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New amorphous magnetic materials of Fe-B-Be and Fe—B-Au]

C. Sherman Severin

Under the supervision of C. W. Chen
From the Department of Materials Science and Engineering
Iowa State University

Substitution of Be for B in the amorphous binary alloy FeSéBl8 caused
an initial increase in saturation magnetization (Ms) to a maximum of 200
emu/g.at 4.2K, followed by a decrease for a]ioys with more than 4 at.% Be.
Concurrently, the Qukie temperature (TC)'of the Fe82818—xBex alloy
decreased progressiQély with Be content. These changes in MS and TC differ
from those observed in Fe-B-M' metallic glasses, where M' is another
metalloid (P, C, Si or Ge). Results from Auger electron and Mossbauer
spectroscopies also détected the reversal trend established by the magnet-
jzation measurements. The Auger results indicated that there is a charge
transfer from Be in the alloys with x<4, but no such transfer for x>4.
57Fe-Mbssbauer spectra obtained at 77K and 300K on this series of'alloys
indicated an initial increase in effective hyperfine field for x4, but a
decrease for x>4. The isomer shift was -0.032 mm/sec for x<4, but changed
to -0.050‘mm/sec for x>4. The annealing behavior of Feng]é_XBexiwas also

studied by X-rays and Mdssbauer spéctroscopy and a two-step crystallization

‘process was observed. For x>0, a solid solution of a-Fe-Be was formed in

]This work was done at the Ames Laboratory, lowa State University,
Ames, IA, operated for the U.S. Department of Energy by I.S.U. under
contract No. W-7405-eng-82. The research was supported by the Director
of Energy Research, Office of Basic Energy Sciences, WPAS-KC-02-01.
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the first stage and then FezB was precipitated af higher temperatures.

Additions of Au to Fe-B tended to increase the average Fe moment, aFe’
resulting in values for ﬁFe at 2.20 g in FegoByc sAuy o and 2.46 vy in

Fe87B] Au2. The ternary aJ]oys containing Au up to 1.0 at.% displayed
two cfysta]]izatibn stages (with products of an a-Fe-Au solid solution
. followed by FeZB) while those with higher Au content displayed a third
stage with an Au-rich solid solution as the crystallization product.
Annealing of Fe87B]]Au2 resulted in lower Ms values, unlike the annealing
effect usually observed_in Fe-base metallic glasses.

Radial distribution function (RDF) analyses were conducted on
Fe87B

13° Fe8281266’ Fe82812516, Fe828148e4, and Fe82813Be5. When cgmpared
to Fe87813, the results for the alloys containing C and Si indicated a

reduction in the intensity on the lower r-side of the first peak in the
RDF. The results were explained in terms of an increase in the spin-wave
stiffness constant. An important result of the RDF analyses is the deter-
mination of the Fe-Fe interatomic distance (rFe-Fe) at 2.518 and 2.47R for
Fe82814Be4 and Fe82813Be5, respectively. This decrease in FEe-Fe COTTE-
sponds to a change in the number of nearest neighbors from 10.5 to 9.1.
The RDF results for these two alloys containing Be were correlated with

the changes observed in’TC and the average Fe moment.
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I. INTRODUCTION

Amorphous materials are noncrystalline material in which long-range |
crystalline atomic arrangements are absent. The amorphous state in most
materials is actually a nonequilibrium configuration re$u1t1ng from a
destabi]izafion of the crystalline state and therefore, the amorphous
state is less stable thén the crystalline pﬁase. Although there is no
long-range order in the amorphous méteria]s, there are characteristic
short-range atomic arrangements with preferential bonding. 'Thesé |
arréngements are manifested as broad maxima in the X-ray diffraction
pattern in which the one or more broad beaks emerge as a result of the
distribution of the nearest neighbor atoms which yaries with interatomic
distances and the atomic size. (This is the basis which enables one to
obtain structural information in a}radia] distribution function anaiysis.)

The transformation of an amorphous solid to the cfysta]]ine.state is
usually a two-step process. The material first transforms to a reversible
glassy state which resembles a frozen liquid. At ‘the amorphous-to-
glassy transition teﬁperature a large change in the specific heat and in
the‘coefficfént of thermal expansion is usually observed. A further
ihérease jn temperature produces the crystalline state irreversib]y.

The amorphous materials have been attracting a great deal of
attention in the last decade because'of their novelty and application
-potentia]. In this WOrk,:we have concentrated on metallic glasses which
are amorphous a]]oys containing metals and glass-forming elements like
B,'C,ASi, Ge, and P, the so-called metalloids. The Fe-base metallic

glasses are of special interest because they are considered as candidates



for the replacement of the crystalline Fe-Si sheets used in power
transformers. The metallic glasses ére more ductile and can be prepared
in the form of 2-5 cm wide ribbons suitable for winding into a transformer
core. Also, the rapid duenching technique norma}]y used to. produce
amorphous materials hés‘been used to produce crystaliine 6.5% Si-Fe which
is more ductile than that produced by the conventional casting and rolling
method. The higher electrical resistivity of the metallic alasses results
in lower eddy-current losses.

The one step fabrication (direct casting) of the metallic glass
ribbons makes them very attractive from an economic standpoint.. This
eliminates the forging, rolling, annealing, and drawing steps which
usually follow the casting of a crystalline ingot in the usual method of
producing transformer material.

Unfortunately, the Fe-base metallic glasses have lower saturatioh
induction when compared to those of crystalline Fe-Si alloys. There is
also a corresponding decrease in the average Fe magnetic moment in the
Fe-base metallic glasses and this has been attributed to a transfer of
‘ e]ectrons'from the metalloid atoms to the split d-band of Fe. Therefore,
there are two approaches that could be taken to investigateAthe problem of
low saturation induction. First, the charge transfer model could be
examined, and if it is valid, 1owef valence g]ass¥forming_e1ements could
be a]]oyed.with‘Fe; Secondly, the initial moment of Fe could be suffi-
lcient]y hiqh;that the deleterious effect of the glass-forming nonmagnetic
elements on the saturation induction will not be significanf enough to
preclude the use of §uch alloys in the electrical devices. In this study,

we followed the first approach by partially replacing B in Fe-B by Be and



by Au; the second approach was followed also by the use of Au which is
known to cause an increase in the average Fe moment. Another aspect of
this work, outside of the attempt to attain higher saturation inductions
for applications in electrical deviCeS, was to furnish'information on the
-basic understanding of the magnetic interactions, the stability of the
amorphous state and the atomic arrangements in several important Fe-base
metallic glasses. -The report which follows is divided into three parts:
(I) the work on Fe-B-Be alloys, (II) the magnetic and annealing behavior
of Fe-B-Au alloys, and (III) the structural radial distribution function
analyses on.Fe-B-Be, Fe-B-Si, and Fe-B-C metallic glasses. More specific

introductory remarks on each of these three topics are given below.

A. Fe-B-Be

The low coercive force and low eddy-current losses observed in Fe-
base metallic g]aéses have aroused considerable interest in these
materials. However, one of the impeding factors .in the potential use of
the Fe-metalloid (B, P, C, Si and Ge) amorphous alloys to replace crys-
talline Fe-Si alloys in power transformers is their 1ower~s$turation
inductinns.' This deficiency has its origin in the dec‘rease of the Fe
moment because of the presence of the metalloids. For examp]e; in the
typical alloy Fe]OO-x(M’ M')x,_where M and M' are two metalloids, both B
and P cause a reduction in the Fe moment, with P beina more adverse than
‘B (1). A similar effect had been observed in the crystalline transition-
metal monoborides, and Lundquist 9t al. (2) have proposed a charge trans-
fer model based on a rigid band concept to exp]ain the redgction of the

Fe moment. Within this model, the reduced TM (Fe, Co, Ni) moment is
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attributed to the fi]]ihg-in of the vacant states in the d band of the
T™ by e]ectrbns transferred from the p states of the metalloids. When
this model is applied to the TMSOBZO metallic glasses, the effective
charge transfer (q) per B atom is 2.3, 1.6, and 1.4 for the alloys of
Fe, Co, and Ni, regpective1y; For TMBOPZO’ the deduced q values are
2.8, 2.7, and 2.4 (3). There is a qualitative consistency in these
values in going from B (valency of 3) to P (valency of 5).

In the ternary systems, Fe]OO-yMy-xM.x’ where M = B is partially
replaced by M' = C, Si, Ge or P, both C (valency of 4) and P were shown
td cause decreases iﬁ thé Fe mdment, with P again being more effective
(4). Although Si and Ge belong to the same column in the Periodib Table
as C, they tend to increase thé Fé'moment, with Ge being more influential
than Si (5); The charge transfer model thus lacks a quantitativé basis
in the sense that the q-value has been shown to véry with the species of
the metalloid as wei] as with the species of TM. Moreover, the model is
incapable of predicting the q value to any degree of reliability.

We have initiated a study to further test the charge transfek model
and to see whether or not the model is applicable to the af]oy system in
which the gTass-forming~metal1oid is substituted by a mefa], not another
metalloid. .Specifica]ly, we chose Fe82818 as the starting material from
which a series of ternéry alloys were derived of the compositions |
F982318-xBex’ where x = 2; 4, 5, and 6. Beryllium waé selected as the

 sec0nd giass former to partially substitute for B because it is a typical
metal with a well-defined valency of two.

The amorphous ternary system F882818-xBex displayed some interesting

magnetic properties. The Mg at 4.2K and the deduced value for ﬁFe first



showed an increase with x up to four, followed by a steady decrease,
ﬁmp1ying a.peak between 4 and 5 at.% Be. The reversal of the MS and ﬁFe
values was unexpected and difficult to understand because all of the
alloys were sing]e-phasé solid so]ution;. The reversal seemed to imply a
drastic change in the electronic structure of the system between x=4 and
5. We, therefore, resorted to using Auger electron spectroscopy as a new
probe of the electronic structure of the amorphous Fe-B-Be alloys and to
confirm this puzzling magnetic behavior.

It has been known (6) for some time that there are two basic types
of Auger transitions depending on the interéction.strength of the final
two holes created by the Auger relaxation of the initial core hole. If the
hole-hole interaction is strong, the Auger spectrum for a given Auger
transition is derived from L-S type.states formed by the two interacting
holes. As a result, the local electronic environment of the atom is not
reflected in the Auger lineshape. These quasiatomic transitions occur
whenever the XY ho]es.are highly localized such as core level holes of the
type KLL for z>10. If the hole-hole interaction is weak, then the Auger
lineshape of the XVV trénsition represents the self fold of the valence
band density of states of the essentially 1ndependent final holes. The
width of the Auger spectrum is approximate]y twice that of the occupied
valence band; while the ihténsity is modulated by matrix-element effects
across the Bénd. These band-]ike.spectra are sensitive probes of the local
.density of states (LDOS), and large lineshape changes are observed when
such an element is placed into a different éhemica] environment. The
delocalization essential to a weak hole-hole interaction is commonly found

for sp'type elements such as aluminum or magnesium rather than for



transition metals.

The metalloids (B, P, Si) which serve as glass formers are precisely
those that form sp valence bands in their elemental solids. Therefore,
they, and also Be, should exhibit band-1ike Auger spectra. When the
initial core hole is created in a glass-forming atom, the XVV Auger
spectrum should be a sensitive probe of the LDOS of these elements‘in
metallic glasses. In pérticu]ar, the effect of charée transfer from
atoms of the glass-forming elements on the magnetic and electronic
properties of the alloys can be directly studied as a function of com-

position and temperature.
| Sinﬁe metallic glasses are in a metastable state, irreversible
transformatjon into the stable crystalline state should occur upon

heating aone the crystallization temperature. The crystallization proc-
esses are dependent on both temperature and time. The study of crys-
tallization behavior of metallic glasses not only provides information

on thermal stability of the glasses but also gives some insight into the
nature of metallic glasses. Mossbauer spectroscopy has been'successful]y
used to study crystallization processes and their produéts (7, 8). From
those studies, interesting results about the stfuctﬁre and thermal
stabi]ity‘of amorphous materials have been obtained. Therefore, Mossbauer
spectroscop} was one of the experimental methods we used to supplement our
magnetic characterization study and to furnish information on the crys-

tallization behavior of the Fe-B-Be alloys.



B. Fe-B-Au

We also considered the effect of using a noble, monovalent metal,
hahe]y Au, to partially replace B, similar to our use of Be in the Fe-B-
Be metallic glasses. Aocording to the charge transfer mode1 (3, 4), Au
with its lower number of valence electrons (1 versus 3 for B)jand its
larger atomic radius (1.79R versus 1.17R for B) should cause the average
Fe moment to increase over that of the Fe-B alloy. In addition, Felsch
(9) has shown that in the binary amorphous Fe-Au films, the moment of the
Fe increases with 1ncreas1ng Au content, reaching a maximum of 2.9 Mg=-
a value previously observed from neutron data on Fe-Co (10). In crys-
talline Fe the fcc. structure witp a relatively large volume per onit cell
is thought to have a;moment of 2.8 uy (11, 12), which may be related
to the large lattice spacing of 3.64R. In the Fe—Ao.films, the larger Au
atoms leads to a 1arger lattice spacing, giving rise fo a higher moment
on the Fe atoms-(]3). ) |

However, all the Fe-Au films of Felsch (9) crystallized below 295K
and an exploitation of the high moment of the<amorphous state is not
_possible in a useful temperature range. Therefore, another object of our
study was to produce stab]e amorphous Fe-B-Au alloys with crysta111zat1on
'temperatures well above 300K. Our first attempt here was to prepare
truly amorphous ribbons of Fe-B-Au alloys. Should our effort succeed, we
would be able to test the validity of the beneficial effecf of Au on the
-Fe moment; and also we could evaluate the charge transfer model by |

observing the effect of partially replacing B by Au in Fe-B.



C. Structural Study
In cryetalline materials, sufficient information about the structure

can be provided from the Bragg peaks obtained in an X-ray diffraction
experiment. For amorphous materials, the absence of distinct strﬁctura]
periodicity results in the absence of Bragg peaks. However, the lack of
periodicity does not'preclude the existence of charécteristic atomic
arrangements with preferential bonding. A radial distribution function
(RDF) of the broad diffraction peaks which result from short range order
or bonding permits statistical characterization (averaged over the sample)
in terms of the distances between .an atoonf a particu]af species and its
nearest neighbors. The positions of the maxima in the RDF furnish the
interatomic distance with the highest probabi]ities and the normalized
areas under these maxima give an indication of the average number of
nearest neighbors at_the various mean distances. However, obtaining
reliable information on the coordination number requires precise
. knowledge of the density of the specimen and‘the removal of data reduction
artifacts caused by the termination of the X-ray scattering at finite
values of k=4neine/x where 26 is the scattering angle and A is the wave-
length of the incident radiation. In some materia]s, there is still some
structure sensitive information at the truncated value of k. There is
great seientific‘intereét in the structural information on metallic
glasses because of the pronounced variation of certain physical and mag-
.netic properties with a’change in the type of meta]]oid‘and a change in
| the compesitipn of the alloys. In this study,_We were interested in
obtaining structural information on FeSZB]ZCé, Fe8281é5i6, Fe828148e4 and

FegoB13Bes. The ternary alloys with C or Si were chosen because they have
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been considered prime candidates for replacing cryétal]ine Fe-Si sheets
now used in power transformers, and a basic understanding of their prop-
erties is needed. Obtaining structural information on the Be alloys is

a natural extension of our magnetic studies of the Feg,B,o Be metallic
glasses from which, together with Auger electron spectroscdpy, we detected
a discrete change in the charge transfer behavior when the Be content is
increased from 4 to 5 at.%. Fe87B]3 was included in the latter study

as a standard since RDF data are available on this alloy (14) and other

Fe-B alloys near that composition (15, 16)."
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IT. EXPERIMENTAL PROCEDURE

Because Be has the tendency to oxidation at high temperatures and
also its toxicity requires special handling faéi]ities, the five alfoys
were prepared in the foi]owing manner. First, a binary alloy was pre-
pared by melting Fe and B, both of m9§.9% purity, inside an alumina
crucible under high-purity helium atmosphere. The resulting alloy
having a melting point around 1300°C was then remelted under similar
conditions with Be of various amounts to meet the nominal compositions.
Each alloy was held at 1100°C for 18 hours to attain composition
homogenejty, énd weight Toss was checked at each step to assure that the
composition was maintained. Amorphous ribbons were prepared by quenching
the melt onto a 23 cm copper wheel rotating at 3700 rpm. Ribbons thus
produced were 1-2 mm wide, ~0.02 mm thick, and of varying lengths up to
30 mefers. Brittle ribbons were rejected, and to further ascertain the
noncrystallinity of the ductile ribbons we relied on the X-ray exami-
nation, using either a diffractométer or a powder camera. Magnetizations
of the ribbons were measured in a vibrating-sample magnetométer‘under a
magnetic field of up to 20 kOe in the temperature range 4.2;]000K. The
annealing behavior of the amorphous ribbons was studied by moniforing the
magnetization (M) under a constantAfie1d of 50 Oe while the temperature
was rising at a rate of about 2° per minute. Comparison of previous (17)
and our results indicated that the low-field respbnses were more sensitive
to the onset of magnetic and crystallization transitions than saturating
fields above 7.5 kOe. The lTow-field M vs. T spectra allow thg Curie (TC)
and two crystallization (Txl and sz)_temperatures to be determined. TC



IR

is obtained by extrapolating to M=0 the first descending portion of the
M vs. T curve, while Tx] and Tx2 are taken as the températures where M
shows a change‘in slope in the segment after passing TC'

For the identification of the crystalline phases, ribbons containing
4 and 6 at.% Be were sealed in quartz tubes under a residual pressure of

6x10'7

torr and annealed for two hours slightly above Ty Or T,p The
annealed ribbons were examined by the X-ray powder method.

Wet chemical analyses on the ribbons gave results on the Be content
which are compared with the nominal values in Table 1. Serious discrep-
ancies exist for the first two ternéry alloys. The report that Be was
nondetectable in the FeéZB]GBe2 ribbon was particu]ar]x.disturbing
because analysis by Auger electron spectroscopy (AES) togethér with ion
bombardment clearly ;howed the presence of Be in the bulk of the ribbons.

In the AES experiments, random sections of each alloy in ribbon form
about 1 c¢cm long and 0.1;0.2 cm wide, were mounfed in the Auger spectrom—
eter which consisted of a Physical Electronics Model 10-155 cylindrical
mirror ana]yzer with a coaxial 5 keV electron gun. The analyzer has an
energy reso]utiqn of 0.6%. The electron beam had 3 keV énergy,'é beam
current of 2.0 pA and a spot size.of approximately 160 microns. Intensive
Ar® jon bombardment at 3 keV with a current density near 100 pA/sz was
required to prevent reabsorption of carbon- and oxygen-beafing gases onto
the sample surface; otherwise carbon and oxygen strongly affect thé Auger
lineshape of the B and Be atoms. The Auger spectra reported_here were
taken only after the 0(510 eV) and C(272 eV) peaks had disappeared into

the noise level. From their relative sensitivity factors (18), the sur-

face concentration of either element was estimated to be less than 0.1



Table 1. Magnetization (Ms) at 18 kOe and 4.2K, Fe moment (ﬁFe), Curie (TC) and two

crystailization temperatures of F982818-x8ex alloys

% Be by weight

Ms,

"Alloy nominal analyzed® - emu/g Yre® H TC’OC Txl’°C Tx2’°C

Feg,Big 0 0 190+ 1.98+.01 371+2 - 400+3 not
observed
FeszB]GBe2 0.38 not 198+2 2.14+.04 339+2 416+5 471+2
detected

Fe828148e4 ‘ 0.76 0.071 200+2 2.21+.05 31345 39742 46615
Fe828138e5 0.95 0.77 19441 2.041,01} not available
Fe828128¢6- 1.14 1.10 189+2 . 2.02+.03 303+2 39045 458+5

3Subject to +10% uncertainty.

2l
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at.%; which was insufficient to affect the KVV spectra of B or Be.

For the Mossbauer experimeﬁts, the glassy, as-quenched ribbons 2 mm
wide, 15 mm long and approximately 0.02 mm thick,'were placed parallel to
each other and attached to a plastic substrate by vacuum grease and used
as absorbers. In the annealing experiments, ribbons were sealed into a
quartz tube and after evacuating down to 2x10-7 torr were placed in a pre-
heated furnace at annealing temperatures indicated be]ow for 2-3 hours.
For ]owltemperature measurements the ribbons. were held in place on a
beryllium disk by vacuuh grease and clamped onto a copper rod which was
connected to the liquid nitrogen reservoir in a stainless steel cryostat
wifh a beryllium window. A

The Mossbauer spectra were obtained with a Ranger Electronics
spectrometer coupled with a TMC 1024 channel analyzer operated in both
constant acceleration and Region of Interest (ROI) modes. An Armco iron
foil was used in veloéify calibration. A typical iron spectrum has an

inner line width of 0.25 mm/sec and an isomer shift of -0.214 mm/se§
relative to the source at room temperature. The source is 11.5 mCi 57Co
in copper matrix with a 1ine width of 0.107 mm/sec. All thé spectra taken
throughout the experiments contained approximately (150—450))(103 counts
per channel in each 1024-channel spectrum.

_Ingots of the Fe-B-Au alloys were prepared by induction melting of
the constituents under argon atmosphere in a quarti crucib]e. The alloys
.were quenched onto the surface of a copper wheel moving with a linear
speed of 55 m/sec. Ribbons of 0.02 mm thick and about 1 mm wide were
obtéined. 'The addition of Au to Fe-B made the ternary alloys very

difficult to be quenched into amorphous ribbons. Although continuous
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ribbons could be obtained by using a low surface speed (less than 30
m/sec), the resulting ribbons were not amorphous. Linear speeds of
around 55 m/sec caused the ribbons to be very thin and thus provided

the high quenching rate needed to obtain amorphous ribbonsi- As fhe‘Au
content was increased, the wheel speed had to be increased and higher
melt temperatures were needed. The resulting lower viscosity of the melt
made it easier for the melt to flow on the wheel surface and providé con-
tinuous ribbons. Wheﬁ the Au content was increased to over. 2 at.%, no
completely amorphous ribbons were obtained.

The chemical compositions of the ribbons were determined by wet
chemistry and by electron microprobe methods and the results are listed in
Table 2. The microprobe analysis indicates a composition close to ihe
nominal inlall cases, but the wet chemical ana]ysfs indicate lower Au
content than the nominal in the one alloy designated as Fe82817Au].0. The
magnetization of theAas-quenched ribbons was measured at 4.2K in a vi-
brating sample magnetometer (VSM). Thermomagnetic scans (M vs. f)_of these
alloys were taken in the VSM in the temperature range of 295 to 1010K with
a heating rate of 10K/min below 600K and 2K/min beyond that temperature.

Similar thermomagnetic scans were taken of another alloy of ané]yzed
cohposition, Fe87B]]Au2. Ribbons of that alloy were also sealed in
quartz capsules.with a residualApressure of 2x10'7 torr. The ribbons were

annealed at 568K, 678K, 708K, 758K, 793K, and 884K for 25 minutes by

temperature. The temperature reported above are the average temperatures
for the last 15 minutes of annealing, during which time less than IK

variation was observed. The thermocouple was also attached to the copper



Table 2. Comparison of nominal and analyzed compositions of Fe-B-Au alloys

Analyzed Au weight %

‘ by by electron
Alloy Nominal Au weight % wet chemica]analysisa microprobe ana]ysisa
Feng”.&.’Auo.5 2.62 2.87 2.7
FeSZB”Au].0 3.97 2.80 4.5
Fe82816.5Au1.5 5.85 N 5.86 6.9

%The results are subject to +10% uncertainty.

5l
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block. The block and the capsule were removed from the furnace and air-
cooled. The magnetization of. these annealed ribbons was also measured
at 4.2K in the VSM. The crystalline phases of thé ribbons were determined
by X-ray diffraction by‘the Debye-Scherrer method and with avdiffractometer
using a step-scan method with 0.04 degree steps with either a conﬁtant
intensity count of 2000 or a 60 second time constant. |

| The Fe-B-Be specimens used in the RDF experiments were sections of
the séme_ribbons on which the magnetization measurements were conducted.
The Fe87B]3, Fe82812516’ and F982312C6 were prepared in ribbon form using
the same equipment. A short section of each ribbon was mounted on a
goniometer with both the long axis-and the large lateral axis initially
normal to the incident X-ray beam. The intensities were measured in a
transmission mode with a 6-20 scan. The X-ray source was a standard focus
molybdenum target tube operated at 60KV and 25mA. The scattered MoKa
radiation was se]ected'with a graphite monochromator using the'(002)
p]ane§ and a 2o value of 12.2;. The detection system»consiéted of a
. scintillation counter, linear amplifier, pulse height analyzer, and a
scaler-timer.. The data collection system was under computer control.

Diffrécted intensities were measured at room temperature from

26=3.0° to 96° at a A26 interval of 0.20° (from k=0.5 to 12.98",
A=077]07ﬂ)."The intensities were obtained in the form of'time needed for
a fixed number of counts.(2000 for the specimens, SOO for background,
Ai.e., without a'spé;jmen present) to reach the detector. This method
helped to keep the statistics uniform over the angular range. The time
varied from 60 seconds to over 1206 seconds pef data point. Long term

instrumental drift and varying air scatter problems for these long
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counting times are to be expected, but these prob]éms may be minimized by
accumulating and aVeraging data over several scans. However, the data

used in this experiment came from one scan and in the ana]yses.kmax=
10.087" was used instead of kmax¥12.9ﬂ'] since we observed a spurious

rise of the intensity from some specimens beyond k=10.08"".
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II11. DATA REDUCTION METHOD FOR RADIAL DISTRIBUTION FUNCTIONS .

The radial distribution function (RDF) is calculated from the
structure sensitive part of the coherent X-ray scattering from a specimen

using the Fourier integral (19):

ROF = amrZo(r) = 4mrZp_ + (2r/m) fy k [S(K)-1]sin(kr)dk (1)

where S(k) fs called the total interference function or structure factor;
r is the distance in angstroms from any arbitrary atom taken as the
origin; p§ is the aVerage scattering density of the specimen and is
proportionai to the bulk density and k = 4nsine/)A, as defined previously.
To obtain the structure sensitive intensity from the scattered X-ray
intensity, several of the usua]vcorrections have to be made. The data

are corrected for background and then for absorption in the transmission

géomethy used. The absorption correction is of the form
Iyo/Ipg = ut(1-sec2e)/{ exp [ut(1-sec28)] -1} ' (2)

where 1 is the absorption coefficient and t is the thickness of the sample.

The polarization correction is of thc form

2 2

P = (cos°2o + c05226)/(1 + cos“2a) ' - ‘ (3)

where 2a is the monochromator angle (2a=12.2° for (002) planes of graph-
ite). No correction was made for’mu]tip]eAscatterinQ. The intengity data
now bontain bofh structure sensitive and independent coherent scattering
and the incoherent (Compton) scattering. The amount of Compton correction

needed is a bit elusive and cannot -experimentally be determined precisely.
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A multiplier of the Compton correction (called a discrimination function
varying from 0 to 1) is determined by assuming that at high values of 26
there is almost no structure sensitive scattering and the observed
scattering fs made up of indepeﬁdent coherent and Compton scattering.
Hence, the experimental data can be normalized to the theoretical
scattering and the data should oscillate about the value of 1 and decay
to 1. To enforce thié requirement, the discrimination function of the
Compton is adjusted. However, the greater the degree of atomic order in
the specimen, the greater kma* must be in order for the above assumption
to be valid, and normalization errors can be made when one tries to
enforce this requiréement. Metallic glasses tend to have structure sen-
sitive coherent scattering at quite large k values. Therefore, in this
work, normalization was dbne both ét high k values and by the integfa]
RDF method with a sﬁarpening function of the gaussian form, e—.008k2’
which had the effect of minimizing any dependent coherent sﬁattering'at
high k and making the assumption applicable.

The experimenté] coherent scattering is adjusted by subtracting the

independent coherent scattering in the following manner:

2

Structure factor = .S(k) = [(Icoh(k) - <f%> + <f>-}2b‘]/<f'>2 - (4)

2
js
adjusted for anomalous scattering (fj = f3 + Af

where <f2> = chf <f> = chfj with fj = atomic scattering factor

14 iaf") and c. = atomic
. i i
concentration of the jth atom.

The expression 4nr2p(r)dr gives the number of atoms in a spherical
shell of thickness dr and radius r about any arbitrary origin atom. A

numerical integration of Eq. (1) yields 4wr2p(r) and the areas under the
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peaks in the RDF curve give the number of atoms related to these peaks.
It should be immediately apparent that careful and consistent scaling of
the data to the theoretical scattering is needed to obtain reliable
information on the number of atoms. However, reliable information can

still be obtained about the peak position from the reduced RDF ‘integral
G(r) = 4rr[p(r) - p ] = 2/m f: k [S(k)-1]sin(kr)dk (5)

since G(r) requires no knowledge of Po and is not as sensitively depen-
dent on the normalization factor as in the RDF ih Eq. (1).
The 1imits of the integrals in Eq. (1) and (5) are k=0 and . .The

function k[S(k)-1] = F(k) is Tlimited to kma and hence the integral has

X
to be truncated which introduces a step function. In the Fourier ihtegra]
theorem, a step function will transform as osci]]ations with period, Ar =
Zﬂ/km;x in the transformed space (k space). Therefore, it is important
that F(k) be very close to zero at the upper 1imit of the integral. Since

there are perceptible deviations from zero in F(k) at the kma usually

X
encquntered, an artificial temperature factor (a damping factor) is intro-
duced to smooth oquthese oscillations. The effect of the factor is to

‘ reduce the contribution of F(k) at high k values to the final integral,
thus minimizing the amplitude of ripples caused by the finite termination
of the intégra] limit and the amplitude of those ;auéed by any spuridus
peaks at large k with period of Ar = 2m/k The integral now becomes:

2
‘ k Bk
G(r) = Z/Wfomax F(k) e sin(kr)dk (6)

Bk

where B is chosen so that at k.. e = 0.1. The temperature factor

peak’
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~

can also cause broadening in the peaks and may obscure small shoulders on
the peaks, however. .
Another consequence of a finite 1imit of the integral in G(r) is the
effective introduction of a window function (20), M(k) |
where M(k) = 1; 0 <k <k

max

M(k) = 0 . k > kmax'

G(r) is effectively convolution broadened by the function m(r) which is

a cosine Fourier Transform of M(r)

: k . /m[sin(k__.r)]
m(r) = 1/ns/M(k) cos (kr)dk = max max . M
_ kmaxr
For kmax = ]0.0A-];'the broadening of the peak width at half-maximum is
3'8/kmax = 0.38R which makes separation of the first peak in G(r) into

two or three peaks very difficult in binary metallic glasses when‘the size
difference (r]-rz)/rﬂ_i<30%.

The integral G(r) in the work was evaluated with kmax = 10.0R']'and
with a Ar interval of 0.05 up to Fmax - 15. An evaluation With'Ar = 0.02
did not significantly improve the resoiution of the peaks. - TheAG(r)
curves contained the expected osci]]atiéns at r<2R. It is expected that

| [dG(r)/drlﬁ 0" -41.rc>o |

and G(r) should be a straight line for r values less than the diameter of
the sméllest atom{ Therefore, the oscillations are obviousiy spurious and
are artifacts of fhe Fourier tranéformation process resg]tiﬁg from a finite
‘kmax termination of F(k). This was confirmed by varying B in Eq. (6)

until the oscillations disappeared, or by a process of removing.those

oscillations at r<2R and Fourier transforming G(r) to obtain F(k) and
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comparing this Fcoh(k) fo the experimental Fexp(k)' Obtainjng the
profile of Fexp(k) is taken as a good indication of the spurious origin of
the oscillations at r<2R. This method first introduced by Kaplow et al.
(21) has been wide]y used. It also has the benefit of improving the
erroneous normalization of experimgnta] data. Wagner (20) recommends
against using this procedure since it removes only the osci]iations at
small values of r.i Instead, he suggests varying ?(k) in a self-consistent
manner, through the discrimination function of the Compton scattering.
However, the main peak positions in G(r) are unaffected by the specific
procedure used because any oscillations at higher r values are within the
noise level.

The number of nearest neighbors was calculated from the area under

the first maximum (minumum to minimum) in the complete RDF curve. This

curve was calculated frbm
_ 2 _ 2 . o 4
RDF = 4nr°p = rG(r) + 4nr Po S _ (8)

where the Po values used are experimental values from published data.
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IV. RESULTS AND DISCUSSION

A. Fe-B-Be

1. Magnetic and thermomagnetic behavior

As might be expected, the amorphous ribbons of all five alloys
displayed little magnetic anisotropy. Hence the ribbons readily attained
MS at moderate applied fields below 10 kOe. The Ms values obtained in
emu/g at 18 kOe and 4,.2K are listed in Table 1. A trend is seen in that the
substitution of Be for B led first to an increase in MS from 190 emu/g
for Fe82818 to a maximum of 200.emu/g for Fe828148e4, then to a steady
decrease when the Be content exceeded 4 at.%. Using the ané]yzed com-
positions to calculate the atomic weight of each a]]oy and assuming that
only the iron atoms carry moments, the emu/g values are converted into
average Bohr magneton numbers per iron atom (ﬂFe). The deduced ﬁFe‘va]ues
shown in Table 1 reveal the same trend despite the composition uncertainty
in the firsf two terhary alloys. Note that the maximum ﬁFe value of 2.2uB
for the 4 at.% Be alloy is about the same as the atomic moment in the
crystalline iron (22) and is higher than aFe = 2.0y extrapolated for the
"amérphous"'iron at 4.2K (23). These comparisons signify the benefit of
the initial sub;titution of Be for B in the amorphous Fe-B alloys.

The measured TC of the amorphous alloys are listed in Table 1. The

effect of Be on T. is seen to be monotonically decfeasing. The TC drop

C

from 371°C for Fe82818 to 303°C for FeBZB]ZBe6 amounts to a nontrivial
10.6%. Also worth noting are the different trends in which MS or ﬁFe and
Tc vary with the Be content.

The changes in the magnetic response (M) with temperature at H = 50
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Oe are shown for the ribbons containing 2, 4, and 6 at.% Be in Figure 1.
The experimental data on Tx] and sz for the alloys are listed in Table 1.
Our M vs. T‘curVe for the binary FeBZB]B (not shown) agrees qualitatively
with previous work .(17) in that this alloy displayed only one crystalli-
zation stage. For the ternary alloys, at least two crystallization stages
were observed. Also, ft appears that Be has the effect of Qidening'the
paramagnetic region between TC and Tx]’ but fhis may_result from a
lowering of TC and not from any appreciable increase in Tx]‘ The X-ray
resu]ts of the anneéTing experiments on Fe82818-xBex indicate that at
T>TX], the ribbons crystallize to produce an a-Fe phase. Annealing the
ribbons at T>Ty2 yielded another phase which was identifiedAas FeéB;

Using the reported lattice parameter (ao) data for crysta]]iné Fe-Be

solid solutions (24), the v§1ues of a deduced from the d spacings listed
in Table 3 imply the presence of Be in the o-Fe phase; |

Two aspects of 'the magnetic behavior of the present amorphous alloys

are cqnsidered unusué] in comparison with the Fe]do_x(M, M'A,)x alloys.
First, the effecf of Be on Ms and ﬁFe in the present alloys is not
monotonically increasing or decreasing as was the case with M' in the
latter alloys (5). Certainly, the'reversal from én initial incréase to

a decrease in MS and ﬁFe beyond 4 at.% Be has not begn obsérved in the Fe-
metalloid alloys. Second, the change (increase or decrease) in TC Has
<aiways been parallel to the ;hange in ﬁFe in tﬁe Fe-(M, M') a]]oyé, but
'such para]]é]ism did not appear in the present alloys. Instead,'their TC
values show‘a monotonic decrease with the Be content. While the initial
increase in Ms and ﬁFe may be ascribed to the lower charge transfer of Be

by virtue of its divalency as against trivalency of B, the‘subsequent
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Figure 1. Thermomagnetic data showing the annealing behavior of three
amorphous Fe82818_x8ex alloys



Table 3. Anneé]ing temperatures, d-spacings, crystallographic indices, hkl,
products of Fe-Be-Be alloys

and annealing

793K

693K 758K
Alloy d hk1 phase d hk1 phase d hk1 phase
2.0251 1108 a-Fe(Be) 3.6320 110 FeoB
2.0267 110 a-Fe(Be). 2.0301 1108 a-Fe(Be
FeBZB]GBZ 1.4340 200 a-Fe(Be) 2.1068 - 002 FeoB
1.0107 220 a-Fe(Be) 2.0323 110 a-Fe(Be
1.1654 211 a-Fe(Be) 1.6311 202 Fe2B
1.4366 200 a-Fe(Be
1.1671 211 a-Fe(Be
1.0124 - 22007 a-Fe(Be
1.0125 22002 o-Fe(Be
0.9060 310a1 a-Fe(Be
0.9058 310ap a-Fe(Be
2.0333 1108 a-Fe(Be) .
2.01328 110 a-Fe(Be) 2.0277 110 a-Fe(Be) 3.6329 110 FeoB
: - 1.4379 200 a-Fe(Be) 1.6309 202 FeoB 2.0323 110 a-Fe(Be)
FengMBe4 1.0119 2200, a-Fe(Be) - 1.4319 200 a-Ee(Be) 2.1101 002 FeoB
1.0116 22002 a-Fe(Be) 1.1988 2.0328 110 a-Fe(Be)
1.1651 211y a-Fe(Be) 1.1713 211 a-Fe(Be) 1.6271 202 Fe2B
-1.1652 210 a-Fe(Be) 1.0148 220 a-Fe(Be) 1.4375 200 a-Fe(Be)
_ 0.9071 310 a-Fe(Be) 3.1659 211 a-Fe(Be)
0.8243 222 a-Fe(Be)  1.0124 2200 a-Fe(Be)
0.7677 321 a-Fe(Be) . 1.0125 22009 a-Fe(Be)
0.9061 31007 o-Fe(Be)
0.9060  310ap a-Fe(Be)

9¢



Table 3. (Continued)

693K | 758K 793K

Alloy d ~ hkl phase d - hkl phase = ~ d hk1 phase
2.0244 . 1108 a-Fe(Be) 3.6698 110 FeoB
2.0274 110 - o-Fe(Be) 2.5861 200 FeoB
1.1637 211 a-Fe(Be) 2.0323 1108 a-Fe(Be)
©1.0107 220 a-Fe(Be) 2.1210 002 FeoB
2.0335 110 a-Fe(Be)
Feq,,B,,Be 1.9450
8271375 1.6408 202 FesB
1.4360 200 a-Fe(Be)
1.1676 211 a-Fe(Be)
1.0130 22007  a-Fe(Be)
1.0129 2200,  a-Fe(Be)
0.9064  310a] a-Fe(Be)
0.9062 3100 o-Fe(Be)
2.0301 1108 a-Fe(Be) 3.6775 110 FeoB
2.0287 110 a-Fe(Be) 2.0282 110 a-Fe(Be)
1.4322 200 a-Fe(Be) 2.1232 002 FeoB
©1.1661 211 a-Fe(Be) 2.0272 110 a-Fe(Be)
FeBZB]ZBe6 1.0406 220 a-Fe(Be) 1.6435 202 FeoB
0.9044 310 a-Fe(Be) 1.1669 211 q-Fe(Be)
. _ 1.0107 2200 a-Fe(Be)
1.0111 2200.7 a-Fe(Be)
0.9047 3100 a-Fe(Be)
0.9048 - 31009 o-Fe(Be)

L2
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decrease in MS and iFe is difficult to understand unless the higher con-
tents of Be led to the formation of a second phase, which was not SO
strongly fefromagnetic.. This possibility was quickly ruled out, however,
because reexamination of the X-ray powder patterns of the 5 and 6 at.% Be
alloys showed no evidence of a second phase, either amorphous or crystal-
Tine. Subsequently, we resorted to other fechniques and examined the
ribbono of the binary and all four ternary alloys by Auger e]eotron'
spectroscopy (AES) and Mossbauer spectroscopy (MS) at room temperatore.

Detailed descriptions of the new results are giveh below.

2. Auger electronic spectroscopy as a probe of the electronic structure

Figures 2 and 3 show the Auger specfrum of Feg,B 4Be, and Fe82813Be5,
respectively, in the energy range 75 to 200 eV under conditions of nearly
identical spectfometer gain. These spectra were reproducible and repre-
sentative of several measuremenfs taken at various positioné along the
"~ ribbon length. The Auger transition energies used fn these figurés were
measured at the largest negative-going peaks of the spectra. The most

significant‘resu]t, evident from comparing Figures 2 and 3, is that the
Be KVV transition for x=4 occurs at 92.3 eV but for x=5 it appears at
.106.2 eV, Soch a large energy shift of 13.9 eV for such a Sma]] change
in composition is rare. Spectra taken (not shown) for x=2 show the Be
KVV,transifion'at the same lower energy as for x=4,4whi1e that for x=6
'show,the Be KVV transition at 106 eV, close.to that for x=5. Therefofe,
we conclude thatAthere is a large shift in the energy of the Be KVV
transition between 4 and 5 at.% Be. No transition was observed near 106

eV (at the five percent level) for x<4 and near 92 eV (at the ten percent
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AUGER SPECTRUM

SPUTTER CLEANED amorphous— Fe828I4 Be4-

Fe(85.5)
Be(92.3)
o B(180.5)
I R L .
75 100 125 150 175 200

ELECTRON ENERGY (eV)

Figure 2. Auger electron spectrum of sputter-cleaned amorphous Fe8.zB]48e4
showing the Fe M]VV transition at 85.5 eV, the Be KVV transi-
tion at 92.3 eV and the B KVV transition at 180.5 eV
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AUGER SPECTRUM

SPUTTER CLEANED amorphous— Feg,B 3 Beg

;]

Be(106.2)

Fe (86.6)

| B(180.5)
75 100 125 150 175 200

ELECTRON ENERGY (eV)

Figure 3. Auger electron spectrum of sputter-cleaned amorphous
Feg,Bi3Bec. There is a large shift in the Be KVV transition

from 92.3 eV shown in Figure 2 to 106.2 eV -
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level) for x>5. In contrast to the'Be KVV spectra; few changes were
observed for the B KVV transit{on at 180 eV, nor for any of the Auger
transitions. of Fe.

The energy shift of the Be KVV transition correlates very well with
the magnetic behavior of thé'amorphous alloys becaﬁse the shift occurs
between x=4 and 5 where M, and ﬁFe also display a reversa]! Our ap§11~
cation of AES has thus succeeded in reinforcing the revelation from the
magnetic data that the FeSZB]B-XBex alloys undergo a drasfic change in
the electronic structure from x=4 to x=5.

Before discuSsing the implications of the Be KVV energy shift,:it is
instructive to recall that a.similar shift has been observed between Be
ahd BeO. The KVV Auger transition for the Be metal is a single asymmetric
peak at 104‘eV (25). This peak arises mainly from the K2p2p Auger transi-
tion, whereas the asymmetry comesvabout because of an initial state
screening in the Be heta], which enhances the K2s2p transition on the low
energy side (26). For BeO, a series of Auger lines were observeq at and
below 94 eV, which were attributed to interatomic transitions of the type
KO(2sp)0(2sp) (27). Because}a]] of the Be valence electrons in the oxide
have been transterred to thé LDOS of oxygen, the final state holes oriéi-
nate in the 2sp LDOS'of oxygen. The present observation of a shiftiin the
Be KVV Auger spectrum from 106 to 92 eV in the Fe82818_xBexfamorph6us o
alloys can a]sé be explained by assuming a charge transfer of the 2sp
valence electrons ffom'the LDOS of Be. In alloys with x<4,.the_shift
oc;ﬁrs much 1ike the charge transfer envisioned for BeO, whereaélin q]]oys
Qith x25, the Be vafence'electrons are retafned in the LDOS of Be similar

to that of the Be metal. Since none of the amorphous alloys displayed
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both the 106 and the 92 eV lines, the charge tranSfer for x<4 must involve
nearly all of the Be atoms. This implies that a complete change in the
local environment of all of the Be atom sites occurs when x goes from 4
‘to 5. | | |

After having established the removal of the 2sp electrons from the Be
LDOS for x<4, it is only natural to ask: "Where have the electrons gone?"
There are thrée poésibiiities: (1) they could to go the LDOS of B, (2)
they could appear in the LDOS of Fe, or (3) they could reside in the
delocalized conduction band. Consider first the LDOS of boron. At x=4,
which amounts to ~29% of the B concentration, and because there are two
valence electrons to be transferred per Be atom, the increase in the
electron concentratfon:of the B LDOS would be appreciable. Such an
increase plus the fact that the B KVV Auger spectrumAis also band-1ike
would produce an obéervab]e change in the LVV spectrum of B. Figures 2
and 3 .show no changes in the lineshape for the B(léo) Auger transition,
however. Therefore, the first poséibi]ity is ruled out. Now if the Be
valence electrons aré‘transferred to Fe, the change in the Aﬁguer spec-
trum of Fe is expected to be much Tess than that for B. This is partly
because the Fe Auéer transitions are predominantly quasiatomic and partly
because the concentratibn of Fe is.S;G times higher than Bé.. Hence, "any
LDOS changes for Fe wpu]d be vefy difficu]t_to pbserve in the AUger
specfrum of Fe. Little or no change in fhe M2’3VV(48 eV),'M]VV(86.eV),
L3M2’3M2’3(600 eV), L3M2’3M4’5(650 eV), or the L3M4’5M4,5(?00 eV) Fe Auger
transitipns was observéd.for any of the alloys investigated. Recently
Jennison (28) has shown that the pd contribution to the M,VV Auger line of

copper is band-like. By analogy, the same transition in Fe should also be
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band-1ike. Unfortunately, the energy range of the pd contribution to the
weak Fe M]VV line falls near the 92 eV peak of Be for x<4, thereby making
it impossible to detect any changes in the M]VV']ine. This awkward
situation has prevented us from deciding whether the LDOS of Fe or the
conduction band density of states has been affected by the loss of the Be
valence electrons for x<d.

Despite the uncertainty on the whereabouts of the transferred 2sp
electrons of Be, our Auger results have furnished significant information
on the Fe82818-xBex metallic glasses in two asﬁects. First, a charge
transfer of -the type usually found only in ionic compounds has been
established in metallic glasses. Second, the presence of this charge
transfer for x<4'and its absence for x>5 correlate remarkably well with
the reversél of the MS énd aFe values upon increasing x from 4 to 5. The
Auger results have thué substantiated our previoué conclusion drawn from
hagnetic data that fundamental changes occur in the electronic structure
between x=4 and 5 in this system.

| In this section; we have demonstrafed that the analysis of the
energies and lineshape of KVV Auger transition of g]ass-fdrming elements
in_meta]]ic glasses offers a new, sensitive method for probing the LDOS
of this class of materials. Auger aﬁa]ysis.shou]d prove more generaily
applicable than either M6ssbauer spéctrbscopy or NMR spectroscopy, which
are restricted to certain nuclei. The AES method suffers no such restric-
fion because'theATM-M metallic glasses always contain the sp elements with
band-1ike KVV Auger spectra. The method also has a distinct advantage
“over the photoemission valence-band study, especially iﬁ the multi-

~ component glasses of commercial interest. While the photoemission study
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probes the total valence béhd density of states and not the contributions
of individual elements, AES can separéte1y determine the LDOS of each
element by virtue of its requirement for an initial core hole. Hence,
AES has the potential to isolate the effects of various elements fn a
particular system. We expect that Auger analysis of the KVV transitions
will complement other techniques in the study of the electronic and
magnetic properties of this large c]aés of materials.

Note: The Auger electron spectroscopy work reported in this section
was done in collaboration with A. J. Beyo]o of the Solid State Physics
Division of Ames Laboratory who performed the Auger experiments. Further
details are reported in a journ$1 article entitled, "Probing the Elec-
tronic Structure of Amorphous Alloys by Auger XVV.Transition Glass-Forming
Elements," by A. J. Bevolo, C. S. Severin, and C. W. Chen, submitted to
Phys. Rev. Lett. . | |

3. Mdssbauer spectroscopy

a. Hyperfine-field distribution and isomer shift The Mﬁssbayer
spectra for the FéSéBls-xBex alloy (Figure 4) are similar in appéarange
" to those of other amorphous alloys having Fe as the only magnetic atoh.
The results of a distribution of isomer shifts (8), quaerpo]e shifts
(E or E') and hyperfine field (Heff) are manifested in several overlapping
absorption patterns. There are well defined'six—line,patterns, but these
are broadened wifh‘the outermost peaks being affected the most. The
broadened 11nes are usually a good indication of a distribution of hyper-
fine interaction and thereforé, a number of inequivalent Fe sites. There

is an asymmetry in the amplitude between the left and riqht_hand set of
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lines and this may be interpreted as a linear correlation between the
isomer shift and the hyperfine sp1it£ing distributions (29).

The spectralwere fjrst analyzed using a six Lorentzian line fit to
yield the average effective magnetfc field, neff’ and the average isomer
shift, &, the va]ués for which at 300K are displayed in Figures 5 and 6,
respectively. There is an apparently discontinuity in the values of both
Heff and & between x=4 énd x=5. The corresponding values at 77K for Heff
(Figure 7) and 5 (Figure 8) still indicate significant changes between
x=4 and x=5, a]thoﬁgh the magnitude of the changes is less at 77K, aﬁ
effect which may bé attributed to a decrease in thé spin-wave stiffness
constant in the ai1oy with 5 at.% Be. (See section C-3.) However, the
~differences in the ﬁeff values at 77K and 300K for all the samp]és con-
taining Be are large comparéd to those of crystalline ferromagnets. For
example, Heff for Fe87B]4Be4 is 295 kOe at 77K and 254 kOe'at 300K while
the corresponding change in ﬁeff for iron is about'7Ak0e.- Chien (7) has
attributed this difference to an increased excitation of Tong wavelength
spin waves in amorphous}ferromagnets compared to crysta11ine-ferromagneté.
On a Rhodes wohlfarth p]ot of pc/pS vS. TC’ where Pg is the saturat1on
moment per magnet1c atom and Pe is the effective moment per atom deduced

from the Curie constant

C = Nyug” pclpg + 2)/3kgs - C)
this would imply that the crystalline ferromagnets would be closer to the
‘Jocal limit of 1 than wouId the F982818-x8ex alloys (30). |

The MYssbauer data were also analyzed in terms of a distribution of

the magnetié hyperfine field by the Window method (31, 32,‘33) which
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assumes that quadrupole splittings and isomer shift effects on the -
broadening of the peaks in the spectra are negligible. Intermetallic
compounds of transition metal-metalloid compounds show only minor |
variation in isomer shift (34), and Chien (7) has indicated that there

is almost no apparent quadrupole interaction for an amorphousvmagnetic
ordered solid. (However, it must be mentioned that Ok and Morrishlv

" (35) have a]s§ shown that broadening caused by the distribufion ‘

of quadrupole splitting is not negligible in Feng]ZSis.) From resultant
distribution functions of the effective magnetic field, P(H), obtained by
Fourier series expansion, the most probable value of the effective
magnetit hyperfine field, H], was obtained for each'of the Fe,,B B

82718-x
alloys. These values are shown in Figure 7 together with the width of

€x

P(H), aAH, and values of Hm and HM which are the effective magnetic hyper-
fine fields at which P(H) approaches zero on the low-field and high-field
side of the distribution function, respectively. From Figure 7, it can
be seen that all these values, except for AH which remain constant at

80 kOe, follow the trend observed in the average magnetic moment (ﬁFe),
Heff and § as the Be content is changed. Further details on the signifi-
cance of the parameters obtained by the Window procedure are given else-
where (36). fhe proportional behavior of the iFe and-ﬂeff has also been
noted in both crystalline and amorphous Fe-metalloid systems (37; 38, 39).
If it is assumed that tﬁe charge fransfer observed in the alloys with.

x<& i§ from Be to Fef then the increase in iTe and Heff may be explained
~in terms of the Stoner band model (40). Even though the density of states
is large near the Fermi level and it is energeticaT]y favorable to have a

targe number of unpaired electrons, i.e., a large exchange energy
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splitting, the maximum possible magnetism may not be obtained because the
number of electrons is less than the optimal amount. Furthermore, the
shape of the density.of states and the concentration of e]ectrohs are
dependent on composition (40). The transferred electrons may go to the
spin up or spin doWn substates and the relative amount of chargé transfer
determines whether ﬁFe and neff will increase. In the alloys with x<4,
it can be assumed that the charge transfer served to increase the exchange
splitting. |

The isomer shift .in 57Fe is related to a change in the 3s electron
density resulting from the change in the shielding effect of the 3d
electrons (41). The ‘isomer shift becomes more negative aé the 3s electron
density is increased and this increase can result from a decreaﬁé in 3d
electron density. Therefore, the change in the isomer shift values of
-0.032 mm/sec for samples with x<4 to -0.050 mm/sec for samples with x>4
is understandable if it is assumed that because thére is no charge
transfer frém Be to Fe for samp]es'with x>4 (42) the 3d electron
density is lower in fhese alloys compared to that in alloys with x<4.
The isomer shift reflects the state of the chemical environment, and the
change in the local coordination number and Fe-Fe interatomic distance
detected in these alloys (Section C-3) is sufficient to affect 5. Also,
Hasegawa (43) has attributed the changes in the density of Fe-B-Be alloys
to a change in the sites thatlthe Be atoms occupy as the Be content is
Ehanged. |

b. Crystallization products The Mossbauer spectrum at 300K for

‘F982818 annealed at 693K for 3 hours is shown in Figure 9a. From data of

the X-ray experiments, an a-Fe phase is one of the phases that is expected
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to emerge after the ribbons are annealed at 693K which is 20K higher
than the crystallization temperature. Figure 9b is the Mossbauer
spectrum which results when the o-Fe contribution is subtracted from the
spectrum of Figure 9a. From the X-ray data and from a comparison of the
spectrum in Figure'gb with that pubiished.for tetragonal Fe3B (38), it
can be concluded that the Fe82818 undergoes a one stage crystallization
resulting in the a-Fe and Fe3B crystallization phases. ‘

When Be is added_to Fe828i8’ two crystal]ization stages are'observed.
The spéctra for Fe82814Be4 and Fe82813Be5 samples annealed for'3Ahours
at 693K, which is between Txl'and sz, are shown in Figure 10. Six sharp
o-Fe lines together with six more broadened lines were present,- the
latter lines indicatfve of an amofphous phase. However, there are low
intensity satellite lines in the region near the inner side of the a-Fe
outermost lines. Such satellite lines are characteristic features of
dilute solid solutions of Fe-base alloys with the solute occupying
substitutional sites'(44, 45, 46). Mossbauer spectra of solid solutions
of Fe97Bé3 and Fe93Be7 were obtained and compared with those shown in
Figure 10. From the simi]arity in the spectra and-a]so'from‘the X-ray
data in Table 3, if_can'be concluded that the o-Fe phase contains Be.
The compositions of the o-Fe-Be solutions in the annealed Fe82818-xBex
were aetermined from the intensity ratio of the satellite lines and’

corresponding outer Fe line and using the expression (47),
P(c,n) = (B)(1-c)"cB " - (10)

which gives the probability that an iron in a bcc matrix has n nearest

‘neighbors for a given Be cdncentration, c. The FegyB3 and Feg3Be7 were
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usea as standards. The Be content in a-Fe-Be solid solutions was
determined to vary from 3.5 to 5 at.%.

The samples annea]ed_for 2 hours at 758K (20K>TX2) yielded the
FezB intermetallic phase. Figure 11 shows the Mgssbauer spectra for
Fe8zB]4Be4 and Fe82813Be5 samples annealed at 758K, in which the well-
defined six-line pattern for the a-Fe-Be solid solutions together with
a sfx-]ine pattern with sma]ier spTitting that is due to FéZB, can be
seen. The intenéity ratio of the satellite lines to the outer a-Fe-Be

‘lines is now reduced, indicating a lower Be content due to more Fe

having precipitated out of the metastable amorphous phase. The reduction
in the lattice constant of the Fe-Be obtained from the X-ray data

(Table 3) confirmed tﬁis effect (24).

The relative intensity ratio of the Mossbauer absorption lines is
related to the magnetié anisotropy. As is discussed in more detail
elsewhere.(36), the magnetization is aligned close to the ribbon plane
for the'samples annealed between Tx] and Tx2’ but it is randomly oriented
for samples annealed beyond sz. This effect can be attributed to a
reduction in the lattice strain when the metastable amorphous phase
present below sz is crystallized at temperatures beyond sz.

. Note: The Mossbauer spectroscopy work on this section was done in -
collaboration with M. C. Lin of the Solid State Physics Division of Ames
Laboratory, who performed the Mdssbauer experiments. Further details may
be found in a journal article entitled, "Mossbauer Effect Study of Iron-
Boron-Bery1lium Metallic Glasses," by M. C. Lin, C. S. Severin, R. G.

Barnes, and C. W. Chen, to be published in Physical Review B.



47

+
+ +
" MRS A
+ * . # +
ogl Top’
*
e .0* +
to.w JRDAT S AR vﬁ!ﬂitt ++ B RS te
. + L
A4, + re o+ ¥ w4
o -t hdnd b RN AN
@ ¢4¢¢+¢ +te ¢ ¢ @ + ‘++¢++ AR R 4
- *t @ .v.tt.w+
- Y T, e ™M s . Y
PO LAdutd o oW# M
OAW% ‘%9& + 4 Zﬂﬁ‘. + + 9
*+ &+ + + [ o] + *’ 4‘0
Q + +
& gty R " A
MR TN *«’.’ﬁc
e AN =7 SN
* +o ++ ¥ +4
rorigt * L A e 2 AR I
* + L I SO +
e MR o, #** A
*e ‘34*8’ + +§1
- A 00 & * . dﬁ# + e o +y +e
) 04.& + h’t
+ . + .\ .
kY AR 2 . '
ALISN3LINI 3AILVI3Y

VELOCITY (mm /sec) .
Fe Mossbauer spectra of amorphous FegéB]4Be4 and FegoBq3Bes

at 300K after annealing at 758K for 2 hours

57

Figure 11.



48

4. A discussion of charge transfer and the magnetic moment

In order to understand the effect of Be on the average Fe moment,
we must first understand the role played by Bi In both the Auger spectra
shown in Figures 2 and 3, a peak occurs on the shoulder of the B escape
peak at about 10 eV below the B KVV transition (180 eV); Such a peak is
absent in the spectrum for elemental B. To explain this reéu]t, we recall
that in the X-fay photoemission work of Matsuura et al. (48) on amorphous
Fe-B, a small hump was seen in the intensity versus binding energy plot
at about 10 eV below the Fermi level. The latter authors attributed this
hump to a ﬁew]y created bondiﬁg state between the 2p electrons of B and
the 3d electrons of Fe. The existence of such a bonding state had pre-
viously been postulated for transition metal-transition metal alloys
by Terakura and Kanahori (49) and for transition.metal-hydrbgen alloys
(50). We, therefore, attribute the small peak in our Auger results to a
hybridization of the B 2p and the Fe 3d electrons. We further attribute
the decrease in the average Fe moment'observed in both crystalline FeB
(2) and amorphous Fe-B to such bonding. This explanation is, however,
contrary to the theory that the decrease in the éyerage Fe momenf is
caused by the filling-in of the Fe bands by the electrons transferfed from
the B (2). In this connection, it is worth noting that the existence of
physical charge transfer in the TM-base metallic glasses is in dispute.
0'Handley and Boudreaﬁx (3), as well as Takacs (51), generally support
the theory of actual charge transfer from the metalloid to Fe, Ni, or Co.
They cité both theoretical and experimental studies which suggest the
‘close packing of the metalloids in the interstices of the random ™

structure and conclude that this requires the radii of the metalloids to
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be- smaller than their covalent'radii, and therefore, charge transfer is
suggested by such an arrangement. The problem of inferring bonding from
interatomic distances alone is addressed by Corbett and Anderegg (52)
based on the Pauling bond orders. Moreover, Pauling (53) himself supporfs
the idea of charge transfer from the TM atom to the metalloids. Even the
_results of Brown and Cox (54), based on electron density maps derived
from X-ray and neutron diffraction'data indicate the transfer of valence
electrons from B to the 4s states of Fe, not‘the 3d, in FeZB, Addi-
tionally, Afben et al. (55) dispute the theory of charge transfer from
the meta]]oid to a transition metal on the basis of Switendick's (56)
band theory:ca]cu]ation‘on Fe3Si which shows the s and p orbitals of Si
lying below the Fe Fermi level.

In view of the various argumehts against the charge-transfer model,
it is conceivable that in amorphous Fe-B there is a transfer of charge
from the Fe d-orbitals. The emergence of a peak at 170 eV in the Auger
spectra and‘the small hump observed in the XPS spectra (48) may be taken
as evidence for this type of charge transfer. A transfer of d-electrons
from Fe can reduce fhe Fe average moment if the transfer has effectfve]y
reduced the splitting between the spin-up and spin-down levels. One may
recall from the Pau]ing—S]atef curves (57) for Fe-Co alloys that a redyc-
tion in the aVerage(number of outer electrons is aé;ompanied by a reduc-
tion in'the Fe average moment (10). Although the magnetic interactions
thch result {n a change in the Fe moment in Fe-Co may not be applicable
to the Fefmetalloid.gystems, the fact that a reduction in average Fe
moment accompanying a reduction in the average outer electrons‘of Fe has

been shown to occur in both alloy systems may be more than coincidental.
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The exéct mechanism leading to the decrease of ﬁFe'i" the amorphous alloys
containing Be is not known at present. Since no appreciable differences
were seen in the B-]ineshapé or the position of the B escape peak in the
high resolution Auger spectra for Fe-B (58) and Fe82818_xBex‘a110ys, it i§
reasonable to e]imihate B and propose ?e as the receptor of the electrons
transferred from Be wheh x<4 in the ternary alloys. Then, if the
electrons from Be cause an increase in the d electrons of Fe, this may

be reflected in the observed increase of the average Fe moment. When the
Be content is greatek than 4 at.%, éharge transfer from Be suddenly
ceased, and both the number of d e]ectroné per Fe atom and the éverage Fe
moment began to decrease.

We have not yet addressed the problem as to why Be transfers
electrons for x<4 and dpes not do so fbr x>4. We know that a change in
the local environment and the thermodynamic stability can fnf]uehce the
physical properties of an alloy. The Mdssbauer data ipdicate there 'is a
change in the local environmentjof the Fe atoms, but this evidence is
indirect frdm the hyperfine field, whose value is averaged over'many
interatoﬁic distances. However, Hasegawa (43) has reported changes in
density and magnetostriction in Feg,B,, Be and FeBZ-yBeyB]S metallic
glasses whén the Be content exceeds ~4 at.%. Also, a concentration
dependence has beéh observed for various physical properties in amorphous
Fe-B, such as a change in density (59, 60), a change in the coordination
‘number for the Fe atom (15) and a change in the average Fe moment (61,
62). Based on these results and the RDF results in Part C, we may
attribute the change in the behavior of Be to a change in the position it

occupies in the amorphous structure. For x<4, the Fe matrix could be
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thought to be saturated with B atoms in the first shell. This is inferred
from the work on Fe-B where the idea of saturation of the first shell is
deduced from the density data (59, 60) when the B to Fe atomic ratio is
828148¢4-

In Fe-metallic glasses, a direct relation between the nearest

greater than 0.16, as it is in Fe84B16 and Fe

coordination number (n]) and the ave}age Fe magnetic moment (ﬁFe) has been
established (]5). It was shown that around 14 to 16 at.% B; both n, and
ﬁFe go through a maximum. When the B concentration falls be]owAthe,above
values, both N and ﬁFe decrease. As is discussed in Part C of this
section, the " value drops drastically from 10.5 for Fe828148e4 to 9.1
for Fe828138e5. This change in ny supports the theory that a structural
change occurs'to cause a cbrfesponding change inAFe magnetic'momenf. For
the Be content of <4 at.% (B>14 at.%), the Be atoms may be 1ying outside
the first Fe-Fe shell. This idea is supported by the RDF déta (reported
in Part C) which shows no change in the Fe-Fe interatomic spacing for
FeSZBMBg4 when compared to Fe87B]3. With a decrease in the B content
(and an increase in Be content beyond 4 at.%), the B occupancy is
decreased and the Be atoms may now occupy a shell closer to the Fe atoms.
The reduction of the lattice strain as a result of Be atoms replacing B
atoms and the decrease in ny may be responsible for the decrease in the
Fe-Fe inﬁgratomic spacing seen in the RDF work on Fe8zB]3Be5. The Auger
results on Fe97Be3 and Fe93Be7 crystalline alloys have shown that the Be
KVV transition occurs near 106 eV, similar to what is observed in |
Fe82813Be5 when no charge transfer is observed. Therefore, we may con-
clude that the change in the Be behévior from an initial transfer of

charge to no charge transfér as the Be content is increased is a direct
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result of a change in the local environment of Fe atoms.

B. Fe-B-Au

1. Magnetic and thermomagnetic behavior

The saturation magnetization M, at 4.2K and 18 kOe of Fengls_xAux
metallic glasses are 196, 200, 198, and 201 emu/g for the nominal values
of x=0, O.S, 1.0, and 1.5, respectively. These MS values can be converted
to average Fe moments HEe by assuming that Fe is the only magnetic species
and by using the analyzed composition of the alloys. The aFe incréased
from 2.05 ﬁB for x=0 (FengiB) to,é.ZO ug for x=1.5, indicating a sfgnifi-
éant beneficial effect of Au on ﬁFe' The M vs. T behavior of Fe82818 is
displayed in Figure 12. The Curie temperature of 644K and the prysta]-
]izatiqn temperature of 673K‘are in good agreement with published data for
this alloy (21). Our identification by Mossbauer spectroscopy of the
crystalline products as a-Fe and Fe3B is also in agreement w{th previous
work (38, 62). When Au partially replaces B, as in Fe8ZB]7:5Au6_5, an
additional crystallization stage is seen (Figufe ]3,. The'crysta]]i;ation
products in this aT]by are now a-Fe with a small percentage of Au
' (referréd to as‘a-Fe(Au)) for stage I and FezB for stage II.,‘The X-ray
reﬁg]tSAshowed no eyidence of Fe3B'at any of the two stages.

The M vs. T'béhavior for Fe87B”Au2 is shown‘in‘FigqreA14._ The pro-
| file is similar to that shown for Fe82817;5Au0.5, except that three
.distinct crystallization stages are now seen. From the X-ray data listed
in Figure 15 (Co radiation, Debye-Scherrer method) the cr&stalline phases
are identified as a solid solution of a-Fe with Au, FeZB, and a Au-rich

solid solution with Fe. The crystallization sequence is described below.
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Figure 15. AnneaTing temperatureé; d-spacings, intensities, I, crystallographic indices, hkl,
and crystalline phases of the annealing products of Fe87B]]Au2. [A=a-Fe(Au);
B=F2,B; C=Au(Fe)]
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The X-ray diffraction patterns (Mo rédiation) for the amorphous ribbons
and for ribboné annealed for 25 minutes at 708K and 793K are shown in
Figufes 16, 17, and 18, respectively. '

The magnefization vs. applied field (M vs. H) plot for thé'éhorphOUS
. ribbon and ribbons annealed at various temperatures, T,» is shown in
Figure 19. Thé Ms values at 18 kOe are plotted versus Ta in Figure 20.
Small decreases are seen in MS for Ta below 723K. However, MS drops
rapidly aone that temperature because of the formation of FezB.

The comparaiivé]y large increase in UEes AﬁFe=.15 Mg » observed in
FeSZBls.SA“].S i; much Qreater fhan expected from a decrga§ed charge
transfer effect.. If}ﬁhis increase in ﬁFe were due solely to charge
trqnsfer, the Au substitution'would cause a depopu]atibn of the Fe d--
bands at a very high rate per Au atom. Moreover, the re]afive]yAhigh
aFe disp]ayed in Fe87B”Au2 Wou]d~cause‘the keduced charge tranéfer to
.be an unrealistic 16 electrons per Au atom. Clearly, the observed Ayg,
has its origins elsewhere. In this connection, we réca]] that Fe is
known to éxistlin the bcc phase with ﬁFe=2.2 Mg and it also has an fcc
phase with two e]eFtronic states, Y and Yos where Y, i; a low-volume anti-
ferromagnetic 1§ftice (aoﬁ3.54A, ﬁFe=0.7 “Bl and v, is a high-volume
ferromaghetic 1attice (ao=3.64ﬂ, ﬁFe=2.8-2.9 wg) (11, 12). Felsch (9)
haé reported an ﬁFe=2.9~yB in amorphous films of Fe-Ag Qith more than 6
at;% Au and tﬁe high momént has been attributed to the stabilization of a
' ﬁigh-moment phaSe by the éffect of the large Au atoms and the quenching-
inQplaée éffect'of the fapidly cooled depositién of the Fe-Au'fi1ms (13).
It appears plausible to ascribe the increase'in the average‘Fe moment

observed in our amorphous alloys to the formation of a numberbof‘Fé-Fe
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nearest neighbors with an interatomic spacing close to that of the large
volume fcc yé Fe lattice. The fact that more than 6 at.% Au was needed
to obtain a Ueo of 2.9 g in Fe-Au probably indicates that there is a .
distribution in the intefatomic spacings when the Au content is less than
6 at.% and a distribution in Fe moments, leading to an average Fe moment
of less than 2.9 Mg~ A distribution in the interatomfc spaéing, r, is an
inherent characteristic of an amorphous structure, as is evidenced by the
large full width at half-maximum of the peaks in the radial distribution
functions. It is expected that increasing amounts of Au in Fé-B-Au will
caﬁse the position of the peaks for Fe-Fe nearest neighbors to shift to
higher r, or at least cause a significant shoulder on the high r side

of those peaks. | |

| We may conclude that the aFe of 2.20 py observed in Feg,B;¢ fAu;
and 2.46 pBlin Fe87B]]Au2 reflects é distribution of Fe moments as some
of the Fe-Fe spacings are increased because of the presence of large Au
.atoms. It is expeéted that some of the Fe-Fe spacings will remain the
same as those in Fe-B since B is thé principal alloying element in the
ternary alloys. The'progressive decreases in the MS (see'Figures 19}and
20) as the annealing tehperature is increased are consistent with the idea
that the progressive formation of.a-Fe(Aul means the formation of a phase

with smaller Fe-Fe épacing and a Tower M.

2. Crystallization of Fe87B”Au2

~ The X-ray data shown in Figure 15 seem to indicate the following '
crystallization sequence in the'Fe87B]]Au2 alloy.

- Stage I. The amorphous alloy crystallizes into a major phase of
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a-Fe(Au) solid solution with about 3 at.% Au and a minor metastable ohase
of an Au-rich solid solution conteining about 40 at.% Fe; an amorphous
Fe-B-Au phase is still a major part of the alloy:

amorphous Fe87B]]Au2,+ crystalline a-Fe(Au) + metastable Au-Fe

4 + amorphous-FeBAu.

The maximum rate of crystallization . occurs around 660K. Marchal et'al.
(64) have observed, in crystallizing Fe-rieh Fe-Au films, that initially
a bcc metastab]e phaseﬁforhs with weak segregation of an fcc Au-rich
phase. We observed on]y one set of fcc (111) ref]ect1ons, s1m11ar to
their observations. The broaden1ng of th1s reflect1on and those of the
bcc phase in our a]]oy supports the idea of m1cro-segregat1on or fluctu—
ations in concentration in the crysta111z1ng process in Fe87B]]Au2, also
consistent with the1r observations in Fe-Au. ’

The amount of Au in the a-Fe(Au) increases as the annealing tempera-
ture is increased up to 660K, apparently at the expense‘of the Au-rich
phase. We could not detect by X-ray the presence of the Au-rich phase
in the ribbons annealed above 649K. The ribbons ahnea]ed at 678K and
‘708K had less Au in the o-Fe(Au) phase.- This decrease in Au content
cohtinued until the second crystallization stage is reached.

Stage II. Another crysta]]ine phase FeZB emerges and groWs oot of
the rema1n1ng amorphous Fe-B- Au with the max1mum rate of growth occurring
at 745K. Th1s crystal]izat1on temperature is close to those observed for
FeZB prec1p1tat1on in the Fe-B- Be amorphous alloys Thev1ncrease in ‘the
lattice constant of the a-Fe(Au) indicates that the Au content increases
at this stage, probably because Au 55 further released from the amorphous

Fe-B-Au when the FegB is being formed. This Au would dissolve into the
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o-Fe matrix. Further annea]ing at higher temperatures then causés Au to
be precipitated out of fhe o-Fe to form an Au-rich solid solution with Fe
in Stage III. | _
Stage III. Ribbons annealed at 793K ahd 884K showed a third crystal-

“line phase of an Au-rich solid solution.. This is in agreement with the
work on.Fe-Au films (64) which indicéted an Au-rich phase showing the
large Au fcc lattice constant. The lattice spacing in our experiments

was 1.3% less than that of pure Au, indicating perhaps the presence of Fe
~in this phase (65). However, Mossbauer spectfoscopy cou]dAnot detect any
evidence for Fe in this phase. The lattice constant of a-Fé(Au) phase

progressiyé]y décreased, approaching that of pure bcc Fe above 884K.

C. Atomic Arrangement Based on Radial Distribution Functions
1. FegsBq3 |

From the structure factor, the reduced radial distribution function,
G(r), defined as 4nr[p(r)-po], wasAevaluafed by a Fourier transfo;mation
of the structure factor, S(k) according to Eq. (6). The G(r) curve for

the binary alloy Fe87B]3 is shown in Figure 21. The profile of fhe curve

| is very similar to those of other metal-metalloid systems (66) and to that
reported on the same alloy in a neutron analysis (]4). The.oscillatory
naturé is prbminent and the second peak is split with a well-developed
shoulder. This sp]ittihg is more pronounced than that reported in the
neutron study (14) on the a116y, but the differenée is mainly caused by
the chahge in radiation used_for analysis. In their X-ray and neutron
analyses on FeBOEZd; P. Lamparter et al. (66) showed a similar pronounced

" splitting in the X-ray analysis and not in the neutron ana]ysis.A The
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positions of the peaké énd the ratios of the other peak positiohs io that
of the first peak are listed in Table 5. The ratios are close to the values
reported for these types of alloys. There is, however, a disagreement
about the position of the first peak. We obtained r1=2.5219.05ﬂ. Fukunaga
et al. (]5) reported r]=2.573ﬂ while Cowlam et al. (14) reported r]=2.52ﬂ,
but Tater published a revised value of r]=2.5810.05 by normalizing the
intensity of the first peak in the structure factor S{k), using an éverage
Fe moment of 2.1 Mg (14). 1In this type of Fourier transformation, as has
been shown by Cargill (67), the positibn of the first peak in r-space is
strongly dependent on the width, height, and position of thé major peak,

- i.e., the first peak, in k-space. The result obtéined in this work,
although on the low side, is in agreement, Withiﬁ experimental error, with
~the values previously reported. (It should be noted that recenf]y pub-
Tished EXAFS results (68) give r]#2.3oﬂ and a reconciliation of the

results obtained by yarious RDF methods is definitely needed.)

The total numbg} of nearest heiéhbors obtained from the area under
the first maximum is 11.940.2, which is in very good agreement»ﬁith the
X-ray values reported for Fe-B a]]dys (16), but is lower than the neutron
analysis result of‘]3.1"(14). Obtaining the nearest coordihation number,
nys from the area under the symﬁetkica] part of the first peak and desig-
nating thg,remainiﬁg area under the first peak as Nps according td a -
methpd prevfous]y proposed (15), we find that ny may be related to Fe-Fe
'pairs and'n2 ré]ated to Fe-B pairs. From Table 5, the vé]ues n]=10.6 and
n2=1.3 agree very wg]l with the n1=10.5 and n2=1.4 values reportéd (16).

A}more serious controversy concerns the relative heights of thg

second peak and its shoulder. Waseda and Chen (16) have suggested that



Table 5. Nearest neighbors distances and ratios and numbér of nearest neighbors calculated from
‘ - first peak in RDF :

d P04 nearest
: _ A density atom/A neighbors
r3 T Ts /Ty /Ty /Ty gremd noonpom

Alloys " T

Fe87B]3 2:52 4.18 4.90 6.29 8.35 1.66 1.94 2.50 7.48 0.0901 11.9 10.6 1.3

Fe82812c6 2.52 4.15 4.89 6.30 8.45 1.65 1.94 2.50 7.40 0.0932 11.8 10.2 1.6

Fe82812316 2.52 4.17 4.93 6.24 8.44 1.65 1.96 2.48 7.39 . 0.0913 ~12.2 10.3 1.9

FengMBe4 2.51 4.14 4.89 6.28 8.34 1.65 1.95 2.50 7.35 0.0929 12.3 10.5 1.8

Fe828138e5. 2.47 4.17 4.93 6.17 8.24 1.65 - 2.00 2.50 7.35 0.0929 12.2 9.1 3.1

89
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for Fe-B alloys containing less than 20 at.% B, the subpeak in G(r) is
more intense than the second peak, i.e., a reversal of the situation
usua]]y found in most metal-metalloid system. This led them to support
the original calculation by Bennett (69)‘of the dense random packing of
hgrg_sphere (DRPHS) model as Being applicable to the structure of Fe-B
and to reject the ‘extended ca]cu]atioh based on the relaxed Bennett model
(70) which gives the peaks heights in G(r) more 1like those for Fe-B
alloys with B>20 at.% and that of Fe83P]7 (16). The hard sphere
Perces-Yevick1mode]‘(7]) also gives the shoulder as being more intense
than the second peak. The resultslof Cowlam et al. (14) end.the data
presented'in Figure 21,‘contradiet the results and explanation of Waseda
and Chen (16) since we find the subpeak to be lower than the eecond peak,
thus supbortfng the re]axed Bennett model (70) with a starting nucleus of
a tetrahedron, a dodecahedron, or an icosahedron (72), all of which .

duplicate the profile of our G(r) curve.

2. FegpBiaCs and FegpBi2Sig

The G(r) curves-for these two alloys are sthn in Figures 22 and 23.
The position of‘the first peak fs not affected by the addition of C'or Si
to Fe-B at least up to 6 at.%. The effect of adding 6 at.% C to FegsB]5
at the eXpehse of B has been studied by energy dispersive X-rey diffrac—i
tion (EDXD) (73). The results are in agreement w1th ours in that no
change in r] was observed although ry was. found to be 2.568 in the
EDXD study. Our resu1ts also agree with those of Egami (73) in that the
addition 6f C tends to reduce the intensity at the lower r side of the

first peak and it also reduces the intensity of the second peak while
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increasing that of‘the shoulder. There is a]so'an increase in the
intensity at the position of the valley between the second peak and ‘its
shoulder, thereby increasing the shallowness of the valley.

| bn the other hand, the addition of Si to FegoBig increases the
intensity of the second peak and the intensity ratio of thevpeak to that
of its shoulder has increased over that of Fe87B]3 and FeszB]ZCG.
Although there is some deplietion of the intensity on the low r side of
the first peak when compared to Fe87B]3, the magnitude oi the reduction
is somewhat Tess than that of Fe82812C6. In general, the first maximum
in each alloy is very similar. Therefore, it is not surprising that the
number of nearest neighbors, derived from the areas under the peak is
about the some (11.8 for Fe82812C6 and 12.2 for F882812S16)'

Caution must oe'exerc1sed when one attempts to compare the RDF
results from two different samples since sample geometry and experi-
mental conditions, such as the intensity of the X-ray tube and oetector
alignment over the long counting period, may vary. One may lend more -
credence to differentes observed when structural changes in the same
sample ahe monitored'by RDF. .It is within this framework‘and constraint
that the.followingldiscussion is given. |

From the recent X-ray and neutron diffnaction‘results on FeSQBZO by
Lamparter et al. (66), the positions of the second peak and its shoulder
refiect Fe-Fe nearest neighbor interactions The inChease in intensity of
these peaks in the S a]]oys containing Si over that of the a]loy con-

taining C may support the 1dea that Si atoms occupy the Fe sites. More-
oner, 51nce the valley between the second peak and 1ts shoulder is

_attributed to Fe-metalloid interactions (66), the higher intensity (the
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Tess pronounced nature of the valley) of this region in the latter
alloy may point to C atoms occupying the interstitial-like positions
usually favored by the B atoms. The effect of the larger Si atoms
occdpying Fe sites and the smaller C atoms fitting in the interstices
formed in the Fe DRPHS matrix is an increase in some Fe-Fe separations.
This effect may be what is reflected in the depletion of the low r-side
of ‘the first peak in the G(r) curveﬁ. Chen et al. (74) have argued that
in some metallic glasses the exchange interaction, J, may be correlated
to the intekatomié distance of the transition metal, similar to the
Bethé-S]ater criterion for ferromagnetic spiﬁ coupling based on D/R,
where ZR:is thé diameter of the 3d subshell and D=2 x ry obtained from
the peak positions in the G(r) curves. Kloss (75) .has argued and Egami
supports the'idea (73) that a Fe-Fe interatomic separation sma]]ér than
‘the average Fe-Fe separation of ri may lead to a negative exchange inter-
action for various.Fe-Fe pairs. Conversely, an increase in Fe-Fe inter-
atomic separation may decrease the number of negative exchange
interactions, ‘ |

In the Si- and C-substituted'ai1oys; an increase in the room tempera-
ture saturation magnétizatioh, Ms’ over'that of the corréspppding binary
Fe-B alloy is not expected since neither the MS(4.2) nor the Curie
femperéture fs sign%ficantly changed by the addition'of'c or 511(76-79).

'HoweVer, the change in B in the equation
M(T) = M (0) N1-8TZ3.. ) - - - (1)

is understandable when one considers the spin-wave stiffness coefficient,

D. In the relation
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3/2

. k ' : :
B = £(3/2)gug/M(0) (-] (12)
'_4nD
where g(3/2) is the Bose-Einstein function equal to 0.0587(41:)»3/2 and

kB is Boltzmann's constant, we see that B«]/D3/2.

The magnon dispersion relation at small values of the wave vector k

in crystalline ferromagnets has the form (80)

E(k)= Ja k% | S | (13)

where a is the lattice constant. This relation can be extended to
non-crystalline ferromagnets by using a distribution of J and a, values

in the form:
E(k)= J(1+a) a 2 (146)%°. (e

Combining this relation with the quadratic dispersion relation for

ferromagnetic magnons,

E(k) = DkZ, - (1)

"one may relate D to J in the following manner

D = J(1+a) aoz (1+c5)2k2 ‘ : ' - (16)

for small values of k. Hence, if an increase in Fe-Fe interatomic
$ebaratiqn is related to an increase in the average J value, the value of
D fs expected to increase. Recalling that Bml/D3/? the va]ug of B should
decrease and this would be consistent with higher M (T) values at room
temperaturé in thé ternary with C 6r Si even though the Ms(O)ivalues of

the ternary alloys and the corresponding Fe-B binéry alloy are essentially
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the same.

3. FeBZBlgBeﬂ and FeaanBe5
' From Table 6 and from the G(r) curVes displayed in Figures 24 and
25, one can see certain.distinct differences between these two Be-
substituted alloys. The addition of a third element to Fe-B alloys does
" not usually affectAthe position of fhe Fe;Fe peak within this composition
range (67). Therefore, the change in r from 2.51R for Fe82814Be4
2.47R for Fe828138e5 should be considered a very pfonounced shift. Also,
this 1s not merely a change in the shape of one side of the peak, but a
Sh1ft in the position of the max1mum and its related d1str1but1on of
interatomic d1stances with their correspond1ng probabitities. It should
be recalled that a dramatic shift was observed for these two alloys in the
Auger results which indicated that for Fe828148e4, Be appeared to have
transferred its outer electrons while for Feg,B,3Beg, no such transfer
~ could be inferred. The magnetization measurements also indicated that
the average Fe momenf in FegoB,g_,Be, increased for x<4, but decreased for
x>4. These changés can be reconciled with the structural changeé, as
is described below. | )

The magnetic behavior of Fe is very sensitively dependent on the Fe-
Fe separétion and the Fe.homent observed is an average value. In fcc Fe,
a shift of the lattice constant from 3.64R to 3.54R, which correéponds to
a shift in interatomic spacing from 2.57R to.2.50ﬂ, has been shown to be
fgsponsible for, or coincidénta] with, a ohange from a ferromagnetic spin
| structure with moment of about 2.9 g to an antiferromagnetic spin

structure with moment of 0.7 wg (11, 12).
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It is'ﬁherefore possible to relate the shift in the posifion of the
peak in the amorphous Fe-base alloys to the change in the avérage Fe
magnetic moment. First, one must note that an amorphous structure is an
assembly of atomﬁ at various distances with respect to an arbitrary
Aorigin. There fs'a.variety of Fe-Fe interactions within the ‘distances
covered by the first peak. A shift in the position of the maximum of the
peaks (r]) to a lower r value without a significaht change in the shape
of the peak lowers the probability (i.e., lowering the number) of Fe-Fe
interactions pccurring at large r values and an increase in Fe-Fe inter-
actions at r values less than ry- If we assume that Fe-Fe pairs with
spacing less than r, have negative exchange interaction (J<0) (74, 75),
then the decrease in the average Fe moment in Fe82813Be5 may mean a change
of some ferromagnet1c}sp1n interaction to antiferromagnetic spin
interaction.

The large change in n from 10.5 to 9.1 as the Be content is
increased from 4 to 5 at % (see Table 6) is very sukprising,~but yet is
consistent with a decrease in the average Fe moment, ﬁFe' Fukunaga et al.
(15) have shown that in Fe]OO-xBx a]]oys_the n values and ﬁFe Both go
through a maximum at XN]4', The magnitude of the change in " (Anj=-].4)
is greater in these ternary alloys, but this dramatic shift is consistent
with the other di;contiﬁuoqs behavior of.FeBZB]B-QBex in the range of .
x=4 and 5. The change in n, (An2=+1.3) is a]so'worth noting. If we
asaume that in Feg.B,3Be; Fe has lost some Fe first nearest neighbors
and some Be atoms are now residing in a neareét neighbor shell with
,}Fe_Be < rFe-ﬁe of Feg,B,4Be,, we can understand how it is possib]e:to

“have Fe-Be bonding interaction.” The fact that the rpe_pe is somewhat less
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than the Fe Goldschmidt diaheter of 2.49R may point to loss of outer
electrons from the Fe atomé. The isomer shift from the Mossbauer
spectroscopy study shows a decrease which may be interpreted as an
increase in the 3s electron density around the Fe nucleus, probably
_ caused by the lessening of the screening by the outerAelectrons, some
of which may be barticipating in the Fe-Be bonding interactfon.

The decrease in the Curie temperature, TC’ when X goes.from 4 fo 5'

can be explained in terms of the'expression

3kgTe = 225(S+1) I, e - (17)

where z is the number of nearest neighbofs, ‘Since Jp,_re and z decrease,

TC should also decrease.
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V. ~SUMMARY AND CONCLUSIONS

'The'partia] substitution of divalent Be for triva]ent B in
amorphous F982818 was shown fo cause an initial incrense and subsequent
decrease in.the average Fe moment. The Curie temperature, fC’ decreased
monotonically. The reversing effect in the average Fe moment caused by
Be was confirmed by measurements of Auger e]eétron and Mossbauer
spectnoscopies. The Auger results indicated that for x<4 in FeszB]s_xBéx
there abpears to be a transfer of Chargé from Be, probably to Fe. At
higher Be contents no snch charge transfer could be inferred. Frqm the
Mdssbauer siudy, the effective hyperfine field initially {ncreased for
x<4, but decreased for x>4. The isomer shift changed from -0.032 mm/sec
. to -0.050 mm/sec for the same chance in the Be content.

The annealing behavior of the Fe82818—x8ex a]ioys was studied by both
X-ray and MUssbauer sbectroscopies.» For the binary alloy F€82818’ tne
crystallization products at 693K nere identified as tetragona] Fe3B and
a-Fe. Additions of Be produced two crystallization stages. The crystal-
lization products of the first stage were a solid solution of a-Fe-Be and
a metastable amorphous phase containing more B than the concentration in
the asfquenched ribboné? At the second stage, FezB was ob;erved to
precipitate out. The intensity ratios in the Mbsébager spectra and the
d-spacings deduced from the X-ray data indicated that the Be content in
the Fe-Be solid soiution at the second annealing stage was 4-5 at.% in all
the Be alloys. The Mdssbauer spectra c1ear1y indicated that annealing the
samples at a temperatnre between the‘two stages led to the a]ignment of

the effective magnetjc hyperfine fie]dg ﬁeff’ almost parallel to the
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plane of the ribbon, whi]e annealing above'the second stage caused Heff
to be randomly oriented probably because of the absence.of Jattfce strain.
Radial distribution function analyses conducted on Fe823148e4 and

'Fe828138es indicated that the interétomic distance of Fe-Fe atom pairs,
rFe-Fé’ decreased from 2.51A to 2.47A while the number of first nearest
neighbors, ni, decreased from 10.5 to 9.1 when the Be content is increased
from 4 to 5 at.%. All the results indicate a significant change in the
Fe nearest neighbor environment,between'x=4 and x=5. The increase in the
average Fe moment is explained on the Basis of an initial transfer of
charge from Be to Fe, replacing the d electrons that are participating
in a new Fe-B hybrid bonding orbital. The subsequent decrease in the Fe
moment is explained ih'terms of: (1) an increase in the number of
negative exchange interactions due‘fo the smaller Fe-Fe interatomic
spacings anq (2) thé absence of charge transfer from Be to Fe. 'Also, the
reduction in ny and re, . when the Be content is increased from 4 to 5
at.% is correlated with the observed decrease in TC. |

' Additiqﬁs of Au to Fe-B resulted in an average Fe moment df 2.20 Vg
in FéSZB]G.SAui;S and 2.46 g in Fe87B]]Au2. The ternary alloy with.
0.5 at.% Au displayed two crystallization stages with a solid solution of
Fe-Au precipitating at the first stage and the intermetallic compound FeZB
forming at the secqnd stage. Higher additions of Au produced althird
stage at which an Au-ri;h solid solution was precipitated. The annealing
~of Feé7B]1Au2_resu1§ed ip 1pw¢r Ms’ unlike the annealing effect usually
observed in Fe-base metallic glasses. This behavior‘of Fe87B”Au2 was
explained in térm; of a reduétion in the Fe-Fe interatomic distance and

its attendant effect dn-the Fe moment.
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The RDF analyses on F982812C6 and FeszBIZSi6 indicated that tﬁe
higher saturation magnetization at room temperature of these two ternary
alloys, compared to that of Fe-B alloys, is probabiy due to an increase

in the spinfwave stiffnessvconstant.
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