
PHYSICAL REVIEW B VOLUME 38, NUMBER 14 15 NOVEMBER 1988-I
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Nanometer-sized polycrysta11ine materials are polycrystals prepared by compacting very small
crystallites (5-10 nm in diameter) under high pressures. The initial studies of Gleiter and co-
workers indicate a wide distribution of interatomic distances within the disordered intercrystalline
phase, which can be investigated accurately due to its high relative volume fraction in these materi-
als. In the present paper the investigation of nanometer-sized Fe polycrystals by positron lifetime
spectroscopy is reported. The inhuence of the compacting pressure and thermal annealing was
studied. The positron lifetimes ~&

——180+15 ps, ~2 ——360+30 ps, and long-lived components between
1 and 5 ns, have been observed with saturation trapping of positrons. These values are different
from the positron lifetimes in well-annealed bulk iron, in amorphous iron alloys, or in the uncom-
pacted fine nanometer-sized iron crystals (~=443 ps). Based on the present results the lifetime v. , in
nanometer-sized Fe polycrystals is attributed to positron trapping in vacancy-size free volumes in
the crystallite interfaces. This is in agreement with the hypothesis of an interfacial structure with a
wide distribution of interatomic distances. The lifetime ~2 is ascribed to positron annihilation in mi-
crovoids at the intersections of interfaces. Hence, positron lifetime spectroscopy on nanometer-
sized polycrystalline materials appears to supply a specific tool for studying the interfacial structure
of solids. The long-lived components indicate ortho-positronium (0-Ps) formation in larger voids.

I. INTRODUCTION

The physical, metallurgical, and chemical potentials of
materials are controlled by their microstructural charac-
teristics. In search of novel properties of solid materials,
Gleiter and co-workers' have initiated studies of poly-
crystals with very small crystallite sizes (5 —10 nm) which
are called nanometer-sized polycrystalline materials, or,
abbreviated, nanocrystalline materials.

From the first experiments' indication for a disor-
dered structure without atomic short-range order in the
interfaces between the small crystallites have been found.
This solid state structure which differs substantially from
fully periodic crystals or the short-range ordered amor-
phous materials ' and quasicrystals is expected to show
novel physical properties and may promise new applica-
tions in materials science and engineering.

In a simple model of a one-component nanocrystalline
material, two types of atomic environments and therefore
two structural phases may be discerned (see Fig. 1): (i)
Atoms within the crystallites with distances to the sur-
rounding atoms according to the lattice translation vec-
tors, and (ii) atoms in the crystallite interfaces with neigh-
boring atoms from two or more crystallites of random
mutual orientation relationships.

Due to the great number of different structures of the
interfaces, a wide distribution of interatomic distances in
the interfaces is expected. This will manifest itself as a

component without atomic short-range order in macro-
scopically averaging measurements. The structure of this
component is stabilized due to the boundary conditions
given by the skeleton of the small crystallites.

Assuming an interface thickness of 1-2 nm, the
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FIG. 1. Simple two-dimensional model of a nanocrystalline
material (Ref. 3). The solid line separates the crystalline and the
interfacial phase which, in this model, contains one atomic sur-
face layer of the adjoining crystallites without atomic relaxa-
tion.
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volume fraction of the interfacial component can be es-
timated as 10—50% for crystallite sizes between 3 and 10
nm. This makes, in contrast to measurements on conven-
tional polycrystals, precise scattering and material-
transport studies on the structure feasible.

Up to now the measuring techniques used to study
nanocrystalline materials have been x-ray diffraction with
comparative model calculations of the interference func-
tion, high-resolution electron microscopy, observation
of crystal growth during heat treatment, measurements
of the specific heat C, and the magnetic susceptibility, '

as well as Mossbauer spectroscopy. "
Positron-annihilation experiments have been per-

formed on fine metal powders since the early applications
of this technique in order to study surface states. '

In the present paper the results of positron lifetime
spectroscopy' ' on nanometer-sized polycrystalline iron
are reported. First results were communicated recent-
ly. ' Positron lifetime spectroscopy is particularly well
suited for studying defects in crystals' ' ' and structur-
al fluctuations in amorphous materials ' and can supply
an estimate of free volumes in condensed matter.

As we shall see in the following sections, positrons can
rapidly escape from the small undisturbed crystallites in
the nanocrystalline material because their mean diffusion
length is much longer than the crystallite size. When
trapped in the disordered interfaces or voids, their life-
times yield new structural information.

II. EXPERIMENTAL PROCEDURE

A. Preparation of the spenmens

The nanocrystals with a mean diameter of 6 nm (Ref.
8) were prepared by using the method of metal evapora-
tion (99.99%-pure Fe) and condensation in a high-purity
noble-gas atmosphere. ' After evacuation of the noble
gas the fine iron powder was compacted in high vacuum
(p & 10 ' Pa) under various mechanical pressures
(10&p & 140 MPa) to disk-shaped pellets (5 mm in diam-
eter, -0. 1 mm thick, density 4 g/cm ). These pellets
were transferred under high vacuum into a glass vial
which was melted off from the recipient in order to trans-
port the pellets to the positron laboratory.

For applying higher pressures up to 4.5 GPa the pellets
were transferred from the first compacting stage under
high vacuum to a second stage. These highly compacted
pellets (6 mm in diameter, 50 pm thick, density about 6.3
g/cm } were filled under atmospheric pressure into a
transport vial which finally was evacuated. No chemical
change due to gas penetration into the 4.5-GPa pellets
could be observed by Mossbauer spectroscopy. By mass
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FIG. 2. High vacuum transfer of the iron pellets from the
transport glass vial to the measuring vial where they are assem-
bled with the positron source to the measuring sandwich (left-
hand side). On the right-hand side the glass vial for positron
lifetime measurements on uncompacted iron powder is shown.
The NaC1 positron source was prepared on a glass foil accord-
ing to Dezsi et al. (Ref. 24).

spectrometry, electron spectroscopy for chemical analysis
(ESCA), and atomic-absorption analysis an impurity con-
centration of less than 0.5 wt. % has been determined.

In the positron laboratory the pellets were transferred
under high vacuum into the measuring vial (see Fig. 2),
where the positron source (activity l. 3 X 10 Bq of NaC1
packed in a 0.8-ium-thick Al foil} was located between
two pellets on each side. Finally, well-annealed polycrys-
talline iron disks (100 ium thick) were positioned on each
face of the sandwich in order to detect, by their short life-
times, those positrons which could escape from the pel-
lets. For the measurements and the annealing treatments
the glass vial (Fig. 2) containing the source-specimen
sandwich was melted off under high vacuum.

For comparative measurements uncompacted iron
nanocrystals ("iron powder") were transferred under high
vacuum in the same manner as the pellets into a glass vial
(Fig. 2) which contained a well-annealed Ta cup (wall
thickness 0.1 mm) with a positron source ( NaC1,
1.3)&10 Bq) difFused into a thin (1 mg/cm ) Jena-glass
foil. z In this arrangement it is estimated that 96% of
the positrons are annihilated within the powder assuming
a volume density of 0.23 g/cm .

For measurements of the bulk lifetime ~f in iron, a
coarse-grained polycrystalline hollow Fe cylinder was
machined from the same material as used for the prepara-
tion of the nanocrystals. After etching and annealing (5 h
at 1000'C) the NaCl positron source (0. 15X10 Bq)
was deposited in the specimen hole.

The positron lifetime spectra were measured at am-

TABLE I. Type and size of the scintillators, as well as time resolutions of the positron lifetime spec-
trometers used.

Spectrometer

Scintillators
(Height) x(diameter) (mm )

Time resolution
full width at half maximum (FTHM) in (ps)

Pilot U
20x 20

210

Pilot U
35x 35

310

BaF2
19x19

190
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bient temperature or at —196'C. In the isochronal an-
nealing treatments annealing times of 20 min were ap-
plied with subsequent measurements at room tempera-
ture.

440"&

&)(ps)--

(a)

B. Positron lifetime measurements and data analysis

For the positron lifetime measurements fast-
slow —coincidence spectrometers with either plastic (spec-
trometers 1 and 2) or BaF2 scintillators (spectrometer 3)
were used. The time drifts did not exceed 2 ps per week.

The experimental time resolutions of the spectrometers
(see Table I) that were utilized to perform multicom-
ponent analyses of the measured lifetime spectra
( 3 X 10 —7 X 10 coincidences) were determined by apply-
ing the computer program RESOLUTtON (Ref. 27) to sim-
ple lifetime spectra measured on well-annealed Fe disks
with the same sandwich geometry as in the studies of the
pellets. The time-resolution functions obtained in this
way are considered to be reliable since measurements
with the various spectrometers on the same iron speci-
men yielded the same values of the lifetimes within exper-
imental uncertainty. In decomposing the lifetime spectra
by four-component analyses, variances of the numerical
fits between 0.98 and 1.15 were obtained.
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III. EXPERIMENTAL RESULTS

A general comparison of the positron lifetime in com-
pacted nanometer-sized Fe polycrystals (pellets) with the
lifetimes in uncompacted ultrafine Fe crystallites (Fe
powder), in the amorphous alloy Fes~ 2B,4 s, and in poly-
crystalline bulk iron is given in Fig. 3, showing the corre-
sponding lifetime spectra.

The mean positron lifetimes deduced from the initial
slope appears to be decisively longer in the pellets
[r =(I~1,+Ip12)/(I, +I2)=274 ps; see below] than in
the amorphous alloy (r=142 ps; see Ref. 23) or the bulk
lifetime ~f ——106 ps of the coarse-grained polycrystalline
Fe specimen, but shorter than in the ultrafine iron
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FIG. 3. Positron lifetime spectra on (a) uncompacted Fe
powder, (b) a nanocrystalline Fe specimen (p =S6 MPa), (c) the
amorphous Fe85 2B&48 alloy, and (d) polycrystalline bulk iron,
with the background of the spectra subtracted.

FIG. 4. Time constants and intensities of the components of
the lifetime spectra measured on Fe pellets after compacting at
room temperature as a function of the compacting pressure p.
The values for p =0 refer to the measurements on uncompacted
nanocrystalline Fe powder. (a) Time constants ~l and ~2 as well
as the intensity ratio I, /I2. (b) Time constants ~3, ~4 and the in-
tensity I3+I4. At p =140 Pa and 4.5 GPa only one experirnen-
tal point is given in the diagrams for ~3 and ~4, respectively, be-
cause only one long-lived component is observed in these spec-
tra.
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powder (F'=412 ps). Furthermore, the pellets show an
intense long-lived component in contrast to the amor-
phous or the polycrystalline specimen.

A multicomponent analysis of the lifetime spectrum on
nanometer-sized polycrystalline iron (56 MPa, see Fig. 3)
reveals the two major components with the intensities I,
and I2 (see Fig. 4) and time constants r, =187+4 ps and

~z ——365+10 ps as we11 as two long-lived contributions of
about r3 130——0 ps and x~=4000 ps. These time constants
are all considerably longer than the free hfetime in crys-
talline iron or the main component in amorphous Fe al-
loys. Short-lived components with lifetimes between 30
and 140 ps were particularly searched for in the numeri-
cal analysis of the measurements at ambient temperature,
but could not be detected. The above lifetimes and inten-
sities do not change beyond the uncertainty limits (Fig. 4)
if, prior to the numerical analysis, corrections for annihi-
lations in the source materials and in the carrier Al foils
are subtracted.

The lifetimes ~, , ~z, ~3, and r4 are to be considered as
characteristic values representing the centers of mass of a
certain lifetime distribution. For determining the widths
of these distributions, still higher measuring statistics are
required. At the highest compacting pressure used in the
present experiments only one long-lived component could
be resolved [see Fig. 4(b)].

In the Fe-powder specimen the annihilated positrons
predominantly have a lifetime of 7.

z
——443+5 ps

(Iz ——0.84). There is a small additional component with
about r&

——200 ps (I
&

——0. 13) and a weak long-lived tail.

A. Influence of the compacting pressure
on the positron lifetime spectra

As seen in Fig. 3, the mean positron lifetime F de-
creases considerably by compacting the iron powder to
nanometer-sized polycrystalline solids. The numerical
analysis of the lifetime spectra measured on pellets after
preparation under various pressures [see Figs. 4(a) and
4(b)] shows that this decrease is due to an increase of the
intensity I, of the short-lived component up to 56 MPa.
The time constants v.

&
and ~z appear to show only small

variations with compacting pressure, which are indicated
by the limits given in Table II and which hardly exceed
the numerical uncertainties. In Fig. 4 the values of the
uncompacted Fe powder are indicated at p =0. A de-
crease of the intensity ratio I&/I2 appears to occur at
high pressures [Fig. 4(a)). Furthermore, the intensities of

the long-lived components which are high after slight
compacting (I3+I~=0.19 for p =10 MPa) decrease with
increasing pressure.

B. Annealing behavior

Isochronal annealing experiments have been performed
on nanocrystalline iron specimens compacted under vari-
ous pressures (10 MPa, 140 MPa, and 4.5 GPa). Results
are given for annealing temperatures T, & 320'C. Above
this temperature a considerable thermal deformation of
the pellets and a geometric change of the sandwich ar-
rangement was observed. The following characteristic
features of the annealing behavior common for nanocrys-
talline iron compacted under various pressures may be
pointed out.

(i) The lifetimes r, =l 80+1 5 ps and r2 ——360+30 ps
which are dominant for all compacting pressures are in-
dependent of the annealing temperature within the above
limits (see Table II) between 23 and 300'C [Figs. 5(a) and
6(a)].

(ii) A general increase of the intensities I3 and I4 of the
long-lived components is observed up to 155'C. Above
this temperature a decrease [Figs. 5(b), 6(b}, and 7] is no-
ticed. The mean positron lifetimes of the spectra which
are substantially determined by the long-lived com-
ponents show a maximum at T, -150'C (Fig. 8). This
behavior appears to be independent of the compacting
pressure.

(iii) The intensities of the long-lived components, I3
and I4, measured at room temperature after annealing at
'r, & 250'C slightly increase (within hours) with time.

(iv) Highly compacted pellets (4.5 GPa; Fig. 7) differ in
their annealing behavior from specimens with lower com-
pacting pressure [see Figs. 5(b) and 6(b)] by the total an-
nealing out of the long-lived components above 200'C.
Measurements at ambient temperature show these com-
ponents to be independent of time after annealing above
ambient temperature.

C. Variation of the lifetime spectra with temperature

From ambient temperature to —196'C the intensity I,
of the short-lived component (p =56 MPa} slightly in-
creases at the expense of Iz without any significant
change of v&, ~&, or the long-lived components.

In uncompacted nanocrystalline Fe powder a weak in-
crease of I, is observed between —196 and + 125'C,
whereas ~z and Iz are constant. An incI'ease of I3 after
annealing at 125'C has been found.

TABLE II. Positron lifetime (in ps) measured on nanocrystalline Fe specimens and uncompacted 6-
nm Fe crystallites. The limits given for ~1 and ~2 cover the experimental uncertainties and small varia-
tions which may occur with the variation of the compacting pressure or during annealing.

Nanocrystalline
Fe specimen

Uncompacted
6-nm Fe crystallites

180+15

200+20

r2

360+30

443+5

1200+200

1350+50

74
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D. Positron lifetime measurements

on plastically deformed iron

In order to measure the lifetime of positrons trapped at
dislocations, a hollow cylinder of the same material as
used for the nanometer-sized polycrystalline specimens
(Sec. II A) was plastically deformed at room temperature
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FIG. 5. Lifetime components measured at room temperature
after isochronal annealing at the temperature T, {t,=20 min)
on Fe pellets compacted with p =10 MPa. (a) Time constants
7 ), 72 and intensities I& ( )& ) and I2 (~). (b) Time constants T3 74

and the intensity I3+I4.

FIG. 6. Lifetime components measured at room temperature
after isochronal annealing at the temperature T, (t, =20 min)
on Fe pellets compacted with p =140 MPa. (a) Time constants

T), 72 and intensities I, ( )& ) and I2 {0).(b) Time constant v3 and
intensity I3.
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IV. DISCUSSION
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FIG. 7. Time constant w3 and intensity I3 measured at room
temperature after isochronal annealing at the temperature T,
(t, =20 min) on Fe pellets compacted with p =4.5 Gpa.

by compression perpendicular to the cylinder axis. The
lifetime ~2

——167+5 ps observed with an intensity of
I2 ——0.65 is similar to values observed earlier. Dur-
ing isothermal measurements at room temperature fol-
lowing plastic deformation, the mean lifetime decreases
within 1 d by about 8%, indicating the recovery of
point-defect positron traps which exist in addition to
dislocations. At present, it is not clear what the nature of
the trapping site on a dislocation really is. According to
the detailed investigation of Tanigawa et al. ,

' jogs or
vacancies bound to dislocations may act as traps.

Considering the analysis of the positron lifetime spec-
tra (Fig. 4), we find that all positrons injected into the
nanometer-sized polycrystalline Fe specimen are annihi-
lated with lifetimes clearly longer than in the delocalized
free state (rf ——106 ps) in a bulk iron crystal. Thus we
conclude that all positrons are localized at traps before
annihilation. In this case of saturation trapping only a
rough estimate of the concentration ratios of difFerent
types of traps can be given. In the following the positron
lifetimes r, ("short"), r2 ("intermediate"), as well as r3
and r4 ("long" ) will be discussed and an association with
the structural elements of the nanocrystalline iron ma-
terial will be attempted.

A. Positron annihilation in the crystalline interfaces

The shortest positron lifetime, ~, =180+15 ps, which
has been observed in all nanometer-sized polycrystalline
Fe specimens with considerable intensity, is very similar
to the lifetime v ~„——175 ps of positrons in monovacancies
in Fe bulk crystals. ' A slightly lower value, ~d ——167
ps (see Sec. III D), is correlated to positron annihilation
at dislocations.

%e attribute the time constant ~, to positron trapping
and annihilation at free volumes of approximately the
size of a monovacancy in the crystallite interfaces of the
nanocrystalline material (see Fig. 9) on the basis of the
following evidence.

Free monovacancies within the crystallites or
vacancy-carbon pairs (which may be produced due to im-
purity contamination during specimen preparation) are

1.0--

q (ns)

100 200 300
Annealing Temperature T, ('C)

FIG. 8. Mean lifetimes 7 measured at room temperature after
isochronal annealing at the temperature T, (t, =20 min) on Fe
pellets compacted with p =4.5 Gpa.

FIG. 9. Schematic two-dimensional arrangement of crystal-
lites in a nanocrystalline material. The hatching indicates the
orientation of lattice planes. The atomic structure of the inter-
face is shown schematically in the inset. The various annihila-
tion sites are attributed to the positron lifetimes (1) ~& ——180+15
ps, (2) v2 ——360+30 ps, and (3) 1000(~34(5000 ps, as discussed
in the text.
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not likely as positron traps since these defects are as-
sumed to recover in crystalline iron at temperatures
below

The interpretation of ~, by vacancy-size traps in the
crystallite boundaries is supported by the increase in the
intensity I, with the compacting pressure. A higher

compacting pressure is assumed to increase the interfa-
cial area and thereby the overall density of vacancy-size
traps. In a similar way Mossbauer experiments"
show —in addition to the characteristic spectrum of a-
iron —with increasing compacting pressure an intensity
increase of a new broadened component which is attri-
buted to a broad distribution of the hyperfine fields at the
Mossbauer probe due to a wide distribution of interatom-
ic distances. Such a distribution of interatomic distances
in the interfaces has been also evidenced by x-ray-
diffraction experiments and correlated simulation calcula-
tions. Therefore, the observation of vacancy-size free
volumes by positron lifetime measurements in the nano-
crystalline interfaces is in good accordance with an atom-
ic structure of the interfaces without short-range order
and with a wide interatomic distance distribution.

In the nanocrystalline iron no lifetimes rf (~(180 ps
characteristic for positrons trapped at free volumes
smaller than vacancies such as in amorphous metals
could be observed. This could mean that smaller free
volumes which may exist in the interfaces do not
effectively trap positrons particularly in competition with
strong traps of vacancy size. Some indication for posi-
tron trapping at "shallow" traps at low temperatures and
thermally activated detrapping at higher temperatures
may be deduced from the temperature behavior of the ra-
tio I, /Iz which decreases with increasing measuring tem-

peratures between —196'C and ambient temperature (see
Sec. III C).

In a few investigations performed on fine-grained Zn-
Al alloys in order to study grain-boundary or phase-
boundary properties, positron lifetimes similar to
those of lattice vacancies in the pure metals have been re-
ported. However, in contrast to single-component nano-
crystalline materials, the interpretation of these results
may be hindered by positron trapping at stable vacancy-
dopant complexes ' or precipitates. Furthermore, in
these alloys with grain sizes & 1 pm, positron trapping at
dislocations may occur.

In the case of the nanocrystalline iron specimens the
positron lifetime ~&

——180 ps seems unlikely to be due to
positron trapping at dislocations, yielding a considerably
smaller value (see Sec. III D).

7p— + go, C,

is the residence time of positrons in the delocalized lattice
state. The C; denote the concentrations of various types,
i, of traps, and the cr; denote the corresponding specific
trapping rates. A negligible value 7p((7f appears to be
reasonable because, due to their long diffusion length

L+ =100 nm in crystalline bulk metals, the therrnal-
ized positrons may nearly quantitatively attain the sur-
face of the 6-nm crystallites in the nanocrystalline Fe ma-
terial and be trapped at interfacial vacancies, microvoids,
or larger voids.

In this case of saturation trapping the trapping rates
cr; C, , which are correlated to the intensities by

I; =o;C; /( 1/ro —1 /r; )

according to the trapping model, cannot be determined
experimentally. However, ratios like

o.
) C) /%2C2 I1/I2 (3)

about 0.6 nm. The presence of free volumes of this size
may be plausible if we assume that the atomic positions
near the center of such a boundary intersection are unsta-
ble in the case of strongly differing orientations of the ad-
joining crystallites.

In the above interpretation the persistance of the inter-
mediate lifetime during annealing (see Sec. IV D) and ini-
tial crystallite growth finds a natural explanation be-
cause such intersection sites continue to exist and can act
as positron traps as long as the crystallites are consider-
ably smaller than the positron diffusion length.

We cannot exclude that specific trapping sites in larger
voids such as surface defects stable to the present anneal-
ing procedure may contribute to the intermediate-lifetime
component. Particularly, edges and corners at the peri-
phery of a larger void (one or several crystallites missing,
see Fig. 9) may act as positron traps with lifetimes similar
to that of interfacial intersections.

Some comments should be made concerning the con-
centration of positron traps in nanometer-sized polycrys-
talline Fe. No short lifetime, ro & r&, could be detected in

the spectra where

B. The intermediate lifetime

The lifetime ~2 ——360+30 ps observed with high intensi-

ty in the lifetime spectra on nanocrystalline iron is attri-
buted to positrons trapped at free volumes at the intersec-
tions of two or three crystallite interfaces (see Fig. 9).
These intersections may be considered to have shapes like
pipes or microvoids, respectively. In bulk iron crystals
the above lifetime value is expected for agglomerates of
about 10-15 vacancies with a spherical diameter of

can be derived. Assuming equa1 trapping rates per unit
area for interfaces with vacancy defects between the crys-
tallites (see Sec. IV A) or for the crystallite-microvoid in-
terfaces the area ratio of the two types of interfaces may
be estimated to 0.5 —1 [see Fig. 4(a)] using the experimen-
tal values for I, /I2. This is in reasonable agreement with
the area ratio of these interface types in increasingly com-
pacted 6-nm crystallites.

The decrease of I, /I2 for higher pressures (p ) 140
MPa) may be due to a saturation behavior of the forma-
tion of new interfaces and a decrease of the number of va-
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cancylike free volumes in the interfaces arising from in-
teratomic relaxation processes during the plastic defor-
mation of crystallites at high compaction pressures.

C. The long lifetimes and positronium formation

Positron lifetimes longer than 1 ns, as observed in the
nanocrystalline Fe specimens (r3=1300 ps, r4=4000 ps)
with intensities between 10% and 30% [see Figs. 4(b),
5(b), 6(b), and 7], indicate the forination of ortho-
positronium (o-Ps) at the internal surfaces of larger voids.
Pores with diameters of about 1 pm have been observed
by optical microscopy. The free lifetime ~=142 ns of o-
Ps in vacuum is assumed to be reduced to a few
nanoseconds by transitions to the para-positronium state
(p-Ps, v=123 ps) due to spin-conversion and pickoff pro-
cesses when interacting with the internal surfaces. The
efficiency of these processes, and therefore the o-Ps life-
time in the nanocrystalline Fe pellets, is expected to be
determined by the structure and the contamination' of
these surfaces. The size of the voids may influence the
long-time constants via the collision rate of the Ps atoms
with the wall. ' In the case of iron, magnetic stray fields
at the surfaces may also contribute to the spin conversion
of 0-Ps. The intensity of the long-lived components is
governed by the positron work function and the Ps sur-
face binding energy, which both sensitively depend
on the deposition of foreign atoms on the surface. The
variety of processes which may affect the long-lived corn-
ponents may naturally explain the appearance of a life-
time distribution which may be represented in the present
case by two components after low compacting pressures.
The observation of a single nanosecond component in

highly compacted specimens [4.5 GPa, see Fig. 4(b)]
would then indicate one single type of void, the nature of
which cannot be clarified by means of the present mea-
surements.

In the present experiments on nanocrystalline iron evi-
dence for the influence of surface impurities on Ps forma-
tion may be deduced from the annealing behavior of the
long-lived components (see Sec. IV D).

The much lower intensities of the long-lived com-
ponents measured on uncompacted iron powder com-
pared to the nanocrystalline pellets [see Fig. 4(b)] may
originate from different surface structures of the loose
powder and the voids in compacted pellets. In particular,
a hydrogen contamination of the powder may have
occurred since after preparation this specimen has been
melted off in a quartz vial which at high temperatures is
permeable to the hydrogen of the melting flame. In con-
trast to that, the nanocrystalline pellets have been stored
in Duran glass vials unpermeable to hydrogen.

The interpretation of the reduction of the long-lived
component in the powder by hydrogen contamination is
supported by the experiments of Mogensen et al. ,

' who
observed an increased conversion ratio from 0-Ps to p-Ps
due to hydrogen adsorption on Fe microcrystals.

As discussed above, Ps formation as observed in nano-
crystalline materials depends on a number of various pa-
rameters and only a qualitative interpretation can be sug-
gested at present. However, these experiments show that
high-resolution lifetime measurements on nanocrystalline
materials may represent a useful method to investigate

solid surfaces and positronium formation. Controlled gas
absorption and desorption may further clarify these ques-
tions.

D. Thermal annealing and structural stability

Two main results of the annealing experiments on Fe
pellets of all compaction states investigated may be sum-
marized.

(i) The components with lifetimes of ri ——180 ps and
'p2 =360 ps persist up to 320 'C without significant
changes [Figs. 5(a), 6(a), and Table II].

(ii) The intensities of the components with lifetimes
longer than 1 ns increase up to 150'C and tend to anneal
out above 300'C [Figs. 5(b), 6(b), 7 and 8].

Electron-microscopic studies of Bort on nanocrystalline
iron show that no significant growth of the 6-nm crystal-
lites occurs below 200'C. At 300'C a mean particle di-
ameter of 40 nm is attained. Assuming a mean diffusion
length of L+ ——100 nm, positrons are still expected to
diffuse with high probability from the interior of the crys-
tallites into the traps at interfaces and surfaces without
measurable annihilation in the bulk state. Thus we can
understand that the component ~& attributed to vacancy-
size positron traps in the interfaces does not change visi-
bly with annealing as long as the diffusion length L+
clearly exceeds the crystallite size.

The stability of the intermediate component with

r2 ——360 ps which is assigned to microvoids at boundary
intersections may be interpreted in a similar way because
it does not anneal out up to 320'C.

No significant variations of the positron lifetimes i,
and ~2 exceeding the given uncertainty limits were ob-
served with varying compacting pressure or annealing
temperature. This means that the sizes of the corre-
sponding free volumes of the positron traps are indepen-
dent of compacting pressure or the present annealing
treatment within the limits given in Table II and that
these free volumes have to be considered as structural ele-
ments of the nanocrystalline Fe specimens.

The annealing of the long-lived components is obvious-
ly more complicated since the formation and the lifetime
of positronium depends on the void properties in detail.
So, the increase of I3+I4 up to 150'C may be attributed
to a contamination of the void walls by diffusing gases. A
similar interpretation has been given for increased posi-
tronium formation in voids in Nb and Ta (Ref. 44) during
annealing.

Recovery of surface defects as reported in the case of
Cu layers on W surfaces may also contribute to the in-
crease of Ps formation in the voids.

The decrease of I3+I4 at higher annealing tempera-
tures may originate from gas desorption from the void
surface. The slow reincrease (within hours) observed at
room temperature after annealing below 200 C is then at-
tributed to readsorption of gases from the closed
specimen-container volume onto the void walls. On the
other hand, crystallite growth above 200 C as men-
tioned above will lead to void shrinkage and an intensity
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decrease of the long-lived components. This is expected
particularly in the case of highly compacted materials
with a small total void volume where the long-lived com-
ponents anneal out at T, )250 C [Figs. 6(b) and 7].

In conclusion, the present results show that the
vacancy-size traps in the interfaces and the microvoids at
the intersections of the interfaces have to be considered
as structural elements of the nanocrystalline material.
The decrease of the positronium fraction during anneal-
ing indicates shrinkage of larger voids due to material
transport.

As discussed above, impurity contamination may affect
0-Ps formation in larger voids. It cannot be excluded
that in the present specimens the nature of the traps giv-
ing rise to the positron lifetimes ~, and ~2 may be
influenced by such contaminations. Preparation of speci-
mens of highest purity, ultrahigh-vacuum handling, and
careful characterization have to be aimed at in future ex-
periments.

Positron-annihilation techniques become more and
more valuable for the investigation of surfaces and inter-
faces by using slow-positron beams. Evidently, studies
of nanocrystalline materials may supply similar informa-
tion since positrons with a wide energy distribution from
decay sources are "moderated" within the specimens
with high moderation efficiency and trapped at interfaces
or internal surfaces. Besides that, in studies on nanocrys-
talline specimens positron lifetime measurements with
high time resolution may be utilized for identifying the
annihilation states.

Gas adsorption on surfaces may be studied by diffusing
gases into the nanocrystalline specimens. Furthermore,
depth profiling as performed in slow-positron experi-
ments may be simulated in measurements on nanocrystal-
line specimens by increasing the crystallite size.

E. Positron lifetime in nanocrystalline iron pounder

Since the thermalized positrons can diffuse to the sur-
face of the 6-nm crystallites in times much shorter than
their free lifetime ~f, the dominant time constant,
~2 ——443 ps, in the loosely packed powder is attributed to
annihilation at the surfaces, which in this case act as pos-
itron traps. The question is whether the positrons are an-
nihilated in a Ps state outside the crystallites or in a low-
density surface electron gas. Earlier measurements on
10-nm Ni (Ref. 13) or 100-nm Fe (Ref. 12) powders show
lifetimes similar to those noted in the present experi-
ments. A narrow electron momentum distribution de-
rived from angular-correlation measurements of the an-
nihilation radiation (ACAR) by Tsuchiya et al. ' on 10-
nm Fe crystallites is considered as evidence for p-Ps for-
mation by the authors. Positronium formation on metal
surfaces is well known from slow-positron experiments
and can be detected by 3y annihilation of 0-Ps. The
presently observed lifetime r2 in the nanocrystalline
powder which is smaller than predicted for the 0-
p —conversion limit (500 ps, see Sec. IV C) may be attri-
buted to additional pickoff processes near the surface.

The positron-annihilation data available for surfaces at
present may, on the other hand, be also interpreted by

annihilation of positrons trapped near the surface in a
low-density electron gas with Fermi momenta decreasing
outside the surface. The positron surface lifetime
(r, = 580 ps) obtained from slow-positron experiments on
Al surfaces had been studied by calculating the sur-
face positron wave function and, finally, rough agreement
with the experimental results could be obtained by re-
fraining from the local-density approximation, which is
used for lifetime calculations in the bulk metal. The
lifetime ~2 ——443 ps measured in ultrafine Fe powder may
be compatible with the interpretation based on surface
annihilation states if the higher electron density in iron as
reflected by the lifetime ~f ——106 ps smaller than in Al
(rf = 163 ps; Ref. 17) is taken into account.

From positron age-momentum measurements' on Ag
and Au powders (70 nm) indication for annihilation from
Ps and positron states is derived. Here, positronium an-
nihilation far off the surface may be detected which can
be separated from the surface annihilation in the case of
measuring the two-dimensional angular correlation of the
annihilation radiation (2D ACAR).

The short lifetime, ~, =204+18 ps, measured in nano-
crystalline iron powder with low intensity [see Fig. 4(a)]
is attributed in a similar way as in Sec. IV A to positron
trapping in interfacial free volumes, which —in the case
of loosely packed powder —may have a slightly larger
size than lattice vacancies. Measurable trapping at this
type of site is expected even for the low interfacial density
of loose powder due to the high diffusivity of positrons on
surfaces.

The weak long-lived component [Fig. 4(b)] is attributed
to formation of 0-Ps, which annihilates with a reduced
lifetime due to collisions with the crystallites.

The present results and the tentative model demon-
strate that positron lifetime spectroscopy can specifically
contribute to the understanding of the structural proper-
ties of nanometer-sized polycrystalline materials. In or-
der to test the present picture, variation of the crystallite
size during preparation or by further annealing, as well as
diffusion and surface deposition of dopants, are desirable.

V. SUMMARY AND CONCLUSIONS

Studies of positron [ifetime spectroscopy have been
performed on nanometer-sized polycrystalline Fe speci-
mens with a mean crystallite size of 6 nm.

(i) The positron lifetime r~
——180 ps gives first evidence

for free volumes in crystallite interfaces which have ap-
proximately the size of a lattice vacancy. This is in agree-
ment with a wide distribution of atomic distances and
vanishing short-range order suggested by Gleiter et al.
for the interfacial phase of the nanocrystalline material
and is in contrast to crystalline and amorphous materials.

(ii) The lifetime ~2
——360 ps is attributed to microvoids

at the intersections of crystallite interfaces.
(iii) According to the annealing experiments, the inter-

facial vacancies and the microvoids are to be considered
as structural elements of the nanocrystalline material.

(iv) Saturation trapping of positrons indicates a high
concentration of trapping centers.

(v) The long-lived annihilation components between 1
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and 5 ns observed in nanometer-sized polycrystalline Fe
pellets are characteristic for Ps formation at the surfaces
of larger voids.

(vi) Polycrystalline materials with nanometer-size crys-
tallites are expected to represent convenient systems for
investigating surfaces and interfaces by positron lifetime
spectroscopy.
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