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Origin of cluster and void structure in melt-quenched Fe-Co-B metallic glasses determined
by positron annihilation at low temperatures
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The microstructure, type of short-range ordering, and occurrence of free volume.Dok8,5 metallic
glass ribbons quenched from the melt have been analyzed by positron annihilation lifetime spectroscopy
(PALS) at 300 K and at 20 K. The combined results from PALS and electrical resistivity measurements
performed at both temperatures point to different types of metal-metalloid neighborhood with corresponding
specific types and populations of capture sites. A special method for analysis of the annihilation rate probability
density functionf(\) was used to separate and identify positron capture sites of different size and origin. An
analysis of the results has permitted the assignment of these different sites to disordered groups of metallic
atoms and to metal-metalloid clusters that were probably directly frozen in from the melt.
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[. INTRODUCTION phous systems is either to induce changes in the cluster
structure in the course of its formatige.g., while still in the
The metastable and disordered state of metal-metalloicholten statd) or to investigate the changes in the amorphous
amorphous alloys still poses open guestions about the exignatter and interpret the stability and evolution of the cluster
tence of ordering on the atomic scale within such alloysstructure upon transition from amorphous to crystalline
especially about the existence of clusters consisting of sewstates.
eral metal and metalloid atoms, the type, number, structure, Positron annihilation lifetime spectroscofyALS) is ca-
genesis, and stability of such clusters, and the structure of thgable of providing direct information about the process of
matrix surrounding such clusters. For a long time it was supelustering in metallic glasses. Positrons in bulk material im-
posed that amorphous metallic alloys can be modeled orge vacant spaces where atoms are mis@ing crystalline
physically prepared from atoms of individual componentsstructure or where the density of the atoms is reducasl in
put into a disordered state by simple melting and sufficientlysubvacancy-sized small free volumes, excess free volume,
rapid quenching to prevent establishment of equilibriumopen spaces or voids in disordered condensed méattén
(crystalline atomic structure. The simulated atomic structurethe present work we attempted to investigate the positron
obtained via such simple model constructidishowever, capture sites and the corresponding SRO surrounding these
does not behave in a similar fashion to realistic systemssites in selected Fe-Co-B samples and to follow the stability
which are known to exhibit a higher degree of short-rangeof these sites against structural transformations.
order (SRO); see, e.g., Ref. 3. In reality the preparation of
fully amorphous metallic glasses is usually a two-stage Il. EXPERIMENT
proces$ with the system passing through the melting tem-
perature to the liquid state twice, inducing effects that ought
to be of primary importance for the formation of a glassy The amorphous metallic alloy E£0,,B15 is a ternary
structure. In spite of progress in theoretical approaches, conalloy at the lower limit of glass forming ability in the
puting facilities, and advances in numerical methods, ther€&e-Co-B system. This alloy represents the basic composition
exists no first-principles model for amorphous metallic sysSfor the preparation of special nanocrystalline soft magnetic
tems, due to the inapplicability of a periodic potential to systems of the Fe-Co-B type with additions of Nb, Zr, or Hf
disordered structures; any low-energy structural unit or clusexhibiting the highest known saturation magnetizafidn.
ter has to be postulateal priori. Further complications for contains a low amount of boron, yet, in contrast to binary
modeling are caused by the presence dfé@oms, by elec- FeB;5, crystallizes in two well-separated stages, which
tron localization, and by combinations of metals and metalmakes it convenient for investigation of the evolution of the
loids in real systems. cluster structure as crystallization proceeds. The crystalliza-
The possibilities for investigation of the cluster structuretion mechanism of this amorphous alloy has been investi-
depend on the effect that the changes of the cluster structugated previously in detail in Ref. 7. Low-temperature me-
have on the overall atomic structure, properties, and stabilitghanical properties of Fe-Co-B metallic glasses, especially
of the amorphous matter. An ideal case is when the amoithermal expansion at low temperatures, and their connection
phous matter is composed of phases with different clustewith microstructure were discussed in Ref. 8. The influence
types and selective heat treatment is capable of bringingf the melt history and casting conditions on the degree of
about changes in one type of cluster only, as, for example, iclustering is well known from detailed studies utilizing
the case of samples where undercooled liquid and amoiPALS? In that work the clustering process was correlated
phous solid coexist, such as Ni-Zr-Al based alldysnother,  with the history of the master alloy in the molten state.
more difficult, possibility in the case when a single type of The master alloy and sample preparation conditions were
cluster structure is expectdd.g., in metal-metalloid amor- the same as those commonly used for the preparation of

A. Sample selection, preparation, and annealing
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nealing temperature and time for relaxation to take place and

1.0 — yet to ensure no crystallization; no surface oxidation or sur-
. AN face crystallization were detected. The annealing at 693 K
o0 was selected to prepare samples just after the end of the first
é 0. crystallization reaction in order to see the influence of the
g crystallization products from the first crystallization reaction
g 0. together with the remaining amorphous metalloid-rich matrix

on the cluster structure. The last group of samples annealed
at 767 K, i.e., after the second crystallization reaction, pro-
vides a fully crystallized structure. After each annealing the
samples were checked for the type of crystalline structure
formed by x-ray spectroscopy and TEM. After the first crys-

FIG. 1. Temperature dependence of electrical resistivity for fourtallization stage about 50 vol % is transformed to bcc
stages of thermal treatmett#) as-quenched amorphous samgke,  «-(Fe-Co) in the form of regular star-shaped crystals about
sample after first crystallizatioric) sample after second crystalli- 100 nm in size. During the second crystallization reaction
zation, and(d) sample heated to 1000 K. Dashed vertical lines(FeCo)B borides are formed from the remaining amorphous
indicate selected annealing temperatures. matrix. Details about the types of phase formed, crystalline
Fe-Co-B metallic glasses by planar flow casting. This pro_phase mo.rphology, kinetics of crystallization, and nucleation

. . - rates are in Ref. 7.
cess involves the already mentioned two-stage preparation
process. The master alloy was prepared from the elements
with 99.9% purity in a vacuum induction furnace by heating
the master alloy melt up to 1523 K. Amorphous ribbons 6
mm wide and 25.20.1 um thick were prepared from the The positron annihilation lifetime spectra as well as the
polycrystalline master alloy at 1523 K by the planar flow instrument resolution function were obtained in the same
casting method on a copper wheel rotating with the velocityway detailed in previous work® The first set of lifetime
of 301 ms . The chemical composition of both the mas- spectra was measured at room temperature, while the second
ter alloy and the amorphous ribbon was checked by inducset of spectra was measured at 20 K in a closed-cycle helium
tionally coupled plasma spectroscopy to verify the desiredjas refrigerator with automatic temperature regulation. The
nominal composition of the alloy to an accuracy of 0.1% ofsample-source assembly was completely enclosed in an
the elemental content and to confirm the absence of impurievacuated copper holder placed at the end of the cold finger
ties, especially carbides and oxides, within the ribbon. X-raysf the refrigerator.
analysis was performed using €u radiation and the A specimen for positron annihilation lifetime measure-
Bragg-Brentano measuring configuration. X-ray diffraction ment consisted of two stacks of 12 layers of the sample ma-
of the f':\s—cast ribbon revealed no presence of as—quenchtf: ial with the positron source sandwiched between them in
crystalline p_hases. The samples were _conﬂrmed FO _be fu"Y)rder to ensure the annihilation of positrons within the vol-
amorphous in the as-cast state by detailed transmission eleﬁr'ne of the samples
tron microscopy(TEM) and selected-area electron diffrac- - . I
tion (ED) performed at different places along the length and Both sets of experlme.ntal ppsnron I'f.e time spectra were
across the thickness of the ribbon. Samples for TEM and E .nalyzed by the Laplace inversion technique using the_modl—
ied CONTIN (PALS-2) progrant which deconvolutes the time

were thinned by ion-beam milling. : i . . )
Electrical resistivity measurements were performed usin pectra into the annihilation rate probability density function

a high-precision four-point probe method in a cryostat in the PDP) @()) as a function of annihilation rat& via con-
temperature range 4.2 to 320 K and from 300 to 1100 K in @Strained regularized least-squares solution of the Fredholm
high-vacuum furnace with pressure less than“.@a using integral equation with the normalization condition

7 K/min heating rate. Measurements have been performed ofp @(\)dA=1. A deconvolution algorithm based on the
as-quenched as well as annealed samples to estimate the tapfinciple of parsimony ensures the choice of the smoothest
perature dependence of electrical resistivity of the assolution, i.e., the smallest number of lifetimes with respect to
quenched and thermally treated metallic glass in a wide terrthe number of degrees of freedom. For convenience, when
perature range. The results of the electrical resistivityanges over a larger interval of values, the annihilation rate
measurements are shown in Fig. 1. From these measurBDF as a function of the logarithm of is expressed as
ments three annealing temperatures were selected to acceifA) =Aa(\) and is also transformed to the annihilation
tuate different neighborhoods of anticipatéeeCo-B clus-  lifetime representation, where=1/\ is the annihilation life-
ters. Measurements were performed on amorphtass time. Conversion of the annihilation rate PDF to the annihi-
quencheyl samples, on samples relaxed in the vacuumlation lifetime PDF requires a transformation of the variable
furnace at 573 K fo3 h to anneal out stresses, on samplesof integration, because the PDF is not invariant against the
annealed at 693 K for 1 h, and on samples anealed at 767 Kansformation of variables from to 7. The fraction of pos-

for 1 h. The choice of stress relief annealing paramg&#8  itrons annihilating with lifetimes between and r+dr is

K for 3 h) represents a compromise between the highest anx?a(\)d7. Thus the corresponding annihilation lifetime

0 200 400 600 800 1000
Temperature [K]

B. Positron annihilation lifetime method and data processing
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5 TABLE I. Positron lifetimes with the corresponding intensities
for four types of structure of Fe-Co-B obtained frdif\) measured
al (@ 201ps at 300 and 20 K and recalculated to lifetime representation. Dashes
228ps indicate absence of the relevant lifetime in the PAL spectra.
‘3 3 i Samp|e T1 Il T2 |2 73 |3
S P ) (9 W (p3 (%)
21
300 K
1l 406ps amorphous 228 98 4085 2
ey relaxed 195 96 669 2 4987 2
A 1st cryst. 177 91 419 8 5435 1
0 2nd cryst. 178 90 499 8 4684 2
195ps e, 182ps 20 K
amorphous 201 97 406 3
relaxed 182 95 379 5
1st cryst. 181 93 359 7
2nd cryst. 180 91 328 9

379ps lll. RESULTS AND DISCUSSION

66%ps ",

29, The Fe-Co-B sample in the amorphous state measured at
room temperature exhibits a broad annihilation rate distribu-
tion f(\) with mean lifetimer, of 228 ps. In all other cases
and temperatures the results exhibit a second companent
181ps in addition to the unusually broad main annihilation compo-
nent r, with over 90% of the total intensity. A weak third
component,rs, is present in all distributions at 300 K; this
component likely reflects the intrinsic properties of the amor-
phous structure itself and cannot be assigned to the configu-
ration of 12-layer stacked sample necessary for measure-
ments. The third component vanishes at low temperature
and thus its origin remains unclear because it cannot be ex-

plained simply by thermal contraction of a complex void

A o) Ao(d)
© -~ oW e R ® =
ﬁ G

177ps
4 ©

419ps 359ps
8% 7%

£

structure.
Positrons injected into a metallic glass fall into localized
al @ 180ps stated’ in regions of lower-than-average electron density.

From Figs. 2a)—2(d) it is seen that almost all positrons are
trapped at sites with lifetimes,; between 178 and 220 ps
178ps (Table ). These sites could not be attributed to bulk Fe or Co
(or B) nor to vacancy defectgpositron lifetimes in mono-
crystals are 110 ps for Récc and 130 ps for Cdfcc), ™ in
monovacancies 175 ps for Fédco),>3 167 ps for Co
8.3% 8.6% (hcp,** and 229 ps for pure boron powd& Because the
amorphous metallic glasses are structurally disordered, the
sy concept of vacancie&@s in a perfect lattioehas no signifi-
1 2 3 4 5 6 78910 cance in these systems. Thus the information provided by
A [ns1] PAL spectroscopy of amorphous metallic alloys essentially
concerns the free volum&; on an atomic-size scale or a

FIG. 2. Comparison of the positron annihilation rate distribu- vacancylike open volumesmall subvacancy-sized free vol-
tions f(\) measured at 300 Kopen circlesand 20 K(full circles)y ~ Ume or excess free volumeside the structure.
for four stages of thermal treatmer(s) as-quenched amorphous It is important to consider the contribution of the phonon
sample,(b) relaxed samplé573 K for 3 h, (c) sample after first ~Scattering to the positron results, especially with respect to
crystallization(693 K for 1 h, and(d) sample after second crystal- the measurements at low temperatures. The temperature de-
lization (767 K for 1 h. pendence of the electrical resistivity in a wide temperature

range from 4.2 K to hundreds of kelvins has allowed an

PDF is given byf(7)=\%a(\). All results obtained from analysis of the positron-phonon interactions in this kind of
this analysis are shown in Figs@-2(d) and in Table I. The amorphous structure from the estimation of the phonon con-
results are determined with an accuracyt8 psand=1% tribution to the overall electron scattering. The ratio of the
for the main lifetime and its intensity, respectively. “phonon” scattering contribution to the “structure-

499ps 328ps

A o)
S - P ©
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dependent” or “disorder” contribution of the charge scatter- [101] 2000 |21 |022]

ing mechanisms is small. The temperature dependence of
\MW
60 80

resistivity shown in Fig. 1 indicates the dominance of the
2 0 [deg]

completely recrystallized state is achieved. It can thus be
inferred that the electron-phonon interaction is overridden by
interaction of conduction electrons with structure units that
persist until very high temperaturéThe ratio of residual
resistivity to the overall resistivity or to its temperature co-
efficient is unusually high for a metallic sampl&hus we
exclude the positron-phonon contribution to the value of the
positron annihilation ratérapping rate of positronsas only
weakly temperature dependent. Also, due to the highly “de-
fective” (i.e., disordered character of the metallic glassy
sample, saturation of the positron trapping can be expected
to be_ the_main process controlling the_ positron annihilation g5 3 X-ray patterns for all annealing stages, including high-
rate in this material, the spectrum being almost completelyemperature recrystallization(ay amorphous as-quenchedb)
dominated by the “defect” component,.*® amorphous relaxedg) 693 K for 1 h(amorphous ane-FeCo),(d)
Comparison off (\) at room and at low temperature for 767 K for 1 h[a-FeCot (FeCo}B], and () 1000 K for 1 h
the amorphous as-quenched states, H@, 8hows a shift to [ a-FeCot (FeCo)B]. Vertical lines are reflections af-FeCo.
higher values of\ (toward lower values oW;) for lower
temperatures; in addition, a second peak appears in the spaemperature is now only 13 g&ig. 2(b)], a value that is
tra. In positron lifetime representations this result means @guite reasonably attributed to thermal contraction of the cap-
decrease from 228 ps to 201 ps and the second peak at 4@fre sites, the structure being now well relaxed yet fully
ps appears with an intensity of 3%. In addition to the presamorphous. A thermal contraction of the entire relaxed struc-
ence of inherent small free volumes due to atomic disorderture will shorten interatomic distances in the constituent
the amorphous state also contains excess free volume. Duedtructure units and redistribute the remaining free volume.
the disorder of the surrounding atomic structure a continuou¥his contraction and redistribution of free volume may jus-
free volume distributiorf (V) is to be expected. Two effects tify the appearance of the second distributiorf ) (redis-
can be deduced from the positron annihilation rate distributribution of free volume to larger regions during the thermal
tions for the amorphous structure in the graph in Fi@.2 relaxation of the amorphous structyrarhich contracts with
Thermal contraction is reflected in a “lattice” contraction of decreasing temperature; decreases from 669 to 379 ps, but
the amorphous structure leading to a decrease oy about  doubles in intensity. Note that all changes take place in the
28 ps. Furthermore, thermal contraction at low temperatureselaxed disordered but still amorphous state, as checked thor-
may lead to the concentration, rather than relaxation, of exeughly by both x rays and TEM.
cess free volume dispersed in the entire sample volume into After the first crystallization reactiofFig. 2(c)], the f(\)
larger open spaces responsible for the generation of the seshifts further toward highex (7, decreases from the previ-
ond peak at 20 K. As metallic glasses are known to contairous 195 to 177 psand the annihilation rate distributions
no dislocation lines, loops, or grain boundaries that might actemain essentially the same at 20 K also. The second lifetime
as shallow traps, the appearance of the second annihilatigreakr, falls from the value of 669 ps in the relaxed state to
peak in the spectrum at 20 K can hardly be explained by th&é19 ps after the first crystallization reaction and with de-
process of thermal detrapping of positrons from such strucerease of temperature down to 359 ps. The intensity of the
tures upon temperature increase. The second peak reappesegond lifetime peak increases from 2% in the relaxed state
unchanged after temperature cycling to 300 K and then to 2@ 8% and with decreasing temperature slightly decreases to
K again, indicating no noticeable low-temperat(ireevers-  7%. It is known from previous work that during the first
ible) relaxation behavior in this amorphous alloy. The maincrystallization reactiorn-FeCo crystals with grain sizes of
annihilation peaks are unusually broad at both temperatureabout 100 nm are produced from the amorphous metallic
After annealing the sample to relax the excess free volmatrix, as shown by TEM,and with x-ray diffraction(Fig.
ume at 573 K for 3 h, measurements performed on the still3), leaving metal-metalloid clusters embedded in the amor-
amorphous sample exhibit a further shiftfgi) to a higher phous state. These clustered amorphous regions transform
value of\ (lower value ofV;). The decrease of excess free during the second crystallization into (FeGB)borides and
volume in the as-quenched structure upon annealing hasdditionala-FeCo. The micromechanism of the formation of
been invoked also by other workers to explain the observethe first crystalline phase from the amorphous state with re-
changes during structural relaxatibhThe lifetime =, de- spect to the atomic structure of the amorphous state is ana-
creases to 195 p@y about 33 ps, Table),l reflecting the lyzed in great detail in Refs. 7 and 17 in binary Fe-B and
increase in the density of the amorphous structure due tternary Fe-Co-B systems, and the results will be useful for
relaxation. The decrease of, with decreased measuring interpretation of the uncommonly weak temperature depen-

d)

((r

structure-dependent resistivity, which remains similar for 1 e
)

different states of the amorphous matter, from the as-
guenched state through both stages of crystallization until the

[
100

1%, b)

20 40

014204-4



ORIGIN OF CLUSTER AND VOID STRUCTURE IN.. .. PHYSICAL REVIEW B4 014204

dence of the first positron annihilation peaks in Fi¢c)2 TABLE Il. Decomposition of the main peak df(\) into two
After the second crystallization at 767 [Ikig. 2d)], the ~ components recalculated to lifetime representatigpand ;5.
sample again gives a positron annihilation rate distributior

with one main peak of(\) and produces also a second peakSample 71 Iy T11 l11 T12 l12
with an intensity of 8%. The value af; is 50 ps lower than Py (W  (p9 (W  (py (%)
7, in the amorphous staté(\) is again unaffected by the 300 K

te.:r;]peﬁturlg (.jtecfrease and E?hthﬁf st{ime as it was ?t 300 alﬁworphous 208 98 222 70 245 o8
within the limit of accuracy. The lifetime-, increases from 195 96 191 7 208 25

419 to 499 ps with increasing crystallization and decrease
with decreasing temperature to 328 ps. The intensities of th
second peak remain practically the same.
Comparing Figs. @) and Zd), it can be seen that the 20 K

formation of new boride phases does not change the maiMorPhous 200 97 196 71 216 26
peak of the positron annihilation rate POEN), although — 'elaxed 182 95 177 67 193 28
almost 50% of the sample volunfamorphous remains left 1St cryst. 181 93 176 66 195 27
over after the first crystallization reactiphas transformed to 2nd cryst. 180 91 175 65 194 26
crystalline phases. Thus it seems that the main positron trap-

ping occurs on structures that are not directly related to theapiyre. These two sites have identical atomic surroundings
specific crystalline phase, or to the boundaries between Crygyt giffer in the surrounding electron density due to the pres-
talline and amorphous phases appearing after the first Crygpce of different kinds of interatomic bonding. The first site
tallization reaction, or to the interfaces between crystalling,;i positron lifetime denoted asy; is located in the inter-
grains after the second crystallization reaction. mediate space between the complexes; it is surrounded by
_The spe_(_:lﬂc_behawor of the main annihilation rate peakmeta| honds and its size and occurrence should be affected
with devitrification and temperature change and the unusUs,gre strongly by the presence of additional metal atoms. The
ally broad shapes of the main peaks suggest the presence Qi site with positron lifetime denoted &g is located
at least two rather similar positron capture sites within the;|ose to the center of the complex, and in the proximity of
atomic arrangement of the rapidly quenched Fe-Co-B amorge metal-metalloid bonds in the bridging complex, where
phous structure throughout the whole devitrification processy, surrounding electron density is reduced due to the
Over 92% of all positrons annihilate in these sites, yieldinggyength and metal-metalloigemicovalentcharacter of the
one main broad annihilation peak well separated from the{FeCd-B bonds inside the bridging complex. The sitg,
second minor £8% in intensity peak. should remain unaffected by crystallization from the amor-
phous state, because the complexes are structurally similar to
the arrangement in the g borides.

Pst cryst. 177 91 173 66 189 25
Snd cryst. 178 90 173 65 193 25

Two kinds of capture sites

To verify the assumption about the existence of two types
of positron capture sites we have decomposed the main an-
nihilation rate distribution into two distributions. This proce-
dure was made possible by refining thenTIN Laplace in-
version procedure to compute a fine-scale distribution
function f(\). Prior to this decomposition we checked the
stability of the solutions obtained, e.g., for different decon-
volution intervals, different numbers of grid points, and dif-
ferent numbers of constituent components. The results of de-
composition of the main component of the annihilation rate
PDF's, f(\), but in positron annihilation lifetime represen-
tation PDF’s,f(7), into two components with corresponding
lifetimes 7, and 71, are summarized in Table II.

To interpret these results we have made use of a structure
model of SRO of iron and boron atoms according to Ref. 18,
where it is shown that boron in the “amorphous” structure is
surrounded by six iron atoms and forms a so-called bridging
complex, which should be stable and exist until the last crys-

tallization stage. The schematic amorphous Fe-Co-B struc- OFe,Co @B 0 trapsite
ture, approximated for convenience by bcc unit céliese o Fes
being the first crystalline phases formed during crystalliza- bridging groups Fe,==B ~Fe . B==Fe,

tion of this alloy with the described local ordering is exhib-

ited in Fig. 4, adapted for our case from the crystallographic FIG. 4. Structural model of SRO of Fe/Co and B atoms in amor-
scheme for binary “amorphous” Fe-B.In such a locally  phous structure showing bridging complexes and two possible pos-
ordered structure there are two possible sites for positroitron capture sites.
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25 tionally fixed. This result reflects the stability of the SRO in
e amorphous - . .
s relaxed the bridging complexes against all induced structural
20+ o after st oryst. changes. A slight decrease in the intensity of this annihila-
®  afier 2nd cryst. tion peak indicates a small decrease in the number of bridg-
% 154 ing complexes during the transformation process.
o The overall behavior of (7) for both sites, shown in Fig.
40 $ 0T 5, indicates high stability of the two sitesriq and 7))
= e against crystallization from the amorphous structure. The
5. i d \" two kinds of sites, which represent two different kinds of
A traps for positrons and the stability of the SRO in the bridg-
ol D04 > - ing complexes in the vicinity of which the trap are localized
140 160 180 200 220 240 explain well the observations in Figs(c2 and 2d), where
7 [ps] the overall(undecomposedmain peak off (A) is shown to

S , _ reflect only very weakly the influence of the two crystalliza-
~ FIG. 5. Annihilation lifetime PDF's () obtained by decompo-  tjon stages and of measuring temperature. This observation is
sition of the main peaks dof(\) into two components, which rep- explained by the assumption that only one of the sitgs)
resent two kinds of capture sites, for four types of structure, namelyi,s affected by these processes. Even high-temperature an-

amorphous as-quenched sample, amorphous relaxed sample, sal ling at 767 K does not seem to lead to a complete disap-
after the first crystallization stage, and fully crystalline sample after . L .
the second crystallization, measured at low tempera20eK). pearance of the SRO present in the bridging complexes, al

though complete devitrification has already taken place, as
The preference of a delocalized positron for differentcan be seen from the x-ray diffraction patt¢ourve (d) in
components in a given heterostructyo host matrix and  Fig. 3]; loss of this SRO may be expected after recrystalli-
clusters is given by the positron affinitp, a negative num-  zation at 1000 K[curve (e) in Fig. 3], where a complete
ber that is the sum of electron and positron chemical poteratomic rearrangement takes place, but in the crystalline state.
tials. A larger negative value means that the positron has &he presence of such stable ordered microstructures also
stronger preference for the material in question. It is to besupports the idea that all structure rearrangements upon tran-
noted that the differences in positron affinitidsof the rel- ~ sition from the amorphous to the crystalline state are con-
evant metal atoms are small, e.g., of the order of 0.3 ewWrolled by cooperative motion and slight rearrangement of
[A(Fe)=—3.83 eV, A(Co)=—4.18 eV (Ref. 19]. For entire complexes.
this reason no significant influence of positron affinity of ~The existence of such bridging complexes in the amor-
these atoms on the lifetime of the positrons is expected. Phous(relaxed structure leads to a question about their ori-
The data in Table Il show that at 300 K the value of thegin. Since the high quenching rates achieved during sample
first lifetime 7,; decreases from 222 ps in the amorphouspPreparation make the idea of complex formation during cool-
state, relaxing through 191 ps, and decreasing to 173 ps updfd improbable, the high thermal stability of these complexes
crystallization. Similar behavior of,; is observed at low and measurements of magnetic properties of similar Atelts
temperature. The intensitiég; of this annihilation peak after suggest that this SRO is present already in the melt and is
relaxation attain 65% at both temperatures. This decrease ieserved by rapid quenching.
monotonic at both temperatures. The behaviotgfat dif-
ferent annealing stages i'ndicatels the evolution of the sites IV. CONCLUSIONS
that are close to metal-rich regionsi{). Graphically the
evolution of annihilation at this site in the lifetime represen-  Amorphous alloys represent a highly disordered structure,
tation f(7) is presented in Fig. %dotted lines, annihilation yet with well-defined short-range order. Two types of trap-
lifetime PDF in sites between bridging complexes at 20 K ping sites for the annihilation of positrons can be identified
where the tendency to shift toward shorter lifetimes observeth Fe-Co-B metallic glasses. These sites reflect the short-
in polycrystalline systent§ with annealing is visible and range atomic ordering present in the amorphous structure.
may be expected to be attained after very-high-temperaturéhe location of one trapping site is close to the center of
annealing(above 1000 K metal-metalloid coordination and reflects the bridging com-
The behavior ofr;, at room temperature indicates that in plex; the other trap is located in intermediate spaces between
the early stages of nucleation the positron annihilation lifecomplexes that are surrounded mostly by metal atoms. The
time at this site already attains a value close to the final valueriginal quenched-in SRO persists until full crystallization.
of 193 ps observed after the second crystallization stagdlifferent ratios of the number of traps of each type can be
This value ofr;, and an almost identical intensity are at- expected in samples with different degrees of clustering of
tained at low temperatures after relaxation of excess fre&e or Co around B atoms.
volume. The intensity,, of this annihilation peak exhibits a

nearly constant valge, which reflepts th(_e number of previ- ACKNOWLEDGMENTS
ously described positron traps at sites with reduced electron
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