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M ‘ We review recent sxperimental data obtained on hypeefine ficlds (hf) in amorphous menallic affoys. We resirict ouzselves 1o
F ] 3 magnctically ordered macenals. Buth the average value and 1he distnbunon of the hf are disgussed for three duferent cases. Firil, we
AM ﬁﬁm M tT summanze the hf data on majarity consients such as trantiuon metals {Fe. Col and rare carth elements (Gd. Eu. Dy} In a second
- * scction. we first analyze the hf dala on magnec impuritics (N, Co. Mn) dilited in Fe based amorphous ferromagnes (Fe-P- B, Fo-

P The case of ®Co diluted or concrnirated in amorphous Gd-Co alioys 1s analyzed with some detail. Finally, we review the daia
on wransferred hf on simple metals {Au) and #-p elements (P, B} is various amorphous ferromagnets. For thase 1three cases, the mean

LW ) ' hf value i3 discussed in the light of hf dats on bath pure clemenis and compositionally related crysialling compounds. The hf
oi w » distribution is analyzed in relation with the structura of thest amorphous alloys (el i 4 1emi !

or Medium-range siomic order), . -
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Introduction ) electron i, r is the vector connecting the nucleus
. F and the electron i, The orbital contribution (7.
* W“M # M W?m km # Fb A Through their magnetic moments some nuclei 1./r} is thought to be negligible for 3d transition
J tions between nuclei and electrons in metals can | negligible in magnerically ordered metals or alloys.
The contribution proportional 10 I.3,8(r) is rather
. k L f ) ”
A this review of hyperfine fields in metallic glasses. (1) a merely “s™ term (“contact” 1erm) propor-
I WaJiin "HM Ed Al I ) 'f !'? * The magnetic interactions between nuclei with tional to the s density of states al the nuclear site,
- - o spin J and electrons of spin 8, are commonly (i) a core polarization (¢p) term, arising from
\ negatve for 3d electron systems. For an assembly
L] .
dM‘a LM M % 87 % )+L+M_i 1 of A electrons, the Hamilionian of the magnetic
, 3 Nioln 7 o . Inleractions between nuclei and electrons is writ-
. [ ﬁ . . DT . ten us:
mbw m L where pg is the BOHR magneton, v the nuclear K=T%
(l

i can be used as probes of internal magnetic fietds. metals, while it can be predominant for rare carths,
. ’ - In addition to these magnetic effcets. the interac- The dipolar term {F(3(r.5,)r,/7%) = {x,/6))} is
mdomly desblbuwbd (Weda,fGo s /]~ (1)

N inlude and electrostalic contribution in the case
n A m& M m - of neclei having an glectric quadnipole moment, complex for metallic system with s, p. d electrons.
’ These quadrupolar effects will not be analyzed in This latier contribution includes:
L]

Why i

expressed by the Hamiltonian |1 the polarization of the core electrons by the d
. . . . —_
* M'MM“ 4 3 (* an -) ﬁ%q “‘a ; X, = 2,91 magnetization, The ¢p contribution is generally
* + L]

dostio b il s
(

; the BOH. t = —yhlH, @)
. . . W . v 9 —- Byremagnetic rato, [, is the orbital moment of the '-‘ oo .
% Anbomotimulise vt & *Anaedione, Aale T i e o
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H being the effective field produced by the elec-
trons at the nuclear site, We will restriet ourselves
in this review to the case of ferromagnetic materi-
als,

A quaatiative analysis of the different contri-
butions 1o yperfine fields in erystalline ferromag-
netic materials is a very difficult task, for it would
require an exact eviluation of the electronic densi-
ties at the nuclear sites for both spin directions.
This is made even more difficult in amorshous
alloys, for which a detailed knowledge of th:. stemi
struciure is lacking. Hyperfine field data wisn
analvzed by experimentalisis. for the mest part,
according to pheromenclogical approaches em-
phasizing the role of local atomic envitonments.
The magnitude and the distribution of the hyper-
fine fields in amarphous ferromagnetic allovs are

compared with those obtained in pure ferromag- |

netic elements and in compositionally related
crystalline compounds., Reasonable relationships
can then be established between byperfine fields
and atomic order [2). )
Hyperfine fieid (hf) data as obtained by Mass-
bauer and NMR Speciroscopy in  various
amorphous alloys will be reviewed in this paper ag
follows. In a first part, we summarize the hf data
on majority constituents such as Fe, Co in transi-
tion metal based alloys, or Gd. Eu, Dv in rare
earth based alloys. In a second section, we discuss
first the case of magnetic impurities (Ni, Co, Mn)
dituted in Fe based amorphous ferromagnets. The
hf of *Co diluted in amorphous Gd-Ni or con-

centrated in amorphous Gd-Co alloys will be !

analyzed in the same seciion, Finally, we briefly
review the data on transferred hf at nuclear sites of
noble metals (Au) and s~p elements in various
amorphous ferromagnets.

2. Host hyperfine fields in transition metal based
and rare earth based amorphous alloys

2.0, Host kyperfine fields in'Fe or Co omorphous |

alloys

Pure magnetic elements are not easily obtaina-
ble in the amorphous state. Thin films of Ni, Fe
and Co were reported 10 be amorphous. But, due

to the instability of the samples with Tespect to |
crystallization, and due 10 the smali quantity of '
sample, very little is known about their bulk mag-

netic properties, and praciically nothing about the
byperfine ficlds. Host Fe or Co hyperfine fields
had therefore 1o be studied in alloys of Fe of Co
with sp elements such 25 B, C, P. Si, Ge and Sn or

TWith transition mesals such as Zr. Y and Th. The’

minimum percentage of these additional elements,
which are required to stabilize the amorphous
structure, lies between 10 and 20 a1 %, depending
upon the elaments and the fabrication technigue.
Within this context, it can be conjectured that the
alloying cffects will not be readily separated from
the consequences of structural disorder in the hy.
perfine field studies of Fe or Co based amorphous
alioys. Appropriale comparisons with pure crystal-
line materiais. on the one hand, and with composis
tionally related crystalline compounds, on the other
kand, must be made before invoking the role of
the amorphous structure.

Fe Mossbansr speciroscopy has been widely
nsed in the study of Jocal magnetism in Fe based
ferromagnetic amorphous alloys {3 The NMR
technigue has been also employed - although less
extensively 5o far « 10 determine the 'Fe and
*Co bf in metallic glasses {4} We will focus on the
low-temperature data concerming the magnitude
and the disiribution of the byperfine fieids. The
temperature dependence of the hf was also mea-
sured in several amorphous Systems, namely in Fe
based alloys through Massbauer spectroscopy [5],
This temperature dependence does not seem to
depart significantly from that observed in erystal.
line counterparts when available {6,7]. It seems
then that the specific character of the amorphous
structure can be discussed more readily from the
zerotemperalure hyperfine field data, We will
analyze first the *’Fe and ¥Co host hyperfine
fields in Fe and Co based amorphous alloys with
sp elements. Then, we summarize the data on the
change in host hyperfine field by substituting some
amount of Cu, Ni, Co, Mn, Cr, Cand Tifor Fe in
Ft based amorphous alloys.

2.1.1. Fe and co alloys with swp elementy
Concerning  the host hyperfine fields in
amorphous materials, (wo pieces of infortnation
are of special interest, namely the average value of
the hf and its distribution. The average value of
the hf has 10 be compared with the magnsiic
moment as obtained from bulk measurements as a
function of composition in various alloys. Several
juestions can then be raised: is there a definite,

P. Panissod et ol. / Hyperfine fields in mesallic Sasegr

quantitative relationship between the average hf
and the magnetic moment? What does it imply
about the relative importance of the differens
contributions (0 the hyperfine field? Once a
quantitative relationship is established between the
magnitude of the hf and that of the on-site mo-
ment. is it then possible (o extract from the hi
distribution any information about the atomic co-
ordination about a magnetic site, and thus, to shed
any light about the amorphous structure?

fa) Average hyperfine field and magnetic mo-
ment. From early ncutron experiments on electro-
deposited amorphous alloys [8), it was first noted
that the *Co hyperfine coupling constant (ratio of
the *'Co hf ta the Co moment) was about the same
as that in pure crystolline Co irrespective of the P
concentration. It was then suggested [9] that this
constant value for M,/ should arise [rom the
same physical mechanisms as in crystalline Fe
compounds with s—p elements for which this fea-
ture is well documented {10]. Subsequent Y’Fe

NMR experiments in a series of amorphous Fe-'
P-B alloys [11] showed that ¥ Fe H/u was indeed .

independent of composition (about 125 kOe/up)
and roughly the same as in related crystailine
<compounds, although sensitivity smaller than Hin
in bee Fe (156 kOe/py ). Such a feature was firmly

established by *Fe Massbauer spectroscopy in Fe |

based amorphous alloys with various s-p ele-
ments. Let us note that the average ' Fe hf value
does not drastically depend upon the fitting proce-
dures adopted to evaluate the field distribution
112]. Before discussing further this proportionality
between hf and magnetic moment, it nught be
useful 1o summarize the phenomenological model
commonly used 10 analyze the hf data in host
transition metals.

The transition metal hf can be described as the
sum of two main contributions: one is propor-
tional to the on-sitc moment, the other one is
proportional 1o the surrounding momenis:

Hyy=Ayp, + Bp. (3)
The local term includes both a contact contri-

bution (pclarization of the conduction eicetrons .
due to the on-site moment through the coupling |
constant 4,,} and a core-polarization contribution ,
(polarization of the inner s-shells through the cou- |

plng constant A,,). The second term is the 4s
contribution due to the overall polarization of the
- surrounding moments. Thus, the bf can be ex-

70

pressed as:

Hy=H=+H™+ H,y (4)
or

_}{hr=(44-+AJ¢)FL+-‘4-F- (s)

Let us note that for Fe and Co. A, and Ay,
have opposite signs. On the other hand. the cou-
pling constant A4, is though to be mosily atomic
in nature, since it involves core s electrons and
localized d electrons. while the constant A, may
be sensitive to the metallic structure owing to the
extended character of the s elecirons. One might

conjecture, a priori, that the very short electronic |

mean free path in amorphous alloys could result in
a reduction of the overal polarization term,

Such an analysis applied to a- Fe gives: H, =
H +H_ = -200 kG and H;=—145 kG. The
locai hyperfine coupling constant is then H /=
90 kG /pg [13]. while the coupling constant for the
total hyperfine field is 156 kG /. I is interesting
to note that this phenomenological model gives 4
very poor description of the concentration depen-
dence of the Fe hf in disordered bee Fe-Ni and
Fe-Co alloys [14),

In Co base crysualline compounds (Co, B, CoyB),
and amorphous alloys (Co-B, Co-P, Co-P-B,

Co-B-5i), the ®Co hf as determined from NMR

-Hpp (KCR)
300
Hep
v
2004 /s
')n'cn'l-uan
ﬂ-CDL,P._"/
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3 :.CuZB
wef 70800 Ya CoxSigByg
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“Fig 1. Hy, versus Co moment in amorphous aad erystalline Co

¢ based compounds.
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at 4.2 K increases fairly linearly with the Co mo-.
ment. yielding a hyperfine coupling constant valus
of 115 (=10 kQOe/py (see fig. 1). This value was
found to be 110 kOe/py. independentdy of the P
cancentration, in amorphous Co—-P alloys [15], and
123 kO¢ /iy im smorphous Cog9-, B, (14 <2< 2Ty
alloys [16}. The Sf/pt ratio for amorphous Con,Y;
is the same as for a-Co—P alloys [17]. As shown in
fig. 1, the Co hyperfine coupling value is not too
drastically altered in Co based alloys with two sp
elements such as P and B, or B and Si.

In fig.2 are plotted the Fe hf versus the Fe
moments for some Fe base crystalline compourn
and amorphous alloys.

Let us analyze with more details the data for

the various crysialline and amorphous compounds.
The hyperfine coupling value is about 125 kOe/p,y
for Fe rch interstitial crystalline compounds, A

linear 7 versus g relationship 1s obtained for the !
three Fe sites in Fe, P as well as for the average Fe
values in crystalline Fe, N, Fe,B, Fe,C compounds

(for references, see ref 11). Some departures from

these regularilies are observed when Fe content
decreases in interstitial compounds, such as Fe P, |

FeB, FeBe,. This might be due 1o some metallurgi-

Hyp (KO
e ]
:Fead.llm i
00 ﬂ-F;aoPgC%Bl| .

o-Fe
7996 5~ yoledpiy | !
°—"'¢=..B\.}.%-./ dren |-
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0 1 ;

Fig 2. Hy, versus Fe moment in amarphous and erysislline Fe
based compounds.
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i

cal difficuities in obiaining the correct stoichiome-
trv (Fe, P, Fel3) or 16 a more efficient shielding of
the “= aioms by the interstitial elements (FeBe,).
Tiiz Fe B/ vatio is significantly larger in crystal
line Fe and for non-interstitial compounds such as
Fe,5i (sites | and 11} and Fe, Al (sites I and 11), for
which H/ is about 155 kOe pj ",

Similar trends 2re observed for Fe base
amorphous alloys. In Fe based amorphous alloys
with B, C, P, the Fe hf was found (0 scale with the
Fe moment. In amourphous Fe 100- . B, allovs, this
weating is not perfect. Thus. the hyperfine coupling
constant was found to be 125 kOe/, for a-Fe,B,

and 140 kOe/p, for a-Fe,B,, [18]. The same ——

trend was observed by Dubois [19]. An average
value of 140 kOe /g was obtained for a-Feo_, B,
at 77K by Franke et al. [20. This proporiionality
seems 10 be preserved when C substitutes for B in
a-Fe,B,_C, (2<x<10) [21] or for P in a.
FeuPyy.5C5.4122), where FT /i was found 1o be 135
kOe/pg. However, the Fe hf and the Fe morment
were found 1o vary with conceniration in an op-
posite way for the amorphous Feg, By, C, (0<x
=4) [23] and also(fag a series of Feu B, .C,
{0<x<4) alloys {24]. These discrepancies might
be atiributable either to the approximate character
of the /T versus 2 relationship or 10 some short.
range order effects in these ternary alloys, The Fe
hyperfine coupling value was found to remain
roughly constant when Be substitutes for B in
a-Fe,, B, Be, alloys [25} or when Si substitutes
for B [19,24.26), in a-Fe-B-Si alloys.

For amorphous alloys of Fe with non-intersti-
tial clements, the relationship between the Fe bf
and the Fe moment is less evident than for Fe
alloys with P, B, C. A rough proportionality be.
tween I (Fe) and A, was reported for Fe rich
Fe-Ge [27.18) and Fe-Y [29] amorphaous alloys.,
However, there is some scattering among the //g
values reported by different authors (125 and 147
Qe /. respectively, according to refs. 27 and 28.
As indicated in fig 2, the relationship between &
(Fey and w,_is poorly defined in a-Fa-Si alloys
[31}. Moreover, since the pioneering work of
Sharon and Tsuet [32] on a-Fe-Pd-P alioys, it has
been observed that the H/Z ratio i po longer
constant over the concentration range close 1o the

onsst of ferromagnetism.

In conclusion, hyperfine fields and E)égﬁéti(-:—
moments for **Fe and *Co in Fe based and Co

{Uf

based amorphous alloys with sp clements such as

¥
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B. P. C are fairly proportional at Jeast within the
concentrated Fe or Co limits (72 10 84 at%)
yielding for **Co a hyperfine coupling constant of
115 to 125 kOe /1y (close to that for crystallinge
Co. i.e. 127 kOe/py) and for 'Fe  value for Hyg
of 125 10 140 kOe/p, (slightly lower than the
value for bee Fe, ie. 156 kOe/py). These hyper-
fine coupling values are practically the same as
those obseryed in compositionally related crystal-
line compounds, but they can significantly differ
from those obtained for disordered Fe or Co based .
crystalline alloys, The proportionality between hf
and magnetic moment for Fe and Co in amorphous
alloys will be used in the following for various
purposes, namely:

(1) to discuss the contributions to host hf in Fa
and Cu based amorphous alloys,

(i) to analyze the effects of sp elements (B, P, C)
on the host magnetic moments and hyperfine fizslds,

(iti} to explore the possibilities of obtaining |
some structural imformation Irom the hi distribu-
tion, ‘

(iv) 10 determine the on-site moments in
amorphous allovs containing two magnetic ele-
ments (Fe-Co, Fe-Nj, Fe--Ma base alloys), :

(b} Contributions to the host hyperfine Jields in Fe
and Co based amorphous afloys with s—p elemenrs. |
So far, we have neglected the sign of the **Co and I
*’Fe hyperfine field. Nuclear orientation experi- E
ments on *Co in amorphous Coyo Py, have ascer- l
amed that the sign of the field s negative [33], J
Although it has not been verified 10 our knowl- |
|
{
l
i

edge. the *'Fe hf sign is most likely negative as for
*Co. On the hasis of the quantitative relationship
between hvpetfine and magnetic moment, the dif-
ferent contributions to the hyperfine fields can be |
semi-quantitatively discussed.

M was first suggested that in amorphous alloys !
{91 and in related compounds [10] the conduction :
electron polarization contribution {local and non- |
local) to the *Co and S'Fe hf might be very weak
as compared with the core-polarization terms. Ths ;
was recently argued in more details by Van Der ;
Woude and Vincze [34] for Fe based amorphous
altoys. We will discuss here the contributions 1o Fe
Rl in amorphous alloys. The Co hf contributions |
will be discussed in the following section along |
with the impurity hf in ferromagnetic amorphous ;
hosts. By following Van Der Woude ard Vingze |
[34], the hyperfine coupling constant (H/p,, =130

 kOe/py) is close to the experimental value for i

oxidic insulaiors where conduction electron polari-
Zation terms are absent. The case of amorphous Fe
based alloys and related compounds would be
therefore drastically different from that of pure
crystalline Fe and of disordered Fe based alloys,
such as Fe-Al for example. For pure Fe and Fe
alioys, half of the hf would originate from non-lo-
cal contributions and, according 1o Van Der
Woude and Vingze, 2 typical value for the core
polarizatian contribution would be 63 kOc/pp. In
amorphous Fe based alloys and related com-
pounds, the ¢p polarization term would be twice
that in pure Fe, while the neighbouring contribu- .
tion (Hy) would be very small {~10%) and the
local CEP contribution would be practically ab-
sent,

A different approach was recently proposed by
Lines [35] for the hyperfine ficlds in iron-metal-
loid ferromagnetic metals. Instead of the afore-
mentioned linear relationship betwesn Fe hf and
Fe moment, Lines claimed that the available data
follow more closely the following refationship:

H(Fe) =90 kOe/pg X p+ 1327,

where 7 is the average Fe moment,

The local hyperfine coupling constant woeuld
thus be about the same as that determined by
Stearns for pure Fe £13] and therefore the loca)
and non-local conduction-electron-polarization

{6)

contributions would be non-negligible (H,/H

being 35 to 40% as in pure Fe).

The Lines's relationship (6) does not escape any
eriticism, It has been discussed in detail by Dubois
{19} In particular, it can be said that Lines's fit
relies 100 much on compounds with low Fe mo-
ment, for which the relationship between hyper-
fine field and moment is less ascertained. On the
other hand, the values for the on-site Fe moment
are less finmly established than clajmed by Lines,
In addition, eq. (6) does not it the data for Fe, i
and Fe,N. From these reasons and others, it fol-
Jows that relation (5} does not present the degrae
of universality and certainty given by its author,
Nevertheless, the emphasis placed by Lines on the
possibility of CEP contributions 1o host hf in Fe
based amorphous alloys and related compounds
deserves further discussion.

From available experimental data, there is little
doubt that the neighbouring CEP contribution of
Fe hf is not negligible. This can be deduced, for

—
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the *'Fe hf in (Fe, Ni p_, )P, B, alloys. This com-
position effect was expressed by Chien er al. [36)
as: -

Heo=(232+ 331 kOe. n

The extrapolation to the diluie Fe limit was .
recently confirmed by Mossbauer eaperimnents on .

an Fe,Ni §i,B,, sample [ 371 wheh yieldes an Fe

hf value (ar zero external field) of (230 = 30)kGe.

Within the dijute Fe limut, only the Joca
tions to Fe hi are of impertance. Tt
argued that the Fe momen. would he s
opposite is likely to be true {38]. Similar w0
tion effects were concluded by Sosians™ « al. [39] .
for a-(Fe,Ni| ., )40 B alloy. however win 4 some-
what smaller Fy contribuiing (10 w0 20 ke/pg)
h seems then thot the point of view of %an Der
Woude and Vincze or :he ane hand and that of
Lines on the other ha"! ©uy represent two ex-
treme descriptions of ¢ bf in amurphous
- alloys and related comipiinds, There might be
some intermediate alieraatives such as a CEP con-
tibution which might be rather small (20 1o 40
kOe/pnp) as compuared with the core-polarization
one. The local and the non-local CEP contribu-
tions could more or less balance cack niher, A |
possible combination would be: H,, = H,, + Hl™
= —130kOe + 40 = —90 kOe/py, and He = — 40
kOe/uy. 50 as to have about the same local hyper-
fine coupling constant as in pure Fe or in crystal-
line Fe,Si [40] topether with an overall coupling
constant of about — 130 kOe¢ /.

{c} Mean hyperfine field and coordination number
in the first aromic shell around the transition metal !
site. Since the work of Jaccarino and Watker {41},
it has been widely admitted that the local environ-
ment about a transivon metal site plays an im.
portant’role in hoth the onset of a focal magnetic
mement and tn ils concentration dependence. This
was verified in many substitutiona! and interstitial
eryvstalline alioys and compounds. Owing to the
relationship established between the mean hyper- -
fine ficld and the local magneuc moments - at |
least for amorphous alloys of transition metals
with interstitial-like elements (B, C, P; — is it then !
possible to use hyperfine field measurements in |
these alloys o probe local environments around ;
the transition metal sites? Before the byperfine |
field distribution can be analyzed in terms of |
coordination number disuibution, some Quantita- |

. Hve relatonship between average hyperfine field !

3

and structure must be discussed. Amorphous al
loys of interest for our discussion are constituted
of Fe {or Co) with at least 1% at.% of S-p ele-
meats; the “non-magnetic™ content is even larger
for alloys with Si, Ge, or Y. In these circum-
stances, the probability for Fe (or Co) of having
only Fe {or Co} atoms in the first atomic shell is
negligibly small. The first question which has then
10 be answered s which one of the two coordina-
tion numbers (namely the number of parent atoms
and the number of “non-magnetic™ atoms) around
the tansition metal site is the most efficient
paramcter in determining the average hyperfine
ficld. With respect 10 this problem, the situation is
difierent in the crystalline cases depending on
whether one deals with substitutional or interstitial
compounds. It seems that a similar distinction
must be made in compositionally related
amorphous alloys.

In substitutional crysialline compounds such as
Fe,Si. Fey Al the Fe moments and hyperfine fickds
are directly determined by the number of Fe first
neighbours. This has been abundantly illustrated
for Fe;Si [40]. In amorphous Fe-Si alloys, the
appearance of a Fe moment was related with the
probability for a Fe atom of having at least six Fe
first neighbours in the first atomic coordination
shell [30]. Similar critical numbers were obtained
in amorphous Fe-Ge [42], Fa-Sn [31.43]), Fe-Sb
[44} and Fe-Y [29]. For amorphous Fe-Y alloys
[29]. it was suggested that the Fe momen: would
increase with Fe neighbours from z few tenths of a

Bohr magneton in sites with Z;, =6 up to 2pgin .

sites with Zg, > 10.

In interstitial crystalline compounds, the Fe
momenis and hyperfine fields are mainly de-
termined by the metalloid (B, C, N) coordination
numbers (Z,, Z¢, Zy). From a least squares fit of
the available hf data on these various compounds,
Dubois [19] obtained the following equations for
Hg, in kQe:

He=315-362,, (8
Hpo= 16 - 572, ®
He =374-T132,,. (10)

" Expérimental data on various Fe sites in Fe rich

borides, carbides and phosphides crystalline com-
pounds were analyzed by Lines [35] in a different
way. Lines introduced an effective coordination

number 2, = E(C,,/R,._,,)"_. where Ry, ., are
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the bond.- distances Ry, ,, = R(M)}-R(Fe) (M
being B,C,P), with the sum = running over all
metalloid near neighbours, and the exponent n
being empirically determined to be n=4.7. By
choosing the parameters Cy, according 15 the ratio
C€./Cp=1.04 and {,/Cy= 113, Lines oitained,
for the on-site Fe moments a single function pp, =
JUZ, ). Values for Cyp were taken as 2,18, 2.26 and
247 A for B, C and P, respectively. The variatian
of H(Fe) for these various campounds as de-
scribed by eq. {6) was then plotted versus Z,,, with
B 38 an implicit parameter. We discussed above
the somewhat arbitrary character of Lines’s phe-
nomenological systematics. Applying such a “uni-
versal™ refutionship te hf values in amorphous
alloys in order to obtain the “effective™ metalloid
coordination and then the real local environment
seems 10 be a questionable approach.

A less ambitious approach is suggested by egs.
(8)-(10) for the Fe based interstitial crystalline
compounds. By looking at the depression of Hy,
as a function of the metalloid coordination num-
ber. one can see that the effect of the metailoid
environment is about the same jor B, C and N
when the coordinaticn numbers are divided by the
number of valence clectrons (3.4,5,for B,C,N ;
respectively). One then obtains for Hy, in kOe:

He, =375-122Z, &)
Hp,=315-14Z,, %)
He,=315—146Z,,, (10)

where Z,_ is the number of valence electrons per |
formula for the metalioids. :
In amorphous alloys, the average coordination !

number of metalloids (B) around a transition metal - .

site can be estimated to vary as a function of x,
the metalloid concentration, according to;

zn=zru'(T:T)' (”)

where Zy,, is the number of TAf atoms around the -
metalloid B, :
The concentration dependence of the *Co hf in
3-C0yy., B, alloys can then be expressed as a
function of Z,. One B atom in the first atomic
shell about a Co site depresses the **Co hf by 29.3 :
kQe, which makes about 10 kOc per valence clec- |
tron. As shown in fig. 3, the concentration depen- :
dence of Heg in a-Co-B, Co-B-Si and Co-P .
alloys can be plotted as a function of the number

of s-p valence electrons per formula. One obtains

Hpp {KON)
)

c.Co

2001
%
oCo - I‘ﬂ-CUL'P-
0-CoggBgSisga N

a-Co-,sSiz; }\\.‘

K‘I‘ISK&/&
1 ;

O - 1 pmod vel /Formulo

Fig. 3. H, versus number of valence elecirons per formula s
amorphous Cp based alloys.

an average slope of 135 kOe per valence electron,

The data obtained by Franke et al. [20] on
a-Fe-B alloys can be similarly plotted as a func-
tion of Zy. One oblains a sloope of 26,7 kOe/B
atom, which is significantly less than in crystalline
Fe-B compounds (36 kOc/B atom, for x>25
at.%). The concentration dependence of Hy, can
also be expressed as a function of Z, to give 2
gradient of 145 kQe/valence clectron. The values
of Hp, for a-Fe o, P, alloys do not follow the

same curve as for a-Fe-B alloys, as shown in fig 4.

—Hh;'(kaﬁ)-‘- T e L e
L.ﬁ\
300F v, .
% o 'm%:u.h‘_ »
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°
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“Fig 4. H;,_}Es_d:-numba of valencs clectrons per formuls in
amorphowt Fe-B and Fo-P alloys.
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In conclusion, it seems that the rough propor-
tionality between Fe and Co hyperfine fields and
the jocal moments is consistent with the predomis
nant role plaved by the number of metalloid sloms
around the transition metal sites in interstitial
crystalline compounds and related amorphous al-
iovs. This consistercy must not be taien 05 3 strict
prebe of the charge transfer mod.f according o
which the valence elestrons from the 5-T slemnents
would fill up the empty states of the transiicn.
metal d hands. It has becowe clear from phoic-
CMissiOR measurements that tie concept of hy-
bridization hetween sp and d bands is maore reali..
tic than the idea of chatge tzansler within a rizid
band picture.

{d) Hyperfine field distribation an.f locol groms:
coordination. There is a common agrer
Maossbaver and NMR spe. -+ -
fact that the hroad hyperts
obseceed IR ransinogeme -7 . 5
lovs reflect i vome way v of nossihiz
enviranments about <o TAf wies. However, the hE
distiibuiion has been anslyzed m various ways to |
Rive support 1o different structural models of
metallic glasses. We will separately analyze the
experimental hf distributions as obtained from
Masshauer spectroscopy and those determined by |
NMR measurements. :

The hf distribution P(1) is obtained from -
Massbauer spectra as a result of complex fitting ,
procedures. By forcing P(H ) to follow some zna- i
Iytical expressions determined priori, one can be !
led 10 sputious conclusions, as happended in early |
Masshaver experiments {45). Mare recently, severa) :
fitting procedures [12.46,47] have been proposed
lo overcome the difficulties of extracting reaiistic .
hI distributions from broad Mossbauer spectra.
Once a reasonable P11 is obtained, there are
different ways 1o correlate P(17) with the atomic |
structure. A first atuitude is to analyze P(H) ‘
withoui attempting ahy comparison with crysiai- .
line counterparts. Instead. the amorphous solid is '
regarded as a dense-randem packing of hard
spheres of the Bernal-Poly type. The hf disuibuy-
Lion is ther analyzed as the sum of contribuations |
arising from Fe sites having the average Fe close-
contact coordination of Bernal-Polk's liquid
model. This analysis was succesfully carried out
for the P(H) of Fe in a-Feg By [48), We saw
above that the metalloid coordination about the
Fe site is more effective than the Fe coordination :

LR

b

n deteninining the Fe hf and moments in intersti-
tial allovs and compounds.

<A second attitude starts from the observation
that the hf distribution encompasses the hf values
for the different Fe sites in compositionally refated
compounds [49]. Mere recently, Vincze et al. [50]
showed that P(H) for a-Fe,,B,, can be generated
by assuming a gaussian broadening (with a half-
width of 3G kOe) of the three lines corresponding
1o the three Fe sites (with Z, = 2, 3. 4, respectively)
in ¢-Fe,B. The concentration dependence of the
Heeina-Fe,, B (15<x<15)is explained by a
change in the relative jniensities of thewe three
comtribuzans and by the anset of Fe cluslers in Fe
rich allavs irrespectively of the fabrication tech-
nique (sputterng versus ligaid quenching) {511, the
B coordination is thougl, io dominate the atomic-
scale order together with the magretic propertias
of the a-Fe-B alloys. The glass structure is then

zsenbed as a “locally distorted nonstoichiometric
Fe.B quasicrysialline structure”. More recently,
*Fe Moubauer spectra on liguid quenched -
Fepo- B, alloys (12< x<25) were analyzed by
Oshima and Fujita [52] within the same spifit as
done by Vincze et al, However, by taking into
account the effect of B atoms in the second atomic
shell around an Fe atom, Oshima and Fujita were
led 1o a different conclusion, According 10 these
latter authors, a chemical order of the Fe,B 1ype

develeps only in near-stoichiometric altoys, but .

amorphous Fe-B alloys containing 16-19% B
would have a high degree of short-range order of
the bee type. The most recent study by Dubois {19]
of the bf distribution for *Fe in a-Fe-B alloys
also concluded the existence of two different types
of short-range order in these amorphous alloys,
Alloys with B content lurger than the eutectic
composition (x =175 at.%) are predominantly
characterized by Fe sites with two or three borons
in the first shell. The h! distribution for alloys
containing less than 17 at.% would be the sum of
two main contributions: one similar to that de-
duced for hypereutectic alioys, the other one aris-
ing from Fe atoms with no B atoms in the first
atomic shell. Such a change in SRO around the
eutectic composition might be related to the
changes of slope reporied for the density and for
the bulk magnetization versus B content [53]. This
could also explain the increase of the hyperfine
coupling constant towards the pure Fe value when

_ the B content decreases [54].

——
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It seems that, even for amorphous allovs con-
taining a glass former of the inierstitial type. that
the structural informatien that can be exiracied
from the hf distribution as provided from Mass-

" bauer specira have to be handled with care, An

analysis of P(H) in terms of the metalloid eoordi-

" nation about the TAf site seems to be a reasonabie

approach. But any detailed interpretation needs 10
be ascerained by complementary experiments,
such as small-angle X-ray or neutron scatlenzg,

In the case of Fe based amarphous alloys with
substitutional-like elements, the Mg, distsbution
deduced from Massbauer specirs for alle 2 in the )
concentration range for the appearance of ferro.
magnelism exhibits 2 low field contribution arising ‘
from “'non-magnetic™ Fe atoms [55) This contni- |
bution can provide some information about the Fe |
coardination at the Fe sites through the critical :
number of Fe n-n reguived for Fe 10 carry a |
moment. By studying this low-field contribution as
2 {unction of composition, onc can obtain a hint
ahout the concentration dependence of the transi-
tion-metal coordination on the 7'M sites, !

The spin-echo NMR technique presents some ’
advantages as compared with Massbauci spectros- *
copy in the sense that the hf distribution s directly i
obtained without fitting procedures. When mea- ;
sured in low excitation field conditions, all the ;
**Co NMR spectra to date in Co based amerphous |
alloys have exhibited structures [2.9,56-59]. This
point is analyzed with more detail by Panissod et !
al. [59]. These structures in the hf distribution for :
binary alloys can be easily related to a well-de- :
fined 1ype of Co environment, through the average I
value of their hf contribution. However, the rela-
tive intensities of these contributions are not di-
recily related to the number of Co nuclei experi-
encing these different tvpes of local coordinalion. i
Nevertheless, some qualitative conglusions can be |
drawn from the *Co NMR spectra available so
far for amorphous ferromagnetic alioys:

(i} the existence of these structures in the Co hf
distribution and the concentration dependence of
these structures imply some medium-range atomic
correlations, which cannot be easily explained
within 2 Bernal-Polk type of structure for meallic |
glasses. An approach of the Gaskell-type [60} would |
be more appropriate; |

{ii) the *Co hf distribution in 3-Co,B cannot be |
generated by a simple broadening of the **Co
spectrum in ¢-Co, B {61);

L

| -

(iii} the role of the metalloid coordination about
ihe transition metal sites is of particular signifi-
cance for both the structural and the magnetic
properties of these amorphous alloys containing
s-p elements, This can be illustrated by comparing
the Co hi distbution in 8-Co;B and in a-
Coyy P By, where Co carries the same average
momeot [62].

2.4.2. Changes in Fe hyperfine field due to Cu or .
trarsition metal impurities substituted for Fe in
amorchons Fe based alloys

A grert dzal of experimental and theoretical
work has Deen devoted to the study of the in-
fluzrce of diuis ransition metal impurities on the
magnetic preparties of erystalline Ni, Co, Fe [63].
Results were best interpreted within the frame-
woerk of the virtual bound state modet of Friedel
[64]. Hyperfine field measurements performed on
the host yield information about the strength and
the range of the magnetic perturbation created
around the impurity sites,

The shift of the average Fe hf as a2 function of
impurity concentration was studied by Mossbaver
spectroscopy in a-(Fe oo, TM, ), P38, alloys (with
I<x<4 at%, TM=NiCo Ma Cr, V) [65]
Thesc data logether with the bulk magnetization
resulis obtained on the same samples [38) resemble
those obtained for the same impurities dituted in
crystalline interstitial compounds such as Fe,C,
Fe.B, Fe,P, but they arc in contrast with those
obiained in aFe. Recenily, Kemeny et zl. per-
formed the same sjudy for Cu, Ni, Co, Cr, V and
Ti diluted in a-Fe,yB,,Si,, [66). Their data are
illustrated in fig. 5. As noted before [65), the varig-

H %
27Fe ko . =t g
of i $ ; 4
r

1z
g i .
it .

A e b N v

kP:g. 5. Gradient of Fe hyperfine field and Fe moment for Cu
and transition metal impuritics i amorpbous Feyy B 55, (after
ref. 86).

— .

!
L. INVITED PAPERS




P, Pamussod v ot/ Hyperfine fields in matellic ;10061

tice of the mean Fe bf and magnctic moment with
TM dilste impurities is different from that obe
served in a-Fe where both d subbands are parnally
empty at the Fermi level. Thiz variation is rather
similar 10 1hat vhiained in he crvstaliing Nj host,
where ¢ty the 44 subbands are partially empty at
£p. In bath tie Fe-P-B and Fe-B-Si hosts, Lhe
P(H) for Fe vemains unperturbed for Ni and Co
substitutions, while P(H) is strongly perturbed by
the substitution of a few per cent of Cr and V.,
Intermediate perturbations are created by Mn im-
purities. .
The effects on H, of transition metal s.bee
tions over large concentration ranges ba aisp

been studied in several Fe based amorphcus ale

loys. Ni substitution was investigazed in a-Feghg
[67]. a-Fey, By, and a-Fe BuSi, [3%L in a-
Fe PR, [38]. in a-Fes, B,y {68] and in a-
Fe ,.8i,4B,, {69]. The conceniration dependence of

r. 18 practically the sume in amorphous and

erysialline (Fe;_, Ni,),, By, alioys [68]. as shown |
in fig.6. and it is mainly governed bv the B |

content [67). The change in B, is rather smali for
a one-Fe-to-one Ni substiwution (very large in o
FeusNi By, [T0]}, but the conclusions that can pe
drawn from this fact are not straightforward, since
Ni carries a2 moment in Ni concentrated allovs
[39].

The effect on H, of Co substisution was studied
in a-Fe,,B,; [67] and in a-Fey By, {71} The con-
centration dependence of Hy, follows the empiri-
cal relation;

e, = (268 + 102 )kOe, (12)

with g being the moment per transition metal
atom.

1
= 3
HE KO !
Fe FdongBy )
~280r amorphsus ¢ X
¥ crysiciline o |
- -0 5
§ - '
“unF .

oy :
i i
-220p ¥ }r

~ 200k .

0 ai oc o8 as &

F:g.; Concentration dq:emienceaf He, in emorphous and
erysulline (Fe, _  Ni, )y By, compounds (after ref. 68).

-

By assuming that g, remsins constant, eg. (12)
reads:

Heo=(134p5,+ 10.2 4 )kOe. {12

However these Mossbauer data should be
analyzed again by taking in10 account the con-
ceniration dependerce of the Co moment as can
be determined by NMR [62),

The substitvtion of Mn for Fe was studied in
2 Fe,; P, B AL, [72-73) and in a-Fe, P, Cy, [74).
The &f disiribution for Fa is strongly perturbed
when 10 and mers aL%® Mn substituie for Fe, and
FLHY exhibits a low-Tield component which rapidly
inzveazze with Ma content to give rise 10 & spin-
glass-like bhehaviour when X, Teaches the range of
about 3¢ at%. The ciiects on My, of the Mn
substitution s made especially zomplicated owing
to the different magnetic states of Mn in these
alioys as will be discussed below.

The Fe hi disitibution is alse strongly per.
iushed when <t substwstes for Fe in  a-
Fey Niy, Cr, P, B, [75) and in a-Feyy Cr B, al-
loys [76}. The conceniration dependence of Hy, is
expressed as:

He, ={2%4~ 7y)k0e (13)
or, by assuming that g, remains constant
H'Hz {T0p g, + 697 YxOe, (13}

Although 1t was deduced by Kemeny et al, [66]
that k., is about zero within the dilute timit, the
analysis of the Hyg, concentralion dependence is
difficult due 1o possible short-range effects. The
dependence of H_in crystalline Feyg0-,Cr, was
found 10 be [77)

Ry = (18u,, + 91 }kOe. {14)

This discrepancy might be more an alloying ifect
than a structural consequence.

Tue effect on Hp, of the Mo substilution was
alsu studied in some detwl in a-Fe, P\ B Al [78)
and in &-Fey, By, [79,80], Again, discrepancies with
the behaviour of erystailine Feyoo . Mo, alloys are
ooed. The Mo atoms are not likely o carrv a
substamizl moment in z-Fe, Byq, so that the mean
F& hlis found to vary as Hp, =140 pp (kOe) 150).
However, a low-field component is observed in
P(H ) when x,, 15 larger than § a1.%, which may
suggest strong shon-range order effects [78].

To summarize the resulis of the study of the
host magnetic perturbations created by the sub-

_ stitution of TM for Fe in amorphous Fe based

-Eu metall. The core-polarization term H., is
* thought 10 be the same for Eu?* and Gd'* ions, |

e
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alloys, some qualitative conclusions can be pro-
posed:

(i} the effects of TAf impurities on Hy, are
significantly different in crystalline Fe and in
amorphous alioys of Fe with s-p elements. This
secms 16 be an alloying effect more than the
signature of the amorphous state:

{ii} shori-range order effects in the Fe hf distri- .
bution (visible even in dilute Fe based crystalline
alloys) are likely 10 be amplified in amorphous
hosts with about 20 ar.% of s-p elements

2.2 Host hyperfine fields in rare-carth based .
amorphous altovs

Experirnental bf studies through Méssbauer and |
NMR spectroscopy on rare-earth based amorphous
alloys are rather scarce as compared with those
carried out on iransition-metal based alloys. Early
hI' studies have already been reviewed in detai}
[81]. We will summarize only the most recent work
on amorphous alloys based on S and non-S state
fare-carth ions.

2.2.1. Amorphous alleys based on S-siate rare-garths
(Eu’~, Gd'™ )

Eu is divalent in a-Eu, Auy, (82]. Eu?* and
Gd* are S state ions. Their hyperfine field can be
expressed as for transition metals by the sum of a
local conuibution (conduction electron polariza-
tion and core poiarization) and of a non-local
contribution according to eq. (4). Differences be-
tween Hy, and Hg, are asually attribured to the
additional conduction electron in G2+,

The hyperfing field on Eu®* in a-Eu g Au,, was
studied by Mossbaver and NMR spectroscopy
[82). The average hf re Was independently de-
termined irom bhoth techniques to be 160 kQe,
Substitetion of Yb for Ey in aFu, Yy Auy, re-
sults in an increwss of JT,, (I, =173 kQe,
according to Mossbaver measurenenisy [83), vield-
ing an estimate of the non-tocal conduction-eleg- |
tron polarization coniribution [He = (+60 =
200kOe]. This transferred Ryperfine field serm,
usuaily described by a “long-range” RXXY intes-
action. docs not seem to be drasucally damped by
the very shost elecironic mean.free path in this
amorphous alloy. Indeed, let us recall thai He=
+200 kOe in ¢-Eu-Pd,, and Hy=—115 kDe in

He= =340 kOe, The local CEP contribution is
then about +130 kOe. These latter values come
pare reasonably with sysiematics established in
crystalline intermeallic Eu compounds. The
amorphous nature of Euy, Au g, it reflected by the
distribution of Hy,, In this particular alloy with a
large (but well defined) value of the electric
quadrupole parameter and with 2 unique value (or
“very namow distribution) of the Eu?* isomer shift,”
the hf distribution is accounted for by directional
fluctuations of \he CE polarization as a function
of radial distance from Eu sites. The modulus of
[H*land of [Hy| are constant. But {H | =1H,
+ Hy| depends on the angle between the field and
the average CE polarization. Narrow fluctuations
of angle & can generate the expenimental fy,
distribution.

For Gd in 3-Gd ,, Au . an average value of bf
has been determined by Mosshaver speclroscopy
[83): Hgy= —(320 = 50)kOe. Analysis of the daza
suggests that the local hf contribution is compara-
ble with that in Gd mew: H +H> % ~170
kOc. The non-local contribunen would be Hy=
— 170 kOe. Due to the amorphous character of the
alloy, these two contributions add non-collineaiiy
to give M5, = — 320 kOe. The negative sign of Hy
for Gd in GdyAu,,, opposite to the sign found
for Eu'* in EugyAu,,. might suggest that the
exchange interactions in GdypAuyy are mediated
by d-like conduction electrons. The He, distribu-
tion in a-Gdgs Au 3 can be aczounted for the same
way as for Fu in a-Eug Au,,.

2.2.2. Dy based amorphous alloys

Among non-S s{ate rare-zarth ions, only Dy has
been the subject of hyperfine studies in rare-carth
based amorphous alloys. Early Mossbauer expen-
ments showed evidence for a conpetiion between
the oricntation of the moment and that of the
random anisotropy axis, tesulting in non-collinear
magnetic structures. On the other hand, it has
been shown that the hi average values for Dy in
amorphous alloys and crystalline counterparts are
practically the same, owing to the fact that the 4
shell is well shielded from the influence of
neighbouring atoms. A slight distribution of Dy hf
(with a width of about %) is observed in
amorphous alloys. More details can be found in
the reviews of ref, 81,

More recent Mossbauer studies have made a

. comparison between relaxation effecis on Dy in |
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-=mphious and erystalline Dy-Ag [84). The crys-
talline Dv-Ag is antiferromagnetic heiow Tn=
60 K, while the amorphous modification is ferree
magnetic below T.= 18K, A quiie different be-
haviour is observed in the two samples. In ¢-Dy-~
AL the magactic pattern disappears around VA
while ip 4Ty Ag it subsists well above T, vanish-
ing only arowad 140 K. This feature is interpreted
s an effect of slow relaxation in the amorphous

sample. It is suggested that a1 low temperature one

tends towards 2 quasi-continuum of electronjc

states for a large number of coupled spins. Cross-

relaxation could then occur within such groups of
spins. This might be comelated with magr

S

viscosity effects observed in a-Dy-Ag by bulk

magnetic measurements at low temperature.

3. Impurity hyperfine fields

3.1 Magaertic impurities {Ni, Co, Mnj Serromagnerie
amorphous allovs

3LI H, in amorphous (Fe, Ni, _, JunB.g alicys

The Ni hyperfine field was determined by *'Nij
Mégsshauer Speciroscopy  on  amorphous
FeyoNizgBy,, FeyNi,, By and FeyNig By, alloys
[39]. The relative width of the Hy,; distribution was
found 1o be larger than in the case of Fe reaching
40% and 60% for the Niy and Ni, sampies,
respectively, By making reasonable assi.xmpu'ons
about the concentration dependence of B, then
By, can be estimated as was done in ref. 38. The
concentration dependence of Hy; can then be ex-
pressed as:

Hy, = (200, + 106 ) kOe.

A linear extrapolation to x — 1 gives a value of
about 170 Qe for dilute Ni in a-Fe-P-R. Thig
value is very close o that of Ky, in c-Fe,Si {160
kOe), but it differs markedly from that of A, in
a-Fe (234 kOc). The main contribution to Hy; in
a-Fey, By, seems 10 arise from non-local CE polari-
zation,

342 H, in armorphous ferromagnetic alloys

The Co hyperfine field in Co difuted (x> 1)
amorphous {Feipp-,Co, )y Py;By alloys was stndied
by spin-echo NMR Spectroscopy [62), H., was

alse determined by NMR in a Co diluted Gd,Ni -

)

S

amorphous atioy and in 2 scries of Ga g ,Co,
amorphous allsys {85]

fa) He, in amorphous Fe_p-g alleys [62). The
averaze foyin amorphous Fe-P-B alloys within
W@ diute Co limit is about 200 kOe at 14K
Again, this value is close 1o that of Hg, in ¢-Fe,Si
(193 kGe) [40}, but far from thar of He, in a-Fe
{288 kQe).

The H, distribution is brosd. but it is mainly
quadrupolar in origin, with a quadrupole frequency
close to 1hat observed for Co diluted in crystalline
Fe,P (86). This implies in tum that the magnetic
distribution is exceptionally narrow. This latter
feature might suggest for Co in a-Fe-P-B a pref-
erential site substitution similar 1o that reporied
for transition meials in crystalline Fe, P [87],

The concentration dependence of e, was mea-
sured in a-(Fe,_ ¥Co, )5 P\ B, (1< x < 100). As
shawn in fig. 7, the variation of He, content is very
simifar 1o that deduced from Méssbauer siudies
and bulk magnetic Ttasurements on  c-
(Fe,_Co,),B (8)

- (b} He, in amorphous Gd:NiyCo, and in

c-_iFel:lC;_l;B )
el = il Sl

(+)c-(Fehtu Jg P48,
3 {0} a-{Fe) 3Cor1 108 @
a
i =1
£ £
(L3 ‘PL
=
Fe o7 g &
» {at's ey
~Hp [’}
150

3 42 o4 G6 0B
u (a1 %y
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Fig. 7. Concentration dependence of average moment and avier-
aze Fe and Co hyperfine fields in amorphous
(Feypy..C0, )5 Py By alloys (afier fefe. 62 and 71 and i crys-
talline (Fe,_‘Co‘);B (nfter ref, 335,
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emorphous Gy, Co, alloys [85). The Co hf in

amorphous Gd,,Ni.,Co, is 75 kOe at 14K, In

2-Gd,,;Co,,, the H,, distribution exhibits the same
peak at 75 kOe, but an assymmetry develops on
the low-field side. tn 2-Gd,, ;Co,, , and Gd(,Co,,
the He, distribution exhibits a second peak on the
low-field side (between 5 and 30 kOe) while the
position of the main peak at 7% kOe remains
unchanged. From NMR experiments under exter-
nal field, it is unambigucusly concluded that these
hyperfine fields are positive with respect to total
magnetization. From comparison with the case of
dilute Co in Gd and with the He, in crystalline
Gd,Co, and GdCo, compounds, it appears that
the relationship between He, and the Co moment
in the Gd-Co system is not simple. This might
imply that local and non-local contributions to
H¢, would be of the same order of magnitude. On
the other hand, the great sensitivity of the H,
with respect 10 composition over the 33-40 ar.%
Co concentration range suggests the appearance of
different kinds of short-range order in the
amorphous Gd-Co alloys, as has been observed
by Mdssbaver spectroscopy in amorphous Y-Fe
alloys of similar compositions [89].

3.L3 M, in amorphous Fe-P-B and Fe-P-B
allovs [16]

The Mn hyperfine field was determined by
NMR in dilute (Feygo-,Mn_),0P 1B, (1 < x<4)
and in more concentrated (Feypo- . Mn ), P, Cy
(x=10 and 20} amorphous alloys. Within the
dilute limit 3 main contribution arises at arouad
260 kQe, which is the Iy, value in c-Fe,Si [40].
Strong quadrupolar effects are visible with a
quadrupolar frequency very close to that observed
for Co in a-Fe-P-B alloys, once an appropriate
correction is made for the different quadrupole
nuclear moments,

When the Mn conient increases above | al.%, it
becomes clear that the complex Mn NMR spec-
trum arises from three different contributions,
namely that at 260 kQOe which cortesponds 1o the
dilute limit. another one at about 330 kOe, and a
low-field distribution ranging from 50 to 200 kOe.
This latter conttbution becomes dominant at
higher Mn concentrations. These results are rernj-
niscent of those obtained for Hyy, in erystalline Ni
[90] where the low-field contribution was shown 10
anise from Mn atoms with moments antiparallel 1o
the Ni moment.

I
B

@

3.2, Non-magnetic impurities in  ferromagnetic
amorphous alloys

3.2.1. Hyperfine fields on s-p elements in Fe based
amorphaus allovs

Hyperfine fields at >'P nuclear sites were mea-
sured by NMR in a-Fep P C o 191] and in a-
FeqP,;B; by using *Fe and B enriched isotopes.
In both alloys, H, was found to be 27 kQe, in
marked contrast with H, in o-Fe (132.5 kOe) 192].
The hyperfine field for "B in a-FeyB,,Ga, is 26.4
kOe from NMR measurements [11). Furthermore,
Hy was found to increase with B content in the
FesoPy_,B, series to give in the dilute B limit,
Hpy = 23.4 ¥Oe. Similar behaviour was reporied for
Al in erystalline Fe,Si,_, Al, compounds, where
H,, increases in magnitude when Al subsiitutes for
Si [93).

From "B NMR measurements in amarphous
FeeoBao. Coy By, and Fe,,_ Ni, B, alloys, g was
found 10 be 24.6, 8.5 and about 5 kOe in Fe, Co,
Ni based alloys, respectively [94], yielding CEP hf
constants of 11.7, 6.5 and 10 kOe/py. respacuvely,
Mereover, /) scales with the average magnetic
moment @ in amorphous Fey-,Co B, and
Feyy— NI By, alloys.

3.2.2. Hyperfine field on Au in amorphous Eu g Au,,

and Gd g, Au,,

The transferred hyperfine field at Au sites in
a-Eu,, Auy, and Gd,, Au,, alloys was determined
by ""Au Masshauer spectroscopy {83]. H,, was
found 10 be the same in both alloys and very close
to that of dilute Au in crystalline Gd [95]. This is
consistent with the RKKY model predictions for
transferred hl, since, according 1o the isomer shifi
values, the electron densities at Au are nearly the
same in concentrated amarphous alloys and in
diluted crystalling alloys. This suggests similar CE
spin polurization parameters in these different Sy§-
tems. The 5d electron of Gd would influenice the
transferred ficld at the G4 site {Hg) but its effect
at the Au siie is weak.

- 4. Conclusion

To summarize the various information that cxn’
be obuained on metallic glasses through hyperfine
field measurements, one might usefully distinguish
the domains of electronic structure, magaetic
siructure and atomie structure, ‘
._“_—-- ————— ——
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4.}, Electronic structure

A detailed knowledge of the electronic structure
of metallic glasses which would allow a caleulasion
of the various contributions :c the hyperfine ficld -
in these alloys is still mussing. However, an esti-
mate of these contnibutions is possible in favorable
cases. One then realizes that the effect of
amorphous disorder on the average hyperfiae field
values s minos, when the amorphous alloy is
compared with iippropriate crvstaliine counter
parts. For example, H. in Fe hased amer
alloys may differ from £, _iuv o-Fe. but
buusns are very rruch the same as in i
Fe based crvstalline compounds. Silacy, g B
for tramsition-metal impurities in Fe  Lased
amorphous alloys ars abowt the same as i crysial- |
ine Fe,Si, although sier i ot from:
thase in a-Fe. This v 3 milarity be-
tween the elecironic i oor e smoerphous |
alloys containing s—p iz o and that of com- |
positionally related cornpounds. Experimental hi.
datz on amorphous ailcys made of 1wo wansition
metals are 100 scarce s0 far 1o anticipate whether
thesz similarities with erysuatline counterparts are
as strong as in metal-metallcid alioys.

syhiial

el

4.2. Magneric struciure |
|

The hyperfine ficld coupling constam H/p is,
sufficiently established to allow a determination oii
the on-site moments. at least for amorphous alloys
com::inir_xg interstitiai-like elements. In some cases,.
the h{ distribution can then be reiated to different|
magnetic sites. In rare-earth bused amorphous al-|
loys containing non-$ state ions, the Mdssbauer|
spectroscopy has proved a unigue tool in studying:
the non-collinear magnetic structures generated by‘
the random local anisotropy.

4.3, Atomjc siructure i

The hif distribution, when correlated to hf stug-
ies of crystalline counterparts, can yield very use-
ful information about the foeal coordination at the |
transition metal sites of amorphous alloys, espe- |
cially when these alloys contain interstitial-like i
clements. NMR  spectra in ferromagnetic
amorphous allays can yield information about the
medium-range order over a scale corresponding to

the width of the Bloch walls. In any case, these -

invaluable data need to be interpreted in relation
with those oblained from various techniques, in-
cluding small-angle scatiering and high-resolution
RICTOSCopY.
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