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The temperature dependence of the effective positron diffusion length L has been studied in
various metallic glasses with variable-energy positrons. All the initial measurements in the glasses
show a very short diffusion length (L , ~10 A) that is alloy dependent. This is more than 2 orders
of magnitude smaller than L in annealed crystalline metals, and is ascribed to positron trapping at
a high concentration of intrinsic defects. Larger values of L , are found in the metal-metalloid than
in the metal-metal glasses. This is suggested to be caused by boron filling some of the open-volume
areas, thereby decreasing the positron trapping rate. Our results are compatible with a density of a
few percent of point defects or, alternatively, about 10'3 cm~2 of dislocation-type defects. Evidence
was found on the existence of a nonhomogeneous defect profile in the near-surface region. Both re-
versible and irreversible changes in L , are observed during heating and cooling cycles, attributed to
positron thermal detrapping and structural relaxation, respectively. Crystallization causes partial
removal of the defect structure, but temperatures close to the melting point are required before posi-
tron trapping is significantly reduced. In Gdg;Cos; positron localization remains even after anneal-
ing 50°C below the melting point. The trapping behavior in this alloy was found to depend on
specimen heating and cooling rates indicating an ongoing phase-segregation process. The data for
L, are compared with previously obtained bulk angular correlation data as well as Doppler-
broadening line-shape parameters to provide a consistent picture of the defects in these systems.
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I. INTRODUCTION

Metallic glasses have become a subject of considerable
interest in basic and applied research due to their unique
physical and mechanical properties, e.g., high mechanical
ductility and magnetic permeability, and resistance to cor-
rosion and irradiation.! However, the theoretical descrip-
tion of the ionic structure is still incomplete and very little
is known about the structure of defects, which strongly in-
fluence the mechanical behavior of crystalline metals.? In
this paper we present results obtained with a variable-
energy positron beam which illustrate several features of
the defects in a variety of as-received and annealed metal-
lic glasses.

Positrons implanted into a metal thermalize rapidly and
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tend to localize into regions of lower than average ionic
density. Information about the structure and concentra-
tion of various crystal imperfections can be obtained from
measurements of the annihilation radiation.®> Such data
have been obtained for various metallic glasses, but be-
cause the nature of the positron state is still not well un-
derstood, interpretation is somewhat uncertain (for recent
reviews, see Refs. 4—6). Early bulk positron experiments
showed very small changes in the annihilation characteris-
tics upon crystallization.” 1 (“Bulk” positron experi-
ments, as opposed to “variable-energy experiments,” are
done employing isotopic sources rather than tunable
beams.’) Room-temperature electron irradiation!! or plas-
tic deformation'? also failed to induce detectable changes
in the positron state. It was concluded that there were no
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defects capable of positron localization both in the as-
received state and after irradiation or deformation.

More recent data showed significant changes between
various states of the sample. The line-shape parameter I,
describing the shape of the 511-keV annihilation line was
markedly temperature dependent below room temperature
leading to the conclusion that positrons were trapping at
defects.!®> The smearing of the angular correlation of the
annihilation-radiation curve at Fermi momentum was
enhanced at low temperatures, attributed to positron trap-
ping at low-density dilated regions of the amorphous
structure.'* Increased positron trapping was demonstrated
following low-temperature electron irradiations!>'® and
the data indicated that positron localization into
irradiation-induced defects competed with a high concen-
tration of preexisting low-density regions inherently
present in the amorphous state. Although in many cases
the positron lifetime spectrum cannot be reliably decom-
posed into more than one exponential component, the
combination of positron lifetime and angular correlation
measurements'’ seem to indicate the presence of at least
two different positron states. Thus the early view of a
free Bloch-like positron state in metallic glasses was re-
placed by a model of 100% positron trapping into a spec-
trum of intrinsic defects.

Contrary to this prevailing view of complete positron
localization, recent angular correlation measurements of
Cartier et al. showed indications of a delocalized positron
state in amorphous Cu-Zr (Ref. 18) and Ca-Mg glasses.!®
In addition, lifetime and Doppler-broadening measure-
ments of Kogel and Triftshiuser in Ti-Be-Zr glasses®
were interpreted in terms of positrons having only a low
probability for localization. Thus some uncertainty about
the nature of the positron state in amorphous metals still
persists, which restricts the structural information obtain-
able by conventional positron-annihilation measurements.
The possible states of positrons in metallic glasses—other
than free Bloch-like and localized states encountered in
crystalline metals—include (i) strong scattering of posi-
trons from fixed scattering centers, (ii) positron trapping
into low-binding-energy defects (and consequent thermal
detrapping), and (iii) enhanced affinity of positrons into
one type of atoms or clusters of atoms in the amorphous
structure. In case of having an extremely high density of
defects with a relatively low binding energy available for
positron localization, the probability of positrons to tunnel
from one defect to another might be high enough to signi-
ficantly change the diffusion behavior of positrons. This
would be the first example of interdefect tunneling pro-
cesses.

Information about the diffusion properties of positrons
can be deduced by utilizing a variable-energy positron
beam?! in ultrahigh vacuum conditions. Positrons with an
incident energy (variable from 0 to a few keV) are im-
planted into the specimen, where they rapidly thermalize
in the near-surface region (<1000 A). They have an
energy-dependent probability of diffusing back to the sur-
face which is dependent on the implantation profile. This
probability can be experimentally measured and analysis
of the data (cf. Sec. III) yields the diffusion length of posi-
trons
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L, =D, /kg)'”?, (1)

where D is the positron diffusion coefficient and k. is
the net removal rate of positrons from the freely diffusing
state. kg depends on the annihilation, trapping, and de-
tranging rates of positrons from various states in the sam-
ple.

In this paper we measure L | as a function of specimen
temperature in various amorphous metals both below and
above the crystallization temperature, T,. Our results
show an unusually low level of L in all glasses in the
as-received state at room temperature. This is ascribed to
a high probability of positron trapping into defects present
in the amorphous structure. No specific information on
the nature of these defects is provided by the present ex-
periments. Both compositional and topological disorder is
expected to localize positrons with the latter likely being
associated with a stronger positron binding. Evidence for
positron thermal detrapping is also found, reflecting the
fact that at least some of the defects localize the positron
with a relatively low binding energy. In addition, irrever-
sible changes of L , occur indicating the structural relaxa-
tion in the amorphous phase. Crystallization of the sam-
ples also changes L ,, but significant positron trapping
remains until much higher temperature. In some crystal-
lized glasses the defect structure anneals out close to the
melting point of the alloy, although in others this is not
the case. A preliminary report of some of the present re-
sults has been published.?

II. EXPERIMENTAL PROCEDURE

Five different samples were studied (typically 2X5
cm X 40 um), two of which (FeyNiyP4B¢ and Feg,B;,Si¢)
were obtained from commerical sources.’* CusyZry, and
CuspZrsy alloys were prepared with splat cooling®® and
Gdg;Coy3 was made by the melt-spinning tecnhique? in a
vacuum of about 10~7 Torr. Specimens from the same
sources were used in conventional bulk positron experi-
ments previously reported.'>!®1%25 The measuring se-
quence was also done using similar heat-treatment cycles
and heating rates as were used in the other experi-
ments.!#1%% The samples were determined to be amor-
phous with x-ray diffraction. They were cleaned in an ul-
trasonic bath of acetone and ethyl alcohol and then
mounted by spot welding onto Ta posts in a UHV sample
holder.

The variable-energy positron apparatus used for the ex-
periments has been described elsewhere.?® The intensity of
the positron beam (diameter ~6 mm) impinging on the
samples was typically 1x 10° sec™! and the incident ener-
gy range was from 25 eV to 7 keV (+1 eV). The base
pressure throughout the measurements was ~1Xx10~°
Torr. The sample surfaces were cleaned in situ by sputter-
ing several hours with low energy (650 eV) Ar™ ions using
5-uA beam current. This resulted in an estimated remo-
val of 1—2 um of the surface. Sputtering was performed
because the probability of forming Ps at the surface (cf.,
Sec. III) was very small due to surface impurities, thus
reducing the sensitivity of our measurements. The dif-
fusion length L , in the as-received state was not affected
by the sputtering process. For Fe oNigP4Bg samples we
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measured the diffusion length both before and after Ar™
sputtering and after chemical etching, and the results for
the diffusion length were found to be in agreement. We
also checked the possibility of inducing sputtering damage
in the near-surface region by resputtering the samples
after the final heat treatment. No changes could be ob-
served in the L, due to this additional low-energy
sputtering. A change was observed when the sputtering
was done with 3-keV Ar™ ions. The surface of the sam-
ples was checked periodically during the experiments with
Auger electron spectroscopy. Submonolayer contamina-
tion of carbon, nitrogen, and oxygen was found, known to
be bulk impurities in the samples. Specimen temperature
was controlled by resistive heating of either the sample it-
self (FeyyNigoP14B¢ and Feg,B;,Si¢) or a tantalum backing
foil spot welded to the sample (CujypZrsy, CusoZrsg, and
Gdg;Co33). The experimental procedure for the angular
correlation experiments has been described in detail in a
previous publication.'8

III. DATA ANALYSIS

Positrons implanted into a metal with an incident ener-
gy E, thermalize at mean depths of x =4E"?! where the
constants 4=3.3 ugcem?(keV)™™ and n=1.4—1.6 have
been obtained from foil transmission measurements.”’ A
diffusive motion through the metal then follows and even-
tually positrons annihilate either from the freely diffusing
state or from a localized state with a characteristic life-
time of 100—500 psec.® With low enough incident ener-
gies positrons can also diffuse back to the surface. The
predominating processes at the surface of metals then in-
clude: (i) direct positron reemission into the vacuum, pro-
vided that the positron work function ¢, is negative,® (ii)
direct positronium atom (Ps) emission into vacuum pro-
vided that the Ps work function ¢p, is negative,®*° and
(iii) localization into a surface state with possible thermal
desorption into the vacuum as Ps at higher sample tem-
peratures.*

For constant surface conditions of the specimen the em-
itted Ps fraction F is proportional to the probability of
positrons diffusing back to the surface. This can be exper-
imentally observed, since the triplet Ps decays predom-
inantly by the emission of three photons having a continu-
ous energy distribution rather than the exclusive 511-keV
emission from “free” positron or singlet Ps decay. F is
calculated from the shape of the energy distribution of an-
nihilation quanta after calibrating with reference spectra
with 0% and 100% Ps emission.”? Assuming the struc-
ture of the sample is uniform over the full range of depths
studied, and assuming an exponential positron implanta-

tion profile, F depends on the incident energy E as?/?%3!
Fy
FE)=—" @)
14+(E/E,)

where F, is the surface-sensitive branching ratio of the
back-diffused positrons to be emitted as Ps atoms into the
vacuum. The diffusion length from Eq. (1) is related to
the measurement, viz.,

L, =(D, /kyg)'?=AE} . 3)
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In the general case of one free and N different localized
states in the sample we have for the removal rate,

K;

14+8;/A; ° @

N
Keff= }\free + 2

i=1

where Ag.. and A; are the annihilation rates in the free and
in the localized states, respectively, «; is the trapping rate
proportional to the corresponding defect concentration,
and §; is the thermal detrapping rate back into the freely
diffusing state.

We have measured the diffusion length L , from the in-
cident energy dependence of the Ps fraction F at a fixed
specimen temperature. In some cases we ramped the tem-
perature up or down slowly (AT /At~0.5°C/min) as
compared to the time required to complete a voltage cycle
(=11 min). At each temperature F was measured using
(typically) 16 different voltages in random order, each of
which required aobut 40 sec to yield a statistical precision
in F of about 0.5%. Equation (2) was fitted to the experi-
mental data with a nonlinear fitting procedure resulting in
values of n ranging from n=1.4 to 1.7. For each sample
we reanalyzed the data assuming the average value of
n~1.63! The F, and E, values obtained in this way are
presented and discussed throughout the next section.

IV. RESULTS AND DISCUSSION

A. Positron-surface interaction
in amorphous metals

At room temperature the analyzed values of F, and E,
have typical ranges of 0.4—0.7 and 250--500 eV, respec-
tively. While the former is commonly observed for well-
characterized surfaces of metal single crystals, E, is more
than an order of magnitude smaller compared to E, usu-
ally observed for defect-free metals with similar mass den-
sities.2! F, increases both in a reversible and an irreversi-
ble manner as specimen temperature is increased, ascribed
to enhanced positron thermal detrapping from the surface
state’® and changes in the surface structure, respectively.
An example of the former is shown in Fig. 1, where the
analyzed F values are plotted as a function of tempera-
ture for a Gdg;Cos; specimen which has been crystallized
at 960 K. This behavior of F is characteristic of thermal
desorption observed for positrons at surfaces of metal sin-
gle crystals. A fit of the temperature dependence of F to
the model**—3? of detrapping yields a value for the activa-
tion energy E, =0.22+0.04 eV.

From the above we conclude that the positron-surface
interaction is governed by the same processes as are found
in well-characterized surfaces and the diffusion length L
(or Ey) measurements can be interpreted analogously to
annealed or defected crystalline metals. On the other
hand, the positron-lattice interaction is much stronger
than what is observed in annealed metals suggesting that
the positron state in metallic glasses is markedly different
from the free Bloch state encountered in crystalline met-
als.

Evidence for positron reemission was sought using posi-
tron work-function measurements.”® No reemission was
found, suggesting that the work function was positive.
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FIG. 1. The fitted parameter Fy in Eq. (2) as a function of
temperature in a Gdg;Cos; alloy. The shape of Fj is compatible
with thermally activated detrapping of positrons from the sur-
face state forming positronium with an activation energy of
E,=0.22+0.04 eV.

This is not unusual, since a number of clean single-crystal
surfaces also exhibit positive positron work functions.?!

B. Diffusion length in Feg;,B;,Si¢ glass

Figure 2 shows the analyzed values of E; in the amor-
phous metal Feg,B,Si¢ at different sample temperatures.
As discussed previously, Eq=520+70 eV (in the initial
state) is significantly lower than that in defect-free crystal-
line metals (ranging from E,~3 keV for Al to Ej> 15
keV for W).2! The corresponding diffusion length from
Eq. (3) in Feg,B,Si¢ is about L | ~15 A, which is a factor
of 50—100 lower than that in crystalline metals. If we
would assume that no positron localization occurs, we
find [cf. Eq. ()] Kegr=Agree~6X10° sec™1.47¢ Thus we
obtain from Eq. (1) a value for D =1.4X10~* cm?/sec.
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FIG. 2. The fitted values of E, in Eq. (2) are shown vs speci-
men temperature in amorphous FegB;Si. The arrows show
the sequence of measurements. T,=780 K is the crystallization
temperature. Very little hysteresis is observed up to 660 K,
whereas annealing at 740 K changed the room-temperature

value of E; to 1200 eV.
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This is roughly 4 orders of magnitude less than what is
found in most crystalline materials (see Ref. 33, and refer-
ences therein). The low D values may tentatively be ex-
plained by using the concept of a high positron scattering
probability from structural inhomogeneities of the materi-
al (and the absence of trapping). However, the use of the
standard model** of elastic “impurity” scattering of posi-
trons leads to an unreasonable concentration of scattering
centers. Assuming, for instance, that the positron band
mass is m* =1.5m,, impurity-host pseudopotential differ-
ence AV=2 eV, and impurity cell radius R, =3 A,** only
an unphysical impurity concentration cjpp~1.1X 10t4 is
compatible with the low value of D . Moreover, the tem-
perature dependence of Ej in Fig. 2, which we observe to
be very nearly reversible up to 620 K, is much stronger
than the predicted impurity-dominated 7 %> dependence
of D .3* Our results thus rule out the possibility of a free
Bloch-like positron state at room temperature in this
glassy metal, indicating that positrons are strongly cou-
pled to the inhomogeneities of the sample.

The obvious reason for the low E, values seems to be
positron trapping into intrinsic defects in the material.
Assuming the absence of positron detrapping from these
defects at room temperature we obtain [cf. Eq. (4)] a lower
limit for the total trapping rate k.g> 1 1012 sec™!, where
a reference value of E;=2500 eV in a defect-free material
has been used (see Fig. 2 and discussion below).*®

The temperature dependence of E, above room tem-
perature shows very little hysteresis up to 620 K, whereas
after 740 K we measured E(~ 1200 eV upon cooling back
to room temperature (not shown in the figure). Thus
structural changes occur in the amorphous phase between
620 and 740 K, which further supports our concept of
positron trapping into defects in the amorphous structure.
It also demonstrates that measurements of E are sensitive
to changes in the short-range order in the amorphous
phase. Furthermore, the temperature dependence of trap-
ping seems to be much stronger than what is observed in
the case of point defects and dislocations in crystalline
metals.33 At higher temperatures the trapping probability
decreases, which can be explained by thermal detrapping
of positrons from the localized states.

During further heating we observe no abrupt changes in
E, upon passing the crystallization temperature 7T, =780
K. The steady growth of E, towards a value of 2450+80
eV continues up to 920 K, the maximum temperature
used in the experiment. During subsequent cooling we ob-
served a sigmoidal decrease of E; around 600 K and the
room-temperature value is £y=2000+£70 eV. This sug-
gests that positron trapping still persists in the crystallized
alloy, and the remaining increase of E; at 600 K can be
attributed to thermal detrapping of positrons from these
localized states in the bulk. Thus the defect-free reference
level for E is at least 2.5 keV for Feg,B,,Si (see Table I).

C. Diffusion length in FeyoNigP;4Bg

Figure 3 displays the E, values measured as a function
of specimen temperature for a Fe,NiyP4Bg glass. For
comparison the peak rate N of the angular correlation
versus specimen temperature is shown in the upper part of



29 VARIABLE-ENERGY POSITRON STUDIES OF METALLIC ...

2375

TABLE 1. Values of E, and the corresponding positron diffusion lengths L , in various amorphous metals in the as-received and
annealed states. Reference values of E; and L, in some annealed single-crystal metals are also given. k. is the estimated lower lim-
it of the total positron trapping rate into localized states in the as-received samples. Estimates are also given for the defect concentra-

tions in the as-received state for three structural models.

Eo (V) L, (A)  Eo, (V) L, (A ke (sec™)) Cuac caiq (cm™?) T (A)
Material as-received annealed as-received point defects line defects micrograins

Feg,B1,Sig 520+70 1543 > 2500 >180  >1.0x102 >1% > 10t >450
FeyNigPBs 500140 14+2 3000+130  260+20 2.5x 10" 2.5% 2.5x 10" 300
CuseZryo 280440 6+1 3500+150  360+25 2.5x 10" 25% 2.5x 10" 90
CuspZrsp 270+40 6+1 ~3500 ~360 ~2.8%x 108 ~28% ~2.8X 10" ~80
Gdg,Cos; 390460 8+2 > 2200 >120 >1.5x 10" >1.5% >1.5x 10" 380
Cu 8000 1050
Ni 8300 1100
Al 3200 800
w > 15000 > 1300

the figure. We note the qualitative similarity of these re-
sults with those shown in Fig. 2. The initial value for E,
is 500140 eV corresponding to L , ~14 A (see Table I).
However, it stays fairly constant up to 600 K. In this case
L, does not seem to be sensitive to the observed®®
changes in the short-range order below 600 K. A gradual
increase of the diffusion length occurs in the vicinity of
crystallization at T, =650 K (Ref. 37) consistent with the
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FIG. 3. Lower part: E, vs temperature in amorphous
FeyNigwP1sBs. T,=650 K is the crystallization temperature.
Solid circles: measured at room temperature after annealing at
1000 K for 1 h. Upper part: peak counting rate Nvs tempera-
ture (Ref. 48). Solid circles: measured at room temperature
after 1-h anneal at 1000 K (Ref. 48).

behavior of N, until a level of Ey=2 keV is reached at 900
K. A decrease in E, is again observed during further
cooling to room temperature. However, it is more con-
tinuous than what was observed for Feg,B;,Si. After the
heating cycle shown in Fig. 3 an attempt was made to re-
move the defects thought to be responsible for the low lev-
el of E, after crystallization. The annealing was done
in situ above 1000 K for 1 h, and the specimen was slowly
cooled to room temperature, where L | and N were mea-
sured. The results are shown in both parts of Fig. 3 (solid
circles). A considerably higher level of E, (3000+130 eV)
corresponding to L =260+20 A was indeed observed,
which represents a lower bound for the reference level for
a defect-free specimen. E| is still much smaller than, e.g.,
in pure Ni, Ey~8 keV (see Table I). Using E;=23 keV for
the defect-free reference and Age.=8.3X10° sec™! (Ref.
16) we obtain in the initial state a value of Kke=2.5X 10'?
sec™".

It is now possible to estimate the concentration of de-
fects from Eq. (4). The assumption of no detrapping at
room temperature leads to a lower limit of the total posi-
tron trapping probability (in units of sec™?)

Kiot= > ki >2.5X 1012
i

in the amorphous state. To obtain the corresponding de-
fect concentrations c¢; (c;=k;/u;, Ref. 33) the specific
trapping rates p; are needed. However, they are neither
experimentally nor theoretically known. Furthermore, the
diffusion-length measurements are not defect specific,
whereas the conventional positron-annihilation experi-
ments, the positron lifetime, and Doppler-broadening
measurements are, to some extent, sensitive to the type of
open-volume defects. The structural defects expected to
exist in the amorphous structure are micrograin boun-
daries derived in the early microcrystalline models,! Ber-
nal holes in the model of dense random packing of hard
spheres (DRPHS),*® or quasi-dislocation dipoles.’® In the
following we propose lower limits for the defect concen-
tration using the three different structural theories. In
each case we consider an upper limit for the specific trap-
ping rate being the corresponding value obtained in crys-
talline metals. Our argument is based on the assumption
that the defects in some amorphous metals are thought to
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have low binding energies for positrons and the specific
trapping rates are known to increase roughly linearly with
the binding energy.** Recent angular correlation measure-
ments in CaspAlsy indicate that the positrons can be local-
ized as strongly as is the case of monovacancies in AL"

For monovacancies in crystalline metals the specific
trapping rates are generally on the order of 104 to 10+
sec™! with binding energies ranging from 0.5 to 3.5 eV.*?
The reversible increase in E, (starting around 500 and 600
K in Figs. 2 and 3, respectively) can be associated with
thermal detrapping of positrons from the localized states
[cf. Eq. (4)]. Thus the binding energy of positrons into
those defects is likely to be around 0.1—0.3 eV.*"** The
gradual increase of E, would also indicate that there are
many different traps having different binding energies. If
the positron trapping centers are point defects, such as
Bernal holes in the DRPHS model, then the specific trap-
ping rates can be estimated to be on the order of
wi=~10%1 to 10+ sec™!. Arbitrarily fixing p;~10"
sec”! we have for the defect concentration in the as-
received state c,,.>2.5%. Using instead the concept of
line defects (quasi-dislocations) responsible for positron
trapping and adopting a value of p; =~0.1 cm?sec™!,***3 a
concentration of cgig>2.5X 10" cm™2 follows, which
compares favorably with the estimated quasi-dislocation
densities 84~ 10"> cm~23 In the case of grain-boundary
trapping the observed tapping rate Ko corresponds* to an
average grain size of 7> 300 A. These estimates for the
defect concentrations in various cases are collected in
Table I. In all cases, the model of grain-boundary trap-
ping (exclusively) is not consistent with the very short dif-
fusion lengths measured in the present study.

After annealing the Fe,oNigyP;4Bs specimen at 900 K
E, was only 1300 eV at room temperature (see Fig. 3).
We conclude that strong positron trapping still remains in
the crystallized phase. The trapping rate can be estimated
yielding Kker=1.2X10"" sec™' corresponding t0 cya
>0.1%, cgiq > 1X 102 cm™2, or I < 1400 A for point de-
fects, line defects, and grain boundaries, respectively.
Such a high defect concentration both before and after
crystallization would result in 100% positron trapping
probability in conventional fast-positron experiments. Be-
cause of the similarity of the trapping rates and binding
energies before and after crystallization it is natural to ex-
pect that only very small changes in the annihilation
characteristics are observed upon crystallization,!>16:17:45
This behavior is clearly demonstrated in the peak-rate
measurements presented in Fig. 3. The angular-
correlation peak rate remains almost constant over the
temperature range investigated with only a small hys-
teresis observed during cooling ( < 2%).

We observe further annealing of defects at 1000 K, as
E, increases to 3000130 eV (cf. Fig. 3). However, an-
nealing at 1000 K significantly decreases the peak rate in
agreement with the present slow-positron data. This is
also consistent with the observation'® that the positron
lifetime in Fey(NigoP4B¢ was 7=~ 160 psec both before and
after crystallization while it dropped to 7~ 120 psec after
annealing for 1 h at 1073 K. The remaining defects in
this crystalline alloy are likely to be grain or phase boun-
daries. This interpretation is supported by electron mi-

croscopy of the crystallized alloy,*® where lamellar struc-
tures are detected with a few hundred angstroms separa-
tion distance and a grain size of the order of 1000 A. This
is in agreement with our diffusion-length estimates.
Around 1000 K the annealing process results in an aver-
age grain size of a few um.** Thus the diffusion length
L, and the peak-count rate N are expected to approach
the bulk values of the alloy.

D. Diffusion length in CujpZry

The E, values measured during heat-treatment cycles
for CuyyZry, are shown in Fig. 4 (lower curve). Our speci-
men and the heating scheme was similar to that used in an
earlier angular correlation experiment!®?® (300—573
—300—873—300 K), the results of which are also
shown in Fig. 4 (upper curve) for comparison. Our initial
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FIG. 4. Lower part: E; vs temperature in amorphous
CuyoZry. The sequence of the heat treatment is
300—573—300—873-—300—1160—300 K. 7,=600 K and
T,,=1280 K (not shown) are the crystallization and melting
temperatures, respectively. Open circles: temperature ascend-
ing; solid circles: temperature descending. Upper part: The
peak counting rate N vs similar heat treatment 4 —E (open cir-

cles) (Ref. 25). Full triangle: N measured at room temperature
after annealing 1 h at 1200 K (Ref. 48).
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value at room temperature Eo=280%40 eV corresponding
toL,=6+1 A is even lower than we found in the metal-
metalloid glasses Feg,B,Sig and Fey,oNigP4Bs. From the
reference value of E;=35001150 eV (and thus
L+ =360+25 A) obtained after high-temperature anneal-
ing we estimate the trapping rate in the as-received state
Kege=2.5X 1013 sec™!. Using similar methods of evaluat-
ing the defect densities as discussed in the preceding sec-
tion, we obtain possible defect concentrations of
Cyac>25% (point defects), cgig>2.5X10" cm~?
(dislocation-type defects), and for positrons trapped at
grain boundaries an average diameter of /<90 A (see
Table I). These data indicate that the structure of this
glass contains more open-volume regions capable of trap-
ping positrons. A plausible explanation is the presence of
the undersized boron atoms in the two previous cases,
which might fill a large fraction of the open-volume areas
otherwise available for positron localization.

While annealing the sample above the crystallization
temperature (T, ~600 K) Cartier et al.?> found a drastic
increase of the angular correlation peak counting rate N,
as shown in Fig. 4. It was suggested that this increase was
due to the crystallization-induced formation of new de-
fects which anneal out by 850 K causing the peak count-
ing rate N to return to the as-received value. This was in-
terpreted!® as evidence that a delocalized state exists in the
as-received amorphous alloy. The present results do not
support this idea. During the annealing (4 —E; Fig. 4)
E, stays at a very low level, increasing only slightly below
T, and more rapidly (but reversibly) above T,. No indica-
tions of any hysteresis are seen up to 850 K. E; at room
temperature remains unchanged from the initial value in

accordance with the angular correlation results.
Both angular correlation and the positron-beam experi-

ments are consistent with the presence of an extremely
high concentration of defects capable for positron locali-
zation both in the amorphous and in the crystallized (up
to 850 K) CuzpZry,. Using the present estimates for. the
defect concentrations the interdefect separation becomes
only a few atomic distances. This is comparable to'the ex-
perimentally estimated extent of the positron wave func-
tion.* It is therefore possible that the positron diffusion
mechanisms may be governed by interdefect tunneling
processes in this material.

The drastic changes observed around 7, in the angular
correlation peak count rate N can now be explained by
positron localization into new phases developed during
crystallization.” The apparent discrepancy between the
two results in Fig. 4 may be due to the different implanta-
tion depths of positrons in the two experiments. It also
reflects the fact that the variable-energy positron measure-
ments described in this work, contrary to angular correla-
tion, are insensitive to the annihilation characteristics at
the localized states.

To remove the effect of positron trapping into the de-
fects remaining after the 850-K anneal, much higher an-
nealing temperatures were applied. An abrupt increase in
E, is observed around 1000 K and a level of Ej~3500 eV
was maintained during subsequent cooling to room tem-
perature. Thus a major annealing of defects occurs at this
temperature and the flatness of E, during cooling down
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suggests the existence of a delocalized positron state in the
alloy. At temperatures close to the melting temperature
(T,,=1280 K, Ref. 47), E; appeared to decrease slightly.
This may be an indication of positron trapping into
thermally generated vacancies.’! The sensitivity of posi-
trons to vacancies in thermal equilibrium may be reduced
by the possibility of trapping into the remaining “structur-
al” defects. Angular correlation measurements performed
after a 1200-K anneal*® were consistent with the present
data. It was observed that the peak counting rate N mea-
sured at room temperature was much lower than those
found after annealing at 880 K (see Fig. 4). Amorphous
Cu;yoZry crystallizes into two separate phases having com-
positions of Cu—10 at.% Zr and Zr,Cu, respectively.
Moreover, the full angular correlation curve after the
high-temperature anneal was very close to that for an-
nealed Zr,'*® thus possibly indicating that positrons are
annihilating preferentially in a Zr-rich region.

It is interesting to note that the annealed reference value
of Ey=3500 eV corresponds to a positron diffusion coef-
ficient of D ~0.1 cm?/sec, which is slightly less than the
values found for annealed metals (0.3—1.5 cm?/sec). Al-
though very little experimental data exist for positron dif-

1.0 L N
4ss =
w
«Z [+ 4
w 0.99 o
i 15 g
*® <
S 098 @
z 453 &
o w
(W) a
x 097 £
3 152 &
a w
96 | z
0. 45 4
- f : : }
3000 [ 3
2000 -
=
=
.7 1000 i
0 1 1 1 1
400 600 800 1000
TEMPERATURE (K)
FIG. 5. Lower part: E, vs temperature in amorphous
CuspZrsp. The heat-treatment cycle is 300— 750— 300— 1000

K. T,=720 K is the crystallization temperature and T,, =1160
K is the melting temperature. Open circles: temperature as-
cending; solid circles: temperature descending. Upper part:
Peak counting rate N vs temperature during initial heating of
CusoZrs (triangles). The line-shape parameter S of the 511-keV
annihilation line recorded simultaneously with the E, data dur-
ing initial heating of the specimen (circles).
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fusion in alloys, present results indicate that at room tem-
perature the positron-impurity scattering does not play a
crucial role.

E. Diffusion length in CusoZrs

Figure 5 shows the E, values in a CusyZrs, metallic
glass. The as-received value is again low; E;=270140 eV
corresponding to L , =6%+1 A. Inthe vicinity of crystalli-
zation at 7, =720 K (Ref. 49) an irreversible change in E,
occurs, and further cooling to room temperature reduces it
only slightly. Heating the specimen again shows no hys-
teresis. A strong increase in E; occurs at about 950 K
and continues up to 1020 K in a similar way to what was
observed for CuzyZry, (Fig. 4). Assuming that the refer-
ence level of E, is identical to that found in Cu;pZry
(3500 eV) we obtain trapping rates close to those for the
previous sample (see Table I). The structural changes seen
as an increase in E; in Fig. 5 seem to occur in two steps
(at around 720 K and above 900 K). This type of process
was also observed using differential scanning
calorimetry,” where it was argued that the crystallization
into CuZr proceeds via a metastable phase formed at
~720 K.

We attempted to couple the observed changes in E; to
the angular correlation peak counting rate ﬁ, measured
using a similar specimen,'® by recording the line-shape pa-
rameter S (Ref. 3) during the initial heating of the
CusoZrsy sample. A fixed-positron-beam energy (E =5.5
keV) was used so that the influence of positronium forma-
tion at the surface was very small (F <5%). The extract-
ed S values represent positrons annihilating predominantly
in the bulk material. Figure 5 shows both N (Ref. 18) and
the S values that were measured simultaneously with the
Ps fraction data (E, in Fig. 5) up to 700 K. While N de-
creases much stronger than S around 400 K, heating
above 600 K causes the measured S~51% to increase
strongly (to S=55%) in agreement with the angular
correlation measurements. However, we noticed above
700 K that S was significantly dependent on the incident
positron energy in the range of 5—8 keV. The sample was
cooled to room temperature during which the positron
diffusion length was measured (solid circles in Fig. 5), and
we then measured both F and S as a function of the
incident-beam energy. The results are shown in Fig. 6.
The solid line for F(E) is the result of the nonlinear fit to
Eq. (2) yielding E,=600%50 eV. However, the S(E)
values are not proportional to F(E); the shapes of the two
curves are markedly different. The line-shape parameter
does not saturate to a bulk value characterizing the struc-
ture of the specimen even with the highest incident ener-
gies used (E ~8 keV). A fit of the S(E) data to an expres-
sion analogous to Eq. (3) gives an apparent value of
E(~3500 keV. This value seems to point towards much
smaller defect concentrations when compared with those
shown in Table I.

Similar line-shape parameter measurements utilizing a
variable-energy positron beam have recently been report-
ed?®*! in some amorphous metals at room temperature.
The E, values and the general behavior of S(E) obtained
were in fact very similar to our results. For a NiSi;,B;,
sample, for example, a value of Ey=3.68 keV was ob-
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FIG. 6. The fraction F of positronium emission and the line-
shape parameter S of the Doppler-broadened annihilation line as
a function of the incident positron energy in the CusoZrs, alloy.
The sample has been heat treated at 750 K and cooled to room
temperature (see Fig. 5). The different shape of the curves sug-
gests that the structure of the specimen is strongly dependent on
the distance from the surface up to depths of at least 1500 A.

tained.?° It is interesting to note that in spite of the much
higher E, values obtained from the line-shape measure-
ments (as compared to the Ps fraction data), Kogel and
Triftshiuser’® estimated very similar trapping rates and
defect concentrations to those shown in Table I. The
reason for this apparent agreement is their use of a much
higher “defect-free” reference value for E, (8.28 keV),
which they measured for a well-annealed Ni crystal. On
the basis of our annealing results, however, it seems un-
likely that the diffusion length in well-annealed crystal-
lized alloys would be so high.

The reason for the different dependence of S and F on
the incident positron energy is not clear. One would ex-
pect, and indeed it is true for well-annealed nickel and sil-
icon, that both methods should yield very similar values
of E, (Ref. 20 and unpublished data). Based on the as-
sumption of a spatially homogeneous sample composition
and structure, a simple diffusion model predicts the same
energy dependence for both.2">! The large discrepancy
between the shapes of S (E) and F(E) curves in Fig. 6 sug-
gests that the specimen is inhomogeneous as a function of
the depth from the surface. Since the type and concentra-
tion of open-volume defects is the key factor in determin-
ing the shape of the annihilation line, we conclude that an
inhomogeneous defect profile exists within the sample.
Various reactions occurring during crystallization, like the
precipitation process and densities of the crystal nu-
cleation sites, may be affected by the presence of the sur-
face. Alternatively, it may reflect the inhomogeneous
structure of the sample in the amorphous state.

F. Diffusion length in Gdg;Cos;

Our deduced values of E; during annealing of Gdg;Cos3
are shown in Fig. 7. The initial value of E, is again very
low (E;=390%+60 eV with L =842 A), which we as-
cribe to positron trapping into structural defects. During
the initial heating (curve a) E, remains roughly constant
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FIG. 7. Lower part: E, vs temperature in amorphous
Gdg;Cos;. The heat-treatment cycle is a—d. T,=513 K and
T,,=983 K are the crystallization and melting temperatures,
respectively. Upper part: The angular correlation peak count-
ing rate N during a similar heat-treatment cycle (Refs. 25 and
48).

until it increases strongly above 600 K. Structural change
caused by the crystallization process is signaled by the dif-
ferent behavior of E; (curve b in Fig. 7) during cooling
down to room temperature. However, E, resumes its
original value at 300 K. Further annealing (curve ¢) to
960 K (the melting point of the material is T,, =983 K)
(Ref. 47) results in a reversible curve d, which shows a
small hysteresis (=~10°C) during a number of subsequent
cooling and heating cycles done at approximately
0.5°C/min. Indications of a slightly larger hysteresis
phenomenon in E, were found using higher (> 1°C/min)
heating and cooling rates.

In this alloy we fail to obtain a high level of E, at room
temperature, which indicates that positrons always annihi-
late in localized regions of the sample at 300 K. In fact,
E, stays close to the initial value (390 eV) even after
several hours of annealing at 960 K. Taking 2200 eV as a
lower limit for the “defect-free” reference level, we ob-
tain  Kker>1.5X 102 sec™! corresponding to  Cype
>1.5% (vacancy-type traps), cgig > 1.5%X 10" cm~? (line
defects), or 7<380 A (grain-boundary trapping) in the
as-received state at room temperature (see Table I).

The reason for the low E, at room temperature after
annealing (curved) could be the existence of defects (e.g.,
grain boundaries), which we are unable to remove by an-
nealing at 960 K. An alternate explanation could be based
on a different positron chemical potential between the two
existing phases (Gd, Co and Gd;Co, Ref. 52) which would
allow the positron to reduce its zero-point energy by mov-
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ing into (preferentially) one of the phases. After the
present experiments transmission and scanning electron
micrographs were taken of the Gdg;Cos; sample at 300 K.
As expected from the phase diagram®' two different
phases were observed with size distributions ranging from
0.5 to 2 um. In addition, lamellar substructure within one
of the phases was detected, with unit dimensions on the
order of 1000 A. X- -ray diffraction measurements were
also performed in the amorphous and annealed specimens.
While diffraction peaks were not observed in the first
case, only three peaks (with relatively low intensity) were
detected in the crystallized alloy. The structures of the
two phases expected (Gd;Co and Gd,Co) could not be
identified because of the small number of diffraction
peaks.

Angular correlation studies with similarly prepared
samples and heat treatments reported earlier’ are also
shown in Fig. 7. A very small decrease in the peak count-
ing rate N is observed at the crystallization temperature
followed by a slightly larger decrease around 700 K (curve
a). Cooling from 740 K results in an almost-
temperature-independent branch b, which is reversible
(curve ¢). A reversible behavior (curve d) is seen after a
900-K anneal similar to the present results. The peak
counting rate N is smallest at room temperature and it in-
creases in a sigmoidal way similar to the E, data up to
900 K. The major difference between the two experiments
is a shift in temperature of about 60°C. This change in
the mean value of the sigmoidal part of the curve may be
ascribed to the different heating rates between the two ex-
periments. To check the possibility of positron localiza-
tion in one of the two phases angular correlation peak rate
N was measured®® for the nominally single-phase material
Gd;Co (<2 mol % Gd,Co). N was observed to increase
much stronger than in annealed metals but weaker than in
the crystallized Gdg;Cos; specimen in the temperature
range 500—750 K, and the shape of N versus temperature
was sample dependent. Thus we can argue that a residual
second phase is still present in the samples capable for
positron trapping.

An increased peak counting rate Nis normally attribut-
ed to a higher positron trapping rate. This would imply
that the angular correlation results completely contradict
the present data. From the angular correlation results it
was concluded® that a delocalized positron state exists at
room temperature, and the S-shaped increase in N cen-
tered at 530 K is due to positron trapping at thermally
generated monovacancies in this alloy. Application of the
standard trappmg model*® yielded a monovacancy forma-
tion energy of Ef,=0.63+0.08 eV. Our results indicate
not only very high trapping at room temperature, but also
show that significant positron trapping remains at higher
temperatures after the sigmoidal increase in E,. We can
estimate the trapping rate to be k.g> 2% 10'° sec—! at 600
K.

One straightforward explanation to resolve the
discrepancy between the two results is to assume that all
positrons are trapped predominantly into low-binding-
energy traps at room temperature with annihilation
characteristics similar to a delocalized positron state in
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the crystalline alloy. Above 400 K positrons are thermal-
ly detrapped from the shallow traps and still have a high
probability to be localized into a lower concentration of
deeper positron traps. Fitting the sigmoidal increase of
E, to the model of thermal detrapping of positrons®? a
positron-defect binding energy of 0.7+0.06 eV is ob-
tained. Thus the total trapping probability decreases re-
sulting in an increase in E,, while the angular correlation
curve, reflecting the annihilation characteristics of deeper
positron traps, becomes narrower. However, this cannot
explain the temperature hysteresis found on this system.

Another mechanism to account for the increased posi-
tron trapping with temperature could be precipitation or
phase-separation phenomena. The phase diagram of Gd-
Co system at 67 at.% Gd assumes a mixture of two
phases (CoGd, and CoGd;) at room temperature. If a
miscibility gap between the two phases exists, then the rel-
ative fractions of the phases as well as the area of the
phase boundaries depend both on sample temperature and
on heating and cooling rates of the specimen. This can
account for the hysteresis phenomena observed in the pos-
itron diffusion length and the temperature shift of the sig-
moidal increase of N and E, in Fig. 7. The large change
in N versus temperature that is observed in Fig. 7 is asso-
ciated with the different momentum spectra observed
from the two different phases (see Fig. 1 in Ref. 18). The
angular correlation results after water quenching from 880
K (Ref. 18) can also be understood in the context of this
model, since the high-temperature thermal-equilibrium
phases are not obtained during the rapid quench.

No signs of thermal vacancy trapping in this material
were observed, even through the diffusion length was mea-
sured up to 50°C from the melting temperature. This is
likely due to competing positron trapping into a much
higher concentration of defects that are not removable by
annealing.

V. CONCLUSIONS

We have measured the temperature dependence of the
effective positron diffusion length in various metallic
glasses with a variable-energy positron beam. In the as-
received state an extremely short diffusion length
(L, =10 A) sensitive to the type of the specimen was ob-
served, which is more than 2 orders of magnitude smaller
than that in annealed crystalline metals. We ascribe this
to positron trapping into open-volume defects inherently
present in the amorphous structure. The defect density in
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the metal-metalloid glasses is generally lower than in the
metal-metal glasses. This is thought to be due to the pres-
ence of undersized boron atoms, which partially fill the
open-volume areas otherwise capable of localizing posi-
trons. We show evidence that the binding energy of posi-
trons into these defects is relatively small, resulting in pos-
itron thermal detrapping in the amorphous phase. Al-
though our measurements cannot provide conclusive in-
formation on the nature of these defects, the present data
are consistent with a variety of different traps some of
which may be Bernal holes of the DRPHS model with a
concentration of the order of 1%. Alternatively, an
equivalent line-defect (quasi-dislocation) concentration
around 10" cm~? would fit our data. A simple model of
micrograin boundary trapping of positrons could not be
made to fit the results with physically reasonable parame-
ters.

Heating the specimen below the crystallization tempera-
ture causes both reversible and irreversible changes in the
positron diffusion length. They are considered to be due
to thermal detrapping from the low-binding-energy de-
fects and structural relaxation of the amorphous structure,
respectively. A crystallization of 7, causes gradual
changes in the trapping rate with a different temperature-
dependent behavior. Annealings several hundred degrees
above T, are needed to reduce the trapping rates signifi-
cantly in most specimens. Annealing close to the melting
point results in a positron state with a degree of localiza-
tion highly dependent on the particular glass. Both amor-
phous and crystalline phases contain a spectrum of dif-
ferent positron traps with varying binding energies. Very
little evidence of thermal generation of vacancies is ob-
served. Our measurements also show strong indications of
an inhomogeneous defect profile near the surface of a
crystallized alloy, suggesting that the presence of the sur-
face affects the crystallization and precipitation processes,
or reflecting the inhomogeneous structure of the as-
prepared amorphous metal.
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