enriched layer at the interf ace whi ch at in-
term ediate tem peratures becomes paramagneti c and prevents exchange coupl ing
between ferrom agneti c matri x and f erromagneti c preci pi tates.
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Fig. 6. T he top part (a) show s the niobium concentration proÙle crossing the interf ace

b etw een the matrix and a nano crystall in e precipitate. T he horizontal dotted lines indi-

cate the N b concentration of the precipitate ( c p ) , the matrix ( c M ) , and at the interf ace

( c I ) . In the lower part (b) the inÛuence of the variation of concentration on the lo cal

C urie temp erature is presented. T he minimum lo cal Curie temp erature, the C urie

temp erature of the amorphous and of the crystalli ne phases are indica ted by ,

and , respectively . For temp eratures both, matrix and precipitates,

are ferromagnetic but separated by a thin paramagnetic layer.

2.3. Int er facial st ructure and mechani cal propert ies

The reducti on of the gra in size down to the nm regime has led to new in-
teresti ng m echanical properti es of meta ls and al loys. Two open questi ons are of
pri mary interest: the Ùrst addresses the structure of the gra in boundari es, whether
they are \ norm al" or unusua l , a to pic on whi ch qui te contro versia l results have
been reported in l i tera ture [22, 23]. The second one addresses the inÛuence of the
gra in bounda ries and gra in size on the m echanism for pl astic deform ati on where
the relati on between yi eld stress and gra in size has been found to fol low a qui te
compl ex behavi our in nanophase m ateri als [24].

Ma ssive para l lel com puters o˜er nowadays the possibi l i ty to perform ato m ic
scale m olecular dyna mics simula ti ons of nanocrysta l l ine metals. W e simulated
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three- dim ensional nanocrysta l l ine Ni and Cu fcc metals in the gra in size range
5{ 12 nm to study the structura l and m echanical pro perti es as functi on of grain
size and texture, focusing on the study of the interf aces responsibl e for the pl as-
ti c deform ati on [23, 25{ 27]. The com pari son of sam ples whi ch di ˜er onl y in grain
size al lows us to study the sam e gra in bounda ry for di ˜erent gra in sizes, isolat-
ing the e˜ect of grain size on gra in boundary structure. As an analysis to o l, the
local crysta l line order of each ato m in the sampl e is calculated [28]. Thi s al lows
the identi Ùcati on of f cc (inside the gra ins), hcp and other typ es of defected ato ms
in the sam ple. The presence of hcp ato m s is relevant because they represent the
stacki ng faul ts in an fcc structure and hence help vi sual izing dislocati on acti vi ty .

Investi gating the structure of the grain bounda ri es on ato mic level, we found
tha t gra in bounda ries in nanopha sem etals are essential ly sim i lar to tho se found at
the micro scale, i .e. sim i lar structura l uni ts are found, pro vi ding evi dence against
the vi ew of grain bounda ri esin nanocrysta ls as amorpho us or liqui d- l ike interf aces.
Fi gure 7 gives tw o exam ples of gra in boundary structure s in a 12 nm Ni sampl e.
Fi gure 7a shows a bounda ry wi th a m isÙt of about 5 degrees from the perfect twi n.
A repeated bui lding structure was found consisti ng of structura l uni ts of Ï = 3

sym m etri cal ti l t twi n bounda ry (bl ack ato ms) and hi ghly disordered steps between
tho se structura l uni ts (dark- grey ato m s). Thi s twi n-and-step block is repeated
several ti m es form ing a sta i r wi th the twi ns in paral lel but non-consecuti ve (111)
pl anes.

The corresp ondi ng gra in boundary in the 5.2 nm sam pl e shows a sim i lar
structura l uni t [23], in thi s case, however, there is no clear repeti ti on of thi s uni t
due to the restri cti on im posed by the smal ler gra in size. Thi s shows tha t the
structura l f eatures of the bounda ry are basical ly independent of grain size in thi s
range.

Fi gure 7b shows another gra in bounda ry in the Ni 12 nm sampl ewi th a m isÙt
of about 50 degrees between the [100] di recti ons. The m isori enta tio n is not close to
any special boundary but rather arbi tra ry . The gra in bounda ry is not am orpho us,
and a signiÙcant degree of structura l coherence acrossthe gra in bounda ry pl ane can
be observed between the crysta l lographi c planes. The misÙt due to the di ˜erent
interpl anar distance for the di ˜erent typ es of pl anes is accomm odated by m ore
di sordered region every three pl anes [23].

The computer simulatio ns provi de also accessto a microscopic vi ew of the
deform ati on processes. One of the m ost stri ki ng features is the observati on of a
change in plasti c regim e as the gra in size appro aches the ¤ 1 0 nm region. In
fact, intra gra in dislocati on acti vi ty ceases to operate below thi s size and grain
bounda ry sliding, a pro cess based on mechanical and therm al ly acti vated sing le
ato m ic jum ps, dom inates the contri buti on to deform ati on. It in turn im pl ies tha t
deform ati on becom es easier as the gra in size further decreases.

X- ray di ˜ra cti on peak proÙle analysis has been successful ly used in the
analysis of the densiti es and arra ngements of di slocati ons as wel l as the resid-
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Fig. 7. Tw o grain boundaries in a 12 nm sample. (a) V iew perp endicu lar to the grain

b oundary plane, along a common axis, w hich is close to a h 110 i direction. T he misori-

entation betw een the grains is 75 degrees; (b) grain b oundary with a misorientation of

50 degrees. (F or the present black and white Ùgures we use light- grey for the fcc atoms,

black for hcp atoms and dark- grey for all typ es of non- fcc atoms. I n [23, 25{27 ] di˜erent

colours are used for each typ e of atoms, w hich makes the pictures more clear. ).

ual long-range interna l stresses [29]. Since the reÛected intensi ty of a dislocati on
depends on the ori entati on of i ts Burg ers vecto r relati ve to the di ˜ra cti on vecto r,
i t is also possible to evaluate the dominant Burg ers vecto r of di slocati ons wi th
the di ˜ra cti on techni que. Fi rst results on the presence of dislocati ons in nanocrys-
ta l l ine Cu have dem onstra ted the useful nessof thi s techni que. Even when a rota t-
ing anode is used, the footpri nt of the X- ray beam at the sampl e has to be kept at
a few tenths of m m in size because of intensi ty reasons. Such focus is suita ble for
a m acroscopic inv estigati on of di slocati on arra ngements, since i t integ rates over
m any gra ins of the sampl e. Synchro tro n radiati on sources reduce the footpri nt of
the X- ray beam on the specimen down to a few tens of m icrometer, al lowing the
inv estigati on of m icroscopic dislocati on arra ngements. Exp erim ents to inv estigate
the intri nsic gra in bounda ry di slocati ons and the di slocati ons form ed duri ng pl astic
deform ati on in nanocrysta l l ine m etals are pl anned at the Swi ss Li ght Source.

2.4. Local vi brat ional densi ty of stat es in nanocr ystal line Pd

A qui te di ˜erent appro ach to characteri ze the gra in bounda ries of nanocrys-
ta l l ine m ateri als m akes use of the dyna m ics of the ato m s in thi s region. The vi -
bra ti ons of the gra in bounda ry ato ms are exp ected to be qui te di ˜erent com pared
to inner- gra in ato ms since interf aces are essential ly two-dimensional and, at least
in som e nanocrysta l l ine m ateri als, the ato m ic structure m ay have a hi gh degree
of disorder. Earl ier investi gatio ns of the dyna mics by speciÙc heat, neutro n spec-
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tro scopy and resonant Û -spectroscopy [30, 31] showed tha t the low frequency vi -
bra ti onal densiti es of states (V DOS) of nanocrysta l l ine materi als are enhanced
compared to ordi nary poly- or single-crysta l l ine materi als. However, these experi -
m ents coul d not disti nguish between interf ace (gra in bounda ri es or inner surfaces)
and inner- gra in regions. The aim of a recent study [32] was to investigate the
(l ocal ) VD OS of the interf aces and the inner- gra in regions in nanocrysta l l ine Pd
separatel y.

The VD OS can best and most di rectl y be observed by incoherent inelastic
neutro n scatteri ng. For a separate inv estigati on of the vi bra ti ons of the interf ace
ato m s it is necessary to enhance the contra st between the inner- gra in regions and
the gra in bounda ri es. Hydro gen is an ideal pro be for the inv estigati on of interf ace
vi bra ti ons since (i ) i t is a stro ng incoherent scatterer, (i i) i t pref erabl y occupi es sites
at interf aces [33, 34] and, (i i i ) at low frequenci es, the l ight hydro gen ato ms fo llow
the vi bra ti ons of the neighb ouri ng (heavi er) meta l ato m s [35] (the extra hydro gen
m odes occur at energ ies above 50 m eV [33]). Theref ore, the low frequency neutro n
spectrum of the hydro gen ato ms reÛects essential ly the vi brati onal spectrum of the
m etal ato m s at the interf aces.The exp eriment wa s perform ed wi th nanocrysta l l ine
Pd because Pd has a nearly pure coherent scatteri ng cross-section, i t can be doped
wi th hydro gen at room tem perature, and i t is wel l establ ished tha t the hydro gen
ato m s are located in the gra in bounda ries. The neutro n spi n-Ûip pro babi li t y for
(spi n- ) incoherent and coherent scatteri ng is 2/ 3 and 0, respecti vely. Theref ore
the incoherent scatteri ng of the hydro gen can be separated from the coherent Pd
scatteri ng by neutro n polari zati on analysis.

The experim ent was perf orm ed at the ti m e-of-Ûight spectrom eter D7 at the
Insti tut Laue{ Langevi n in Grenoble whi ch is equipped wi th superm irror polari z-
ers and analyzers. The nanocrysta l l ine Pd sam ple wa s prepared by the inert gas
condensati on metho d and doped wi th 2.9 at% hydro gen at 3 m bar gas pressure.
The coherent and incoherent scatteri ng intensi ti es of the nanocrysta l l ine PdH 0 :0 3

sam ple for two di ˜erent tem peratures are given in Fi gs. 8a and b, respectivel y. The
data were trea ted as fol lows: (i ) calcul ati on of coherent and incoherent spectra f rom
the neutro n spin-Ûip and non-spin-Ûip data , (i i ) subtra cti on of the inelasti c back-
ground as determ ined from spectra ta ken at 2 K and (i i i ) di vi ding the intensi ti es
by the tra nsmission of the polari zati on-analyzers and the detecto r e£ ci ency.

The incoherent scatteri ng law S ( Q ; ! ) can be wri tten in the one-phonon
appro xi m atio n as

S ( Q ; ! ) = eÀ 2 W

ç

£ ( ! ) + f ( ! )
Q 2 k B T

2 M ! 2

Ñ

; (2 .5)

where ñhQ and ñh! are the neutro n m omentum and energy tra nsfers, respecti vely
(ñh i s Pl anck' s constant), W i s the D ebye{ W al ler exponent, k B i s Boltzm ann' s
constant, and M i s the ato m ic m ass of Pd. The incoherent scatteri ng law is,
for the present exp erimenta l condi ti ons, also a fai rl y good descripti on of the in-
elastic coherent scatteri ng. Equa ti on (2.5) shows tha t, for smal l energy tra nsfers,
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Fig. 8. C oherent (a) and incoherent (b) neutron spectra of nano crystall ine Pd H 0 : 03 .

T he closed and open symb ols represent data taken at 200 and 280 K , resp ectively . T he

thin solid line in (b) represents the elastic line at 2 K . T he thick solid lines are the

scattering functions for a V DO S ¿ !
2 and V DO S ¿ ! in (a) and (b), resp ectively .

ñh! ! 0 ; S ( Q ; ! ) i s very sensiti ve on the VD OS f ( ! ) . In the Debye case,
f ( ! ) ¿ ! 2 , the S ( Q ; ! ) is consta nt. Ho wever, for any power law wi th an ex-
ponent smal ler tha n 2, S (Q ; ! ) increases stro ngly wi th decreasing ! , and S ( Q ; ! )

becomes zero for ! ! 0 i f the exponent exceeds 2.
The scatteri ng functi on for a Debye spectrum of the VD OS, f ( ! ) ¿ ! 2 , is

indi cated in Fi g. 8a as thi ck sol id l ine whi ch describes the coherent data sati s-
facto ri ly. On the other hand, the incoherent data in Fi g. 8b obvi ously cannot be
described by thi s scatteri ng law. The incoherent spectra show m uch hi gher inten-
siti es at smal l neutro n energy tra nsfers, com pared to the coherent spectra. Thi s
shows tha t, at low frequenci es, the local VD OS f ( ! ) of the Pd- ato ms in the inter-
faces is m uch hi gher tha n in the latti ce regions. A l inear VD OS, f ( ! ) = 2 ! = ! ,
where ! = 12 meV is the cut- o˜ frequency (thi ck sol id l ines in Fi g. 8b), on the
other hand, describes the incoherent data in a sati sfactory manner. The unusua l ly
stro ng tem perature dependence of the incoherent intensi ty at the \ elastic l ine" is
also in agreement wi th thi s VD OS. A sim i lar behavi our wa s found for Pd- black
[32] whi ch indi cates tha t the high local VD OS at low frequenci es is m ore related to
the properti es of the gra ins tha n to special pro perti es of gra in bounda ri es. These
resul ts, a quadrati c local VD OS wi thi n the gra ins and a l inear one at the inter-
faces, are in very good agreement wi th a theo reti cal study of Ag-nanoclusters [36].
In a very recent m olecular dyna mics study of nanocrysta ll ine Ni and Cu an en-
hancement of the low frequency VD OS was also found onl y in the regions of the
gra in boundari es, however thi s study indi cates tha t the gra in bounda ry VD OS is
¿ ! 1 5 rather tha n l inear [37].
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3. Co n clusion s

The routes fol lowed in devel oping functi onal ized nanostructured materi als
expl oi ti ng unusua l interf aci al pro perti es m ore and m ore rely on the kno wl edge of
basic pri ncipl es of the desired properti es in relati on to the nanoscale structure of
the bui ldi ng bl ocks or subuni ts. In order to access the basic pri nci ples, charac-
teri zati on of structure and properti es wi th nanometer scale or ato mic resoluti on
is essential , combined wi th theo reti cal considerati ons, the latter either based on
phenom enological descripti ons or com puter sim ulatio ns. The exampl es of m ag-
neti c nanostructures i llustra tes how the characteri zati on of m agneti c correlati ons
by SANS on the nanom eter scale for two qui te di ˜erent typ es of m ateri als can give
basic input for a theoreti cal understa ndi ng of the overa l l magneti c properti es wi th
the chance f or dedicated devel opm ents. The m olecular dyna m ics simulatio ns on
structure and dyna m ics of the interf ace ato ms helps to understa nd the mechanism
of defect accom modati on duri ng synthesi s and pl astic deform ati on, givi ng concrete
di recti ves for experim enta l inv estigati ons. By analyzing the vi brati onal m odes of
interf ace ato ms these Ùndi ngs are compl emented wi th the aim to veri fy structura l
deta i ls in distorted regions.
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