N

N

AMORPHOUS METALS AND ~-FE
U. Gonser

» To cite this version:

U. Gonser. AMORPHOUS METALS AND ~-FE. Journal de Physique Colloques, 1980, 41 (C1),
pp.C1-51-C1-58. 10.1051 /jphyscol:1980109 . jpa-00219579

HAL Id: jpa-00219579
https://hal.science/jpa-00219579
Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/jpa-00219579
https://hal.archives-ouvertes.fr

JOURNAL DE PHYSIQUE

AMORPHOUS METALS AND Y-FE

U, Gonser

Collogue C1, supplément au n° 1, Tome 41, janvier 1980, page C1-51

Angewandte Physik, Universitdt des Saarlandes, 6600 Saarbrilcken, W-Germany

Abstract.- In recent years two aspects of physical metallurgy have attracted
considerable interest from a scientific as well as from a technological point

of view: amorphous metals of the T, M
the magnetic structure of Y -Fe.

80 20

I. Amorphous metals

1. Introduction.- The word "amorphous'" is
already causing a problem because some au-
thors claim "glass' should be used instead,
The question arises: what is the structure
of these materials and which term best de-
scribes these alloys? The controversy is
also apparent in the producer's trade na-
mes for_ these alloys: Metg%§§<§>(USA),
Amomet (Japan), Vitrovac (Germany) .
It is interesting to note that in recent
years the use of the term "amorphous'" has
given way more and more to ''glass'. Con-
tributing factors in this development were
the ayailability of the commercial Met-
Cband the fact that for scientists
and technologists ''glass'" sounds more in-
teresting and more understood than amor-
phous.

glas

The Greek origin of the word "amorphous"
means lacking structure and form. Amor-
phous metals definitely have a structure -~
as a matter of fact, to find the nature of
the structure is the basic motivation for

AMORPHOUS GLASS many researchers.
What we express
by the use of

the word "amor-~

undercooled hquid
/ transparent glass

"without .
= 3pin gloss

structure
undefined

fp———————— Stoner glass

Wigner glass phOU.S" - even in
T =<l T % gernal IDRPIglass  COMmMON Speech -
T~ metalitc glass

is effectively
Fig.l:Amorphous vs. glass our ignorance or
inability to define anything. In contrast
glasses are usually defined: transparent
glasses as undercooled liquids, for instan-
ce, or spin glasses, Wigner glasses, Sto-

ner glasses etc. Glasses might be conside-~

type (T-» metal, M- metalloid) and

red as being released from the ill-defined
amorphous pool (Fig.1). At present the
term "amorphous metals' seems appropriate
because it reflects the state of the art.
In due time we will have a deeper unter-
standing and well defined expressions will
be coined. Specifically, if for the amor-
phous metals the micro-crystalline state
can be ruled out and they are indeed 1li-
quid-like or can be represented by a ran-
dom dense packing (RDP) we might use the
designative "Bernal glass" or 'metallic
glass'" or '"metglass". In connection with
the various controversies in the field of
amorphous metals one might quote a recent
article on "Science and Halfism": "When
the importance of any particular issue
emerged, it invariably has let to the de-
velopment of polarized opinion, each opini-
on as extreme and fanatical as the other
in its absolute conviction. At first, one
camp would appear to have the day,only to
be later superceded by the other. The iro-
ny of this haggling over opposite views
has been that the final resolution of the
issue has recognized that the truth of

the matter seemed to lie somewhere, usual-
1y halfway, between the two extremes"1.
Amorphous films consisting of metals such
as Sn,Bi,Pb, were first obtained in the
1950's by vapor quenching techniques in-
volving condensation on cold substratesz.
However, the stability ranges of these
films are rather limited and crystalliza-
tion occurs at temperatures below loo K.
In the following years a large variety of
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amorphous metals was produced by rapid
quenching techniquess'é, after it was found
that the amorphous state can be stabilized
significantly by alloying with high valence
elements of small size, which are known to
occupy interstitial lattice sites in metals
and exhibit covalent bonding in their ele-
mentary states. In general the composition
range of the relatively stable amorphous
state is found in the vicinity of 8o at %
metal and 20 at % metalloid:

T80M20

(T = Fe, Co, Ni, Pd, Mo ...)

(M =B, C, N, P, Si ...).

In recent years, one has learned to produ-
ce these amorphous materials in continuous
processes and thus in large quantities. In
addition, they can be '"tailor made" for
specific applications by varying the compo-
sitions and processing procedures. This
technological development was accompanied
by an increasing scientific interest and a
desire to understand the nature of the
amorphous metals, Naturally, something
which seems to lack structure is a challen-
ge to scientists. Another reason for the
popularity of this field is that these ma-
terials are ideally suitable for modern
man's favorite game - playing with the com-
puter. The amorphous state is most inviting
as a play ground for anyone interested in
building up structures from "balls" by com-
puter simulation,

The great scientific interest is demonstra-
ted by the increasing number of conferences
on this topic and the avalanche of books
and publications in this field estimated to
be close to 3000, of which about loo apply
Mdssbauer spectroscopy to these materials.
Due to lack of space only a few could be
listed in the references  '*. Here we re-
strict ourself to the T80M20 type. But it
should be noted that our M&ssbauer confe-
rences have covered the other types of
amorphous materials rather well in previous
invited talks. Of particular interest in
this connection is last years' talk by J.
Chappert15
earth alloys.

on amorphous magnetice rare
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2. Properties of T Alloys.- Extraordi~

SOMZC
narily deep eutectics are found, which al-

ready indicates a certain stability. As an

example the Fe-B phase diagram16 is shown

in Fig.2.The densities of these alloys are
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the change in?

over several hundred degress of temperatu-
re is usually only a few percent. The re-
sistance to corrosion of these alloys 1is
also significant, The magnetic properties
of amorphous metals are of special inte-
rest to technology because they combine
magnetic softness (low coercive forces and
high permeability) with high mechanical
strength and extreme hardness.

3. Structure.- Controversy persists as to
the nature of the short-range atomic ‘arran-
gement. Considering the three states of ag-
gregation schematically shown in Fig.3
(top) one might ask
the question: are

states of aggregation

gasecus stale liguid state solid state

the amorphous me- 07505
tals more closely 9,0
o o o
related to an under-
= . = random motion  _preferred mean unigue atomic
cooled liquid with e maghbor configuatin arrrpamet ard
(iattice)

some kind of conti-
nuous random struc-
ture or do they con-

sist of small units i

ISERRERERENS
Preeeeeett

- small crystallites
of borides, carbi-  moten e _petensd cientaton  unioue ovientation
des, nitrides etc. Fig.3:

with unique atomic arrangements - separa-
ted from each other by '"grain boundaries".
Or is the quenchedin structure already the
first stage according to the Ostwald ru-
1e17? At present the main controversy is:

random -structure versus micro- or quasi-



crystallites or "molecules'. However, one
should realize that scientists too often
depend on idealized models, On this speci-
fic issue the two points of view move clo-
ser together if on the one side a certain
deviation from randomness is allowed, and
on the other side the micro- and quasi-
crystallites or molecules are redefined in
terms of size, symmetry, orientation, stoi-
chiometry etc., In other words, the problem
is to find the dividing line between the
definitions of the '"molecules™" with a fi-

xed structure18

, the '"quasi-crystallites
based on a locally distorted off-stoichio-
metric lattice"14 and the liquid-like Ber-
nal packing containing the metalloid atoms,.
Orientations are also of interest. Analo-
gous to the three states of aggregation we
might distinguish three states of orienta-
tion of an assembly: random orientation,
preferred orientation and unique orienta-
tion (see Fig.3 bottom). Preferred orien-
tation of an assembly is called texture,
where the assembly may consist of crystals,
molecules, principal axes of electric
field gradients (EFG), spins etc. Texture
is a common phenomenon in nature and re-
sults from processes like growth, magneti-
zation, polarization, sedimentation, pre-
cipitation, crystallization, recrystalli-
zation, plastic deformation etc. Thus ma-
terials provided by nature or by technolo-
gy are usually in the intermediate state
of preferred orientations: texture,.

In principle, the angular dependence of
the hyperfine interaction gives information
on the texture of the principal axes of
the electric field gradient (EFG) as well

19. However,

as on the texture of the spins
if the magnetic interaction dominates in
magnitude and a distribution of fields is
present it is very difficult to evaluate
any of the EFG parameters: magnitude, sign,
asymmetry parameter, texture etc. In fer-
romagnetic materials the spin texture is
of interest. In crystalline materials usu-
ally the magneto-crystalline anisotropy
gaverns the orientations of the spins
within the domains, that is, along the ea-
sy direction of magnetization.In amorphous
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metals the domain patterns are determined
by the three types of anisotropy energies:
shape anisotropy, magnetoelastic coupling
energy, and structure anisotropyzo. Essen-
tially two characteristic domain patterns
have been observed in amorphous metals:
broad stripes with a width of about 25 Jum
and patches of maze or fingerprint-type
patterns with a smaller domain width of
about 3-5 Jum. If the magnetostriction is
positive21, as is the case for most of the

amorphous T, M, metals, the striped do-

main patterig zgn be related to regions

with tensile stresses leading to easy axes
within the ribbon plane, while the finéer-
print domains are associated with compres-
sive stresses producing closure domains,as

for instance, shown in Fig. 4. In general,

7

RONGAE
Has N
- <
A (b)

/
7 /s
SEGEGL—
/’J

(a)

Fig.4: Suggested domain patterns

metals in the crystalline state contain de-
fects like point-,one-,two~ and three-di-
mensional imperfections. In amorphous sy-
stems we are faced with the problem and
question: do defects exist which can be de
scribed as counterparts to the known and
relatively well-defined defects in the cry
stalline state? If amorphous metals are
characterized by a breakdown of atomic or-
der, we encounter great difficulties in
imaging imperfections corresponding’ to
such defects as vacancies, interstitials,
order-disorder, dislocations, etc. For the
amorphous state, most defects seem to have
lost their defined meaning and structure.
Let us take, as an example, dislocations,
since a technologically important property
of metals, plasti- ' MEELT
city, originates to
a great extent in
the presence and
mobility of dislo-

%%y I LSS
QY YL
e
R DR

Fig.5:Edge dislocation

cations. An edge
dislocation shown
in Fig.5 is cha-
racterized by a
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glide system (glide plane and glide direc-
tion) and the Burgers vector, If disloca-
tions exist in amorphous metals the glide
systems would certainly not be unique as
they are for the crystalline state and the
Burgers vector would be variable.

It has been shown by general continuum
theory22 that internal stresses can be re-
presented by quasi-dislocations with Bur-
gers vectors much smaller than the distan-
ce between nearest neighbors.Kronmiiller et
al.20 pointed out that in the rapid coo-
ling process mass density fluctuations
will occur leading to vacancy-like or in-
terstitial-like defects. By agglomeration,
zones are formed as schematically shown in
Fig.6. One might consider that from an

Fig.6: (b) amorphous structure forming (a)
quasi-vacancy and (c¢) guasi-interstitial
dislocations

original configuration in the center (b)
seven atoms in a row have been taken out
and by the local collapse most atoms do
not touch each other any more as shown on
the left (a). On the right a row of atoms
has been added and the resulting stress is
indicated by the overlap of the atoms (c).
Note that the outer contours remained un-
changed. The configurations in (a) and (c)
with the two quasi-dislocations might be
compared in three dimensions to vacancy or
interstitial dislocation loops in crystal-
line materials. (a) leads to regions with
tensile stress and preferred orientations
of the spins in the plane of the ribbon,
while (c)leads to regions under compressi-
on and will develop the maze type of do-
mains. The density of these quasi~disloca-
tions in amorphous metals were estimated20
to be in the order of 1013/cm2

4. Bernal model.- Almost two decades ago
Bernal proposed a general geometrical
model in an attempt to explain the struc-
ture of liquids in terms of a dense random
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packing (DRP) of hard spheres. The Bernal
model has served in many investigations as
the basis for elucidating the structure of
amorphous alloys. It was noted from certain
geometrical assumptions that in the DRP
structure five types of polyhedra are for-
med. These five polyhedra were called del-
tahedra because of their triangular faces.
They are shown in Fig. 7 with increasing

archimedian
antiprism
T w7 5.3 39 0.8 ER ]

trigonal prism dodecahedron

Fig.7:Holes in Bernal's DRP Topology
size of the interior hole and their relati-
ve occurrence in the Bernal structure. This
led Polk24 to propose a model for amorphous
alloys in which the larger atoms (T) form
a Bernal type DRP structure while the smal-
ler metalloid atoms (M) are dispersed
throughout. The larger polyhedra are big
enough to accommodate metalloid atoms if
their atomic sizes are the same as in their
crystalline states (carbides,borides,nitri-
des etc.). According to this model the ra-
tio of the components for these alloys
turns out to be approximately 79:21 which
is close to that actually observed in amor-
phous metals. Bernal also investigated the
number of contacts and near-contacts be~
tween each sphere and its neighboring sphe-
res: the coordination Cye The relative pro-
babilities P are given in Table 1.

Table 1

Bernal

Co 7...]..8_ 1.9 |10 1 12 |13
P 1.4 ) 11.6} 21.6] 26.0] 24.6) 13.6l0.9
Mgssbauer

Int(Hy) 11.5| 20.0l 26.0( 25.2} 15.1
H; (kOe) 199.21225.51247.7]269.4 |29%.9

5.Bernal's C_ and Mdssbauer hyperfine field

distributions.- M&ssbauer spectroscopy al-
lows one to probe the properties of atoms
as affected by their near-neighbor arran-
gements, It was thought that this tool
might be useful to check the validity of
the Bernal model.



It is remarkable that ferromagnetic amor-
phous alloys with different constituents
but with a composition of about T80M20 ex-
hibit similar spectra, that is, magnetic
hyperfine pattern with broad lines. The
similarities suggest that it is reasonab-
le to assume a general geometrical struc-
ture which is almost independent of the
individual properties of the various con-
stituents. In most such studies continu-
ous hyperfine field distributions have
been evaluated from the spectra. In con-
trast, we assumed a discontinuous distri-
bution and decomposed the pattern into 5
subspectra25 as indicated in the upper
spectrum of. Fig.8, It turned out that the

resulting relative
intensities Int(H,) 1w rAS Mo icOe)

i LA VAN
of the hyperfine ::jzz\/q Vﬁ\//:
fields H; are very uhg\\»/‘ & AVN\/\V/ZA

close to Bernal's '”T“\
5
probabilities of %“"T‘LR/A v \f\/
. 1.00 r-u
nearest neighbors kuJ:Z\/\' \/ﬂ

as seen in Table 1.

TN
This suggests that = ouw] \/PJA h\\\/

the subspectra in TN //“‘\ ~ /7

Relative

090
the analysis corres-

pond to Bernal's mo.L—\b//’Xﬁ;r\\\/fw
coordinations, C0 IR
(mainly 8, 9, 1o,
11, 123,
dingly, in this idealized model the hyper-
fine field Hy
figurations; of course, in reality certain
fluctuations, relaxations and distortions

concerning the polyhedra and coordinati-

Valocity Immss]

Flg.8:Feg, By, spectra

Accor- in Hext at 20 K.

represents neighboring con-

ons have to be considered, but basically
each additional transition metal neighbor
adds a certain amount to the field H, .
This correlation seems rather general and
it holds for a large variety of ferromag-

netic amorphous w® Fo1 By

TgoMpo alloys at va- ™ :'_:‘::md o e
rious conditions of ¥ ) "
temperature, exter- =™ é?
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netic fields. b 427’

Straight lines are ”&é;'

obtained by plotting TR

Co

H;i versus Cy, as it  Fig.9:H; vs. C
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is shown in Fig.9 for a Feg B, sample at
20 X and external magnetic fields, Hoxt =
o, 21 and 35 kOe. Recently, this model

was corroborated by Schurer and Morrlsh

6. Magnetic field measurements.- Hext was
applied perpendicular to the plane of a
Fe, B,  sample and the recorded spectra

807 20
are shown in Fig.8. The following effects

26

are of interest:

a) Because of the negative hyperfine in-
teraction the internal magnetic field
shrinks with increasing H_, ..

b) Observed asymmetries are rather small
and on this basis quadrupole interactions
- if they exist - could not be evaluated.
¢) Surprisingly small fields (Hext<'5 kOe)
tend to rotate the spins into the plane
of the ribbon, that is away from the di-
rection H ... The relative intensities of
the lines 12(15) and 13(14) corresponding
to A m=0 and A m=*1 transitions, respecti-

vely, are given by
' T1,/1, = 4 sin® /(1 + cos? @),

and give information regarding the orien-
tation of the spins. © denotes the angle
between the internal field and the propa-
gation direction of the Y -rays (parallel
to Hy, ). In the case of a distribution
of spin directions (domain structure) or
a preferred spin orientation (spin tex-
ture) the ratio 12/13 and the evaluated
angle @ represents an average. The spin
directions relative to the ribbon plane
are shown schematically on the left hand
side of Fig.8. In Fig.lo the ratio IZ/I3
of the as quenched and of the annealed
(25 mins. at 630 K) sample is plotted
versus Hext' For comparison the results
for a longitudinal magnetized of -Fe foil
are also shown. The effect in the amor-

phous metals might be explained by assu-
30

ming that
areas of unfa-
vorable orien-
tations of the
fingerprint
domains are
partly conver-
ted to stripe R A T R
domains under Fig.lo:I,/I, vs. H

L1
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the influence of Hext as shown in Fig.4.
d) At large fields -
even up to Hext =

50 kOe - the Am = 0
lines do not disap~
pear completely
(I,/15 0) indica-
ting that the satu-
ration magnetiza=

Fig.11:Spins around
guasi- dlslocatlons2°

tion and complete
alignment of the spins has not been accom-
plished. An explanation for this observa-

tion can be given by considering the short
range (1 - 7o A) internal elastic stresses
around quasi-dislocations.This might cause
an inhomogeneous spin arrangement as sche-
matically shown in Fig.11,

7. External stress measurements.- The

first measurements under stress were made
unintentionally. It was observed that the
magnetization vector rotates out of the
plane of an amorphous ribbon when the
specimen was cooledg. Such behavior, or
the origin of the anisotropy, is difficult
to understand considering the magnetic
softness of the material.

and demonstrated by van Diepen and den Bro-
11

It was realized

eder that the cause of the rotation is
basically not a thermal effect of the spe-
cimen but rather the result of the positi-
ve magnetostriction of the constrained ma-
terial. ‘

Experiments under controlled conditions
were carried out by applying a tensile
stress 0" to the absorber ribbon (G § R)
and making use of linearity polarized Y -

ray527

. The latter were produced by a
transversely magnetized source consisting
of Co°7 in o -Fe. The four Am =
are polarized perpendicular to the two
Am = 0 lines. By moving six source 1i-
nes (designated by the letters A, B, C, D,

E, F in ascending order of energy)

*1 lines

over the broad absorber lines designated
by the Greek letters & , 8, ¥ , 0 , €,

we expect a 36 lines spectrum. The posi-
tion of all 36 lines is easily calculated
by adding. or substracting the correspon-
ding line positions of source and absor-
ber while the transition probabilities and
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and polarizations of the corresponding

transitions determine the relative line

intensities. For parallel (Hg|| Hy) and
perpendicular (HSJ.HA) magnetization of
the source and absorber (Fe4oNi40P14B6) we

expect 20 and 16 lines, respectively,

which are plotted in the center part of

Fig.12. For the upper spectra of Fig.,12
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Fig.12:Fey Ni, Py Bg spectra obtained with
linearly polarized ¥ -rays (see text)

the ribbon direction R and the source mag-
netic field Hy were parallel (Hg{| R) and
in the lower spectra they were perpendi-
cular (HSJ.RJ to each other, The two spec-
tra on the left are rather similar, on
inspection, however, differences in the
relative line intensities become evident,
indicating a degree of preferred orienta-
tion (texture) of the spins in the ribbon
direction. By applying a tensile stress

to the absorber (G || R) the spectra chan-
ge considerably as shown on the right.
Now the spectra for the arrangements
Hgll @, R and H,L @, R match well with
the corresponding stick diagrams indica-
ting that the applied stress has aligned
the spins.

8- Fe-Ni alloys.- The amorphous system
(Fe,Ni)soM20 has been studied extensively,
It is interesting to compare the corres-
ponding magnetic phase diagrams of amor-
(NixFe1-x)P14B6 ggdsgf fcc N1 Fe
in the crystalline state . Fig. 13
shows the hyperfine fields Hipne (top) and

28
phous T-x

the Curie temperature TC
tur TN (bottom)., The TC behaviors of the
amorphous and the crystalline states are

and Neel tempera-

almost mirror images of each other. The
high TC values for amorphous Fe-rich



alloys indicate a
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antiferromagnetic o
Fe-Fe exchange JFeFeSO K31. In both ca-
ses Jponi is large. It seems that one can
identify a critical concentration coinci-
ding with the onset of either a mictomag-
netic or antiferromagnetic behavior. At
0.22 % x £ 0.34 we find the invar region
where coexistence of ferro- and antiferro-
magnetism was suggested and because of
martensitic transformations it is diffi-
cult to obtain data for Fe-rich ailoys

(xé 0.22). Qualitatively one can explain
the T, behavior by considering the sensi-
tivity of the exchange to interatomic
distances as documented in the Bethe-Sla-
ter curve. With increasing distance the
Fe-Fe exchange becomes positive and strong~
ly ferromagnetic while the opposite is the
case for the Ni-Ni exchange which weakens
with greater atomic separation. This is
what we expect in amorphous metals where
the transition metal atomic distance is
enlarged - compared to the crystalline
alloys - by the presence of the metalloid
atoms. Recently, experiment532 on amor-
phous FegoB20 under tensile stress have
indeed produced an increase of about 5 kOe

in H..
1

II. -Fe

Pure X -Fe (fcc) is unstable at room tem-
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perature, but it can be stabilized by the
following methods:

1. coherent precipitation in an fcc ma-
trix, such as Cu;

2. extending the X -phase region by alloy-
ing as, for instance, in austenitic steel;
3. producing epitaxial films on appropri-
ate surfaces.

At the time of the discovery of the MSss-

bauer effect Kondorskii and Sedov33

rea-
lized on the basis of their magnetic
susceptibility measurements that antifer-
romagnetic ordering occurs in stainless
steel at low temperature. The Neel tempe-
ratures as determined by M&ssbauer spec-
troscopy are about 4o X for stainless
steel depending somewhat on composition
and 67 K for coherent fcc X -Fe precipi-
tates in a copper matrix34. The internal
field at low temperature is rather small
(Hintﬁu 23 kOe). Two sets of contradic~
tory results have been obtained concer-
ning the magnetic ordering of fcc ¥ -Fe
films: by macroscopic methods ferromag-
netism was observed in films oriented
parallel to {111} 35 and {110 36

Mdssbauer spectroscopy,on the other hand,
37

planes.

established antiferromagnetism in {100
films and recently also in {110} 38 films.
Thus, one is tempted to conclude that the
film orientation is the determining fac-
tor in the magnetic ordering. However,
concurrently with the film orientation,
magnetostriction produces adjustments in
the lattice parameter at the coherent
Cu-Fe interface. Consequently, with in-
creasing the lattice parameter, the mag-
netic ordering might change from anti-
ferromagnetic to ferromagnetic according
to the Bethe-Slater curve. Recently co-
herent precipitates of X -Fe produced in
an expanded fcc host matrix of 69 at % Cu
30 at % Au have been found to be ferro-
magnetically ordered with a magnetic
hyperfine field of 270 k0e>’. It seems
that the magnetic ordering and the mag-
netic hyperfine field of ¥ -Fe films
depend critically on the lattice parame-
ter and possibly on the film orientation.
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The
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question mark on the Fe-side in Fig.

13 should indicate that the problem con-
cerning the magnetic stress of fcc K -Fe

has

not yet been solved.
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