KFKI- 198246

L. TAKACS
C. HARGITAI

HYPERANE HELDS AND LOCAL BNMRONVENT
IN IRCNBCRON VETALLIC ALASSES

Hungarian Academy ofSciences

CENTRAL
RESEARCH

INSTITUTE FOR
PHYSICS

BUDAPEST






KFK1-1982-46

HYPERFINE FIELDS AND LOCAL ENVIRONMENT IN  TRON-BORON
METALLIC GLASSES

L. Takadcs and C. Hargitai

Central Research Institute for Physics
H-1525 Budapest 114, P.0.B.49, Hungary

Submitted, to J.Phys.F: Metal Phys.

HU ISSN 0368 5330
ISBN 963 371 932 1



ABSTRACT

The concentration dependence of the average hyperfine field and the hyper-
fine field distribution in Feioo-xBx Metallic glasses (%< 25) is explained
in terms of a local environment model based on 'dense random packing of hard
spheres™ model structures. It is assumed that the hyperfine field at iron
sites without boron neighbours is sensitive to local compression or dilation
in analogy to crystalline close-packed iron. In this way even the strong de-
crease of the average hyperfine field at low boron content can be explained.

AHHOTALNA

Ob6bsACHEHA KOHLEHTpauMOHHash 3aBUCMMOCTb CpefHeli Be/M4YMHbl U pacnpegeneHus
CBEPXTOHKOIro nons B aMoOpHbIX cniaBax Fe B (0£xj<25) cC nomouwbt mogenn ‘‘fio-
Ka/lbHOEe OKpyXeHue' . Heobxogummasi CTpPyKTypHasxuinpopmaumsa nosiyydeHa M3 MOAEN CO
C/y4yaliHOi MAOTHelWwen ynakKoBKOW XeCTKUX wapoB. [lpegnonaranocb, 4YTO B Cly4dae
aToMOB Xefie3a, He MMewwux rno coceicTBy 60pa, CBEPXTOHKOE nosie 3aBUCUT OT /10—
Ka/lbHOro CTArMBaHWA W pacuwvpeHuns, MNoA06HO cry4daw MnnoTHelwelh ynakoBKW KpucTasl-
INYECKOIrO xenesa. TakMM 06pa3oM MOXHO Obi/I0 OOBACHUTL Aaxe CWUIbHOE CHWXEHne
CpefHei Be/IMYMHbI CBEPXTOHKOINO MOMSA B C/lydae MaslbiX KOHUeHTpauwii 6opa.

KIVONAT

Az &tlagos hiperfinom tér és a hiperfinom tr. eloszlas Feioo-xBx (0< x<25)
fémivegeken mért koncentracioéfiggését egy lokalis koérnyezet modell segitsegé-
vel magyaraztuk. A szikséges szerkezeti informaciot egy 'véletlen szoros il-
leszkedési'" merev gombokbdl allé modell szerkezetb6l nyertik. Feltételeztik,
hogy a bor szomszédokkal nem rendelkezd vas helyeken a hiperfinom tér a helyi
kitagulasra vagy Osszenyomodasra érzékeny, hasonldéan a szoros illeszkedési
kristalyos vas viselkedéséhez. Ilymodon az atlagos hiperfinom tér kis bor
tartalomnal fellépd erds csokkenése is magyarazhato volt.



1. INTRODUCTI ON

Hyperfine field distribution measurements are often re-
garded as an excellent additional tool to get information on
the structure of metallic glasses. The connection between
structure and hyperfine fTield is, however, indirect and within
reliable limits each structural model could be brought into
correspondence with the experimental hyperfine field distribu-
tions of Fe-B metallic glasses. Gonser et al. (1978) and
Wagner et al. (1980) used hyperfine field distribution to sup-
port the dense random packing model; Vincze et al. (1979) and
Kemény et al. (1979) referred to a quasi-crystalline model
based on a "locally distorted off-stoichiometric™ intermetal-
lic compound; Fujita et al. ((1977) and Oshima et al. (1981)
used a supersaturated solid solution as a reference system;
Dubois and Le Caer (1981) proposed a model built of trigonal
prismatic molecules formed by a metalloid and its metal neigh-
bours .

In trying to get unambiguous information on atomic struc-
ture, an important fact 1is ordinarily overlooked. Each of the
considerations mentioned above gives a monotonically increasing
average hyperfine field with decreasing metalloid concentra-
tion. This 1is indeed the case at relatively high metalloid con-
centrations (above about 10 at.% B in the case of Fe”oo-xBx®

but at low concentrations the average hyperfine field drops



abruptly to about 20 T (Bjarman et al. 1980) instead of satu
rating near to the value measured in crystalline bcc iron.
None of the previous model calculations have been able to re
produce this characteristic behaviour.

Our aim is to develop a local environment model for the
hyperfine field distribution of iron-boron metallic glasses
which can be used from pure amorphous iron up to at least
25 at.% boron concentration. To this end, we divide the 1iron
sites into two classes:

() The hyperfine field at iron sites having some boron
nearest neighbours is determined by the boron coordination
number of the site. Apart from some subtleties, all the
earlier studies are based, at least partially, on this as-
sumption .

(if) Iron sites with only iron nearest neighbours should be
handled separately in a different way. For these sites a
nearly close-packed local order is assumed and the hyperfine
field is scaled to local compression or dilation analogously
to the behaviour of crystalline close-packed (fee) iron,
where the hyperfine field (and the magnetic moment) 1is a
function of the lattice parameter. The possibility of such
an analogy has already been mentioned by Gonser (1980) but
without any model calculations.

Though any kind of structural models can be used to
calculate the hyperfine fTield distribution, in this paper we
shall apply two component 'dense random packing of hard
spheres™ model structures. This class of models 1is the one

most used to describe structural features of amorphous



alloys but its applicability in explaining the concentration
dependence of the magnetization and the hyperfine field has

been questioned (Vincze 1979).

2. ASSUMPTIONS OF THE MODEL CALCULATIONS

a) The model structures

Due to the uncertainties in the relationship between
local order and hyperfine field, quite different structural
models can provide equally acceptable results. In view of
this, one of the most generally used concepts '"dense random
packing of hard spheres'™ was applied here. The atomic dia-
meters chosen for i1ron and boron atoms were 2.5 8 and 1.9 8,
respectively. The structure of amorphous pure iron was re-
presented by the central part of a 'geometrically relaxed"
hard-sphere model built by Fukunaga and Suzuki (1981). 1In
their model, the relaxation starts from a model structure
generated by Ichikawa®"s algorithm. The geometrical relaxa-
tion procedure then moves the atoms one by one towards the
centre of mass of their nearest neighbours. In this way the
rearrangement of the spheres iIs achived without assuming any
arbitrary pair potential. The structures of binary alloys
were represented by models built using a Monte Carlo algorithm
(Takacs 1978). A fixed number of balls with two different
sizes were dumped into a rectangular box without regard for
the occurring overlaps. After this the overlaps between pairs
of balls were reduced repeatedly until a practically overlap-

free state was reached. Meanwhile, the distance between the



smaller balls representing the metalloid atoms were increased

to avoid metalloid-metalloid nearest neighbours.

b) Relation between local order and the hyperfine fTield

It 1s generally accepted that the hyperfine field at an
iron nucleus iIn Fe-B metallic glasses primarily depends on
the metalloid coordination number. Thus, the definition of
coordination numbers is of basic importance. The average co-
ordination number can be calculated relatively easily by co-
unting the number of atoms within a given distance from the
central atom. However, this kind of definition of coordina-
tion number has disadvantages when looking at individual
sites or coordination number distributions. The distance of
neighbours from a given atom often increases so gradually
that a natural cut-off distance for counting nearest neigh-
bours cannot be defined and relatively minor distortions of
the structure can cause abrupt changes of the coordination
numbers. Moreover, the cut-off distance is somewhat arbit-
rary so that it is a hidden adjustable parameter.

A rather attractive way to define coordination number
in materials with low symmetry has been adopted here (Carter
1976). First the Voronoi polyhedron of each larger ball was
determined. (Instead of bisector planes, the planes between
balls with different sizes were drawn at distances propor-

tional to the diameters.) Then the quantity

V. 2 -1
Z @)

was used as the total coordination number. (V is the volume
of the Voronoi polyhedron, is the pyramidal volume con-

tribution of the i1-th ne.ighbour, the sum stands for all the



neighbours defining the faces of the polyhedron.) If all the
volume contributions are equal, Z is identical to the usual
coordination number. Otherwise the contribution of the neigh-
bours 1is weighted by the pyramidal volumes V1 . This coordina-
tion number changes continuously with any changes in the local
geometry. The boron coordination number is defined as

V.

/B - zV- - >
where iIn the numerator the summation goes over the boron
neighbours.

Now, it is assumed that at iron sites having boron
neighbours the hyperfine field depends linearly on the number

of boron neighbours

H = Ho - azZzB . (©)

The parameters Hg and a are to be determined in the follow-
ing section. A closely related way to apply a continuous co-
ordination number to establish a relation between local order
and hyperfine field was proposed by Lines (1980).

The 1ron sites without boron neighbours, on the other
hand, are treated in a completely different way. The reason
for this iIs that at very low metalloid concentrations, 1.e.
at very small metalloid average coordination numbers, both
the average magnetization and the hyperfine TfTield at iron
sites in amorphous iron-based alloys decrease and extrapolate
to slightly above half the values measured iIn a-Fe. The exact
values are rather uncertain because they are very sensitive
to impurities and uncontrolled impurities are always present,

even in nominally pure vacuum deposited or sputtered fTilms.



However, this bahaviour is well established qualitatively
(Wright 1976) and it can even be seen as a maximum of the
average magnetization and hyperfine fTield at iron sites at
about 10 at.% B in Fe]90-xBx al-“*~%s (Fukamichi et al. 1978,
Dubois and Le Gear 1981) .

Regarding the amorphous metals as 'dense random packed"
structures, it is natural to look for analogies between the
magnetic properties of the amorphous and the close-packed
(fee) crystalline phases. The magnetic state of fee iron is
very sensitive to the lattice parameter. At larger atomic
distances the 1iron moments iIncrease in the case of all known
modifications and the magnetic moments are reduced by the
decreasing atomic distance. Moreover, 1in the close packed
modifications (fee and hep) they can even vanish (Andersen
et al. 1977). In analogy with this, let us suppose that in
the amorphous alloys the hyperfine field at iron sites with-
out boron neighbours is scaled to ﬁ , the average Voronoi
volume belonging to one neighbour. This is, perhaps, the
least artifical analogue of atomic distance in the crystal-
line metal so the hyperfine field at iron sites with Z =0
is assumed to be

H = Ht + B] o)

Hand B are parameters to be determined. >0 is expected
in accord with the lattice parameter dependence in fee
iron.

It i1s important to emphasize that a crucial assumption
was made when the distance sensitivity of the magnetic moment,
in fee iron - a very collective phenomenon - was used as an

analogy for the establishment of a local environment model.



Nevertheless, it is hoped that this principle is basically
correct éven if the details are dubious. This problem is al-
ways present in local environment models - perhaps general-

ly in less sensitive forms.

3. CALCULATION OF THE HYPERFINE FIELD DISTRIBUTION

In order to determine the hyperfine field distribution

the fTollowing calculations should be executed:

(i) The distribution of ZQ and - for sites with Z;() -
that of should be determined.

(i1) These distributions should be converted into hyperfine
field distribution by using relations () and 4).

The first task can be performed iIn a straightforward
manner using the atomic coordinates of the model structures.
To cope with the second, however, our four parameters H , a,
Hj and @ should be fTitted.

H~ and R describe the hyperfine Tfield at the iron atoms
surrounded exclusively by iron neighbours. The number of
such sites is relatively low - less than 25% even at 12 at.%
boron content - so and R are adjusted only to the hyper-
fine field distribution of nominally pure amorphous iron.

As both the hyperfine field distribution and the distribution
of for the single component model structure is more or less
symmetrical and a linear relation was assumed, It Is enough
to compare the average and the width of the distributions.
From the model structure <ﬁ> = 1.058 83 and a = 0.080 83

have been deduced for the average and the mean square devia-

tion of . Comparing these data with H = 20 T and 0& = 4T



(Bjarman et al. 1980) one can get = -32.9 T and 0=50 T/A~*
(As mentioned earlier, the values for H and a are seriously
influenced by impurities but as the weight of sites without
boron neighbours is low, this uncertainty cannot substantial
ly affect the resulsts for xB>12 at.%.)

The way to obtain 1llg and a can be traced in Table 1.
First, the average % and the average hyperfine field h for
the sites with Zn = 0 are determined by using the parameters
determined above. After this, the average hyperfine field H
for the sites also having boron neighbours can be deduced
by using the measured average hyperfine field Hm, h and the
number of atoms at the two types of sites. Z (the average
boron coordination number of the sites with ZB>0) can also
be onbtained from the model structures. The parameters H
and a could be determined by fitting a straight line to the
five (Z , H) points in Table I. In order to iIncrease the
number of points and to improve the consistency with the
hyperfine fields measured in crystalline iron borides, fTive
further points referring to the lattice sites occurring 1in
FerB, Fe2B and FeB are added (Table I1). To draw the Voronoi
polyhedra the same diameter ratio has been assumed as used
in the hard sphere models. In the case of Fe”™B the atomic
coordinates of Ni“P have been used assuming that the local
order is not seriously different from that of Fe™B. Since
a linear relation has been assumed in eq. (3), Hg and a can
be calculated by fitting a straight line to the average
values in Table 1 and the local values in Table Il simulta-

neously. In this way Hg = 35.4 T and a = 2.99 T have been

obtained.



Now, using the parameters determined above, the average
hyperfine field and the hyperfine fTield distribution can be
calculated by using relations @B and (4). The results are
compared with the experimental data measured at 4 K by Dubois

and Le Caer (1981) in Figs. 1 and 2.

4. DISCUSSION

The concentration dependence of the average hyperfine
field (Fig. 1) shows that the main objective of the present
considerations, 1.e,. the development of a local environment
model which is able to reproduce the break-down of the average
hyperfine field at low metalloid concentrations, could be
achieved. Our starting point was the formulation of the anal-
ogy between pure amorphous iron and close-packed crystalline
iron. The extreme distance sensitivity of the magnetic moment
in the vicinity of the iron-iron nearest neighbour distance
in the amorphous phase was assumed to be the most iImportant
common cause of the peculiar magnetic properties. However,
any such kind of calculation is necessarily a rough simpli-
fication which can cover the main phenomena but not the
exact details.

An iImportant assumption to explain the observed decrease
of the average hyperfine Tield at low metalloid concentra-
tions was that the local order around i1ron atoms resembles
a close-packed surrounding rather than a bcc one. This is
in contrast with the model of Fujita et al. (1977) who as-
sumes that the short-range order of amorphous alloys is very

close to that of bcc alloys. If this were so the average
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hyperfine field should increase to the value observed in
a-Fe with decreasing boron concentration, but this 1is not
the case.

By an appropriate choice of H/y, the concentration de-
pendence of the average magnetic moment y could be fitted
to the measured values but nothing new could be obtained com-
pared with the tendencies of the average hyperfine field
(Lines 1980).

Comparing the experimental and theoretical hyperfine
field distributions (Fig. 2) two characteristics should be
discussed:

O] The global width of the distributions is similar.

The agreement 1is especially convincing at the highest boron
content. On decreasing the boron concentration a low field
tail appears both on the experimental and theoretical curves.
This peculiarity 1iIs more pronounced on the theoretical curves
but taking into consideration the wide concentration range

we are investigating, this deviation does not seem to be too
considerable.

(i1) Contrary to integer coordination numbers, the use of
the definitions given by relations (1) and () enables us to
underline the importance of the fine structure in the calcu-
lated hyperfine field distribution. In principle, the coordi-
nation number and the hyperfine TfTield could have a smooth,
structureless distribution. The fact that this is not the
case shows that the model structures are not completely ran-
dom but different kinds of sites can be well separated. As
the coordination numbers used here are calculated according

to the different dimensions of the Voronoi polyhedra, they
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are sensitive not only to chemical but also to topological
short-range order. The hyperfine fTield distribution could be
smoothed referring to those features of the atomic and mag-
netic structure which are not taken into consideration by

Z or 77. Such features are the metal coordination number,
the effect of farther neighbours and the magnetic moment of
the neighbouring atoms. However, the calculated hyperfine
field distributions shown in Fig. 2 are smoothed by an 0.8 T
wide Gaussian curve simply to suppress statistical fluctua-
tions but not to blot out the fine structure dictated by the
distribution of the boron coordination number. Similar humps
have also been found experimentally (Dubois and Le Caer 1981)

Finally, i1t should be emphasized once more that hyper-
fine field distribution should not be taken as a completely
effective tool for distinguishing between the validity of
different structural models. However, our calculation shows
that dense random packing models - the most commonly used
models to describe atomic structure and to explain physical
properties - are at least not inconsistent with the global
shape or the existence of a fine structure of the hyper-
fine fTield distributions.

The applicability of hyperfine fTield distribution for
studying local order 1is greatly reduced by the fact that
iron based metallic glasses are not strong ferromagnets
(Takacs 1979) so the local magnetic moment depends on the
number of the 3d electrons as well as on the energy differ-
ence between the spin-up and spin-down states. If It Is as-
sumed that the boron coordination number determines the

number of 3d electrons and the exchange interaction with the
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magnetic neighnours determines the energy difference between
the 3dl and the 3dl states, strong ferromagnets like cobalt
based metallic glasses become more promising. In the latter
cases the local magnetic moments and the dominant local con-
tributions to the hyperfine field depend only on the occupa-
tion of the 3d states, thereby providing a more direct con-
nection between hyperfine field and metalloid coordination

number than for iron based metallic glasses.
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cal cafl

12 662 141 30.0 1.157 25.0 1.29 31.4 31.5 30.1
16 648 80 29.7 1.143 24.3 1.62 30.5 30.5 29.8
18 556 54 29.4 1.096 21.9 1.81 30.2 30.0 29.2
20 632 41 28.9 1.120 23.1 1.96 29.3 29.5 29.1

24 617 18 27.5 1.125 23.4 2.41 27.6 28.2 28.1

Table 1
Data used to determine the adjustable parameters in rela-
tions (B and (4). x is the boron concentration in at.%,
N the total number of metal atoms in the model clusters,
n the number of iron atoms without boron neighbours.
the average hyperfine TfTield in Teslas measured by Dubois
and Le Cear (1981) at 4 K. §1is the average of the specific
volume of the Voronoi polyhedron in A3 and h the average
hyperfine field determined by relation (4) for the sites
with ZR = 0, H the expected average hyperfine fTield for

these sites. Hca”™ i1s calculated by fitting relation Q).

H x is the calculated total average hyperfine fTield.
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Compound Site H H

ZB m cal
Fe3B () 2.01 30.0 29.4
(©) 2.72 27.5 27.3
(@) 3.84 23.0 23.9
Fe2B 3.91 24 .6 23.7
FeB 7.58 12.7 12.7
Table 11
Boron coordination numbers B and experimental (Hm) and

calculated (Hca”™) hyperfine fTields for the lattice sites

in crystalline iron borides (see e.g. Vincze et al. 1979)



Fig.

Fig.

FIGURE CAPTIONS

Calculated average hyperfine field (----) as compared
with the values measured at 4 K by Dubois and Le Cear
(1981) (0----) for Fe-B metallic glasses. The hyper-
fine fTield for pure amorphous 1iron is taken from

Bjarman et al. (1980).

Hyperfine Tfield distributions calculated for 12, 18
and 24 at.% (full®line) compared with distributions
measured at 4 K at 12, 17.5 and 25 at.% boron con-
centrations by Dubois and Le Cear (1981) (dashed

line), respectively.






Fig. 2
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