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Positron annihilation lifetime changes across the structural phase transition
in nanocrystalline Fe,05
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Nanocrystalline samples of-Fe,O; were prepared through chemical routes and the particles were allowed
to grow by thermal treatment at different temperatune§.e,05 transformed to ther phase at a temperature
relatively lower than that reported for coarse-grained samples. Positron lifetimes were measured in both the
phases of the samples and a significant reduction was observed across the transformation. This is attributed to
the expected reduction in the unit cell volume and the nature of orientation of the nearest-neighboring atoms
around the positron trapping sites. Positrons are basically annihilating from the octahedral vacancy sites in
y-F&05 and the lifetime decreases as the nearest-neighboring atoms increasingly influence the annihilation
probability of the positrons when the sample changes taithhase. The reduction in the positron lifetime has
helped to envisage the onset of the transformation earlier than that indicated by x-ray diffraction. The positron
lifetimes in the intergranular region increased due to the increase in free volume associated with the atoms on
the grain surfaces when the grain size reduced. Doppler broadening measurements of the annihidgtion
spectral line shapes were also carried out and the results supported these findings.
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I. INTRODUCTION hydrochloric acid. After the acidification, the black precipi-

. . L tate turned into chocolate brown, indicating the formation of
Many properties of materials at nanometer grain sizes a;g

in th hat th > 45-Fe,05 nanoparticled:? Finally, after stirring for 1 h, the
structure dependent in the sense that the exact atomic Jfrecipitate was collected by centrifugation and dried in ro-

rangement in the lattice plays an important role in determintary vacuum at room temperature. The precipitate was di-
ing several important physical parameters like the unit cell;;joq jnto different parts and annealed at different tempera-
dimensions, lattice constants, volume per atom, and radii 0f,res, ranging from 300 to 1173 K, for 30 min each to obtain
unoccupied lattice sites. In a number of case stuiit®/e ol _crystallized nanoparticles of different sizes. The crystal-
have come across phase transitions that accompanied thﬁity and the particle size of the samples were examined by
nanocrystallization of solids. The anomalous electrical anq(_ray diffraction and transmission electron microscope.
magnetic properties of numerous nanomaterials have found pqgitron lifetime measurements were carried out using a

their origin in the changed atomic configuration as a result ob2y 4 source of approximate strength 400 kBq and a standard
the different types of strains introduced in the materials. Theé_J

: ¢ def ¢ | al X v coincidence setup to record the spectrum of the events
studies of defects and defect-related structural alterations agg,q 1q the annihilation of positrons in the sample of interest.

important from this context and the information available o source was in the form of residual deposit on a thin
from positron annihilation studies has been well appreciatet{lwz mg cn12) nickel foil and covered by an identical foil. It

i ’6 i i i i . . . .
In recent years® We present in this work some Interesting g e kept immersed in the volume of the samfitethe
findings from our studies of nanocrystalline maghemite

Fe.O di " h iter-Fo.0.) during th form of powdej taken in a glass tube. Care has been taken to
(r-Fe 33) and its transition to (.eman(ex-. &03) during the ensure the annihilation of all positrons within the sample by
coarsening of the nanometer-sized grains.

covering the source from all sides by the powder over a
thickness more than the range of positrons in it. Thus the
Il. EXPERIMENT possibility of annihilation within the walls of the glass con-
tainer has been eliminated. Also the glass tube containing the
For the preparation of the-Fe,O; nanoparticles, salts of sample and the source was continuously evacuated during
both ferrous and ferric ions were used. FgSIH,0 was the  the data acquisition to remove the air trapped in the powder.
source of ferrougFe?*) ion while the source of ferri¢Fe**) The coincidence spectrometer used had a prompt time
ion was anhydrous Fegl First the aqueous solution of resolution of 240 pgfull width at half maximum for the y
FeSQ-7H,0 and FeCJ was prepared with the molar ratio rays from a®°Co source selected under the experimental con-
FeSQ-7H,0:FeCkL:H,0=1:2:1210. NHOH solution ditions. With a peak to background ratio better than 4000:1,
(25%) was added to this solution drop by drop until thid a total of about 1.5 10° counts were collected under each
of the solution became 11. A black precipitate was producedpectrum. The spectra were analyzed usiagoLUTION and
instantly after the addition of the NJ@H solution. This pre- posITRONFIT® We also simultaneously carried out measure-
cipitate was then acidified tpH=3 by addition of 10.8l ments of the broadening of the spectrum of Doppler-energy-
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FIG. 1. Peak normalized positron lifetime spectra of the two 0 5 15 20 25

samples of grain sizes 5 nify-Fe,03, open circles and 20 nm grain size (nm)

-Fe,04, solid circles. . . .
(a-Fe,05 3 FIG. 2. Positron lifetimesr; and 7, versus the average grain

) o . ) sizes of the nanocrystalling- and a-Fe,03 samples.
shifted annihilationy rays and estimated the line-shape pa-
rametersS and W, which are representatives of the central. . . . .

- ) . o -intergranular regions. As the thermalized positrons diffuse
and wing regions corresponding to the annihilation of posi- . ;
) . over to the surface of grains whose sizes are much smaller

trons with valence and core electrdisin this case, the

spectra were recorded using a high-resolutibi28 keV full than the thermal diffusion wavelength of positros50 -

: : . ) 100 nm in typical solids), the positrons will be getting
width at half maximum at 511 ke\Vhigh-purity Ge detector S s , h
and an amplifier with shaping time 2s and until 1< 10° trapped and annihilated within the diffused vacancies on the

counts are obtained within 511+8 keV grain surfaces._NormaIIy this I_ifetime_ is resolvedqsan(_j it _

- ' is expected to increase steadily during the reduction in grain
size owing to the increase in the net interfacial defect
volumel2

The magnitudes of; obtained in the present samples are

The positron lifetime spectrum of each of the six samplegsmaller than those for bulk oxides of ir¢204-220 ps, de-
gave three components, 7,, andr,, with relative intensities  rived from the bulk and defect lifetimes reported by Uhl-
I, 1, and s, after correcting for the contributiofd80 ps, mannet al1?. At the same time, its values in all the samples
7%) from positron annihilation in the source and the nickelused in the present study are between that for bulk iron
foil. In Fig. 1, the spectra of two samples are illustrated afte(110 p3 and monovacancies init. Had positron annihila-
normalizing the counts at the peak. To minimize the statistition taken place at the grain surfaces as expected, a gradual
cal uncertainties in the analysis due to the relatively fewereduction of its value should have been expected with in-
counts on the tail of the spectrum, the longest compomgnt creasing grain size, owing to the decrease in the excess free
is fixed at 1.5 ns, a lifetime typical of orthopositronium at-

Ill. RESULTS AND DISCUSSION

oms formed at the intergranular region. Orthopositronium 601
atoms, with a theoretical lifetime of 140 ns, undergo faster 3
annihilation through the pick-off process with the result that 551
their lifetime gets reduced to a few nanosecoldEhe in-
tensityl; of this lifetime is too smal(0.3—-0.6% to have any 501
significance in subsequent discussion. The variations of the 45-
other two lifetimesr; and 7, and intensityl,(=100-,) are s 3
given in Figs. 2 and 3, respectively. _°:; 40- 3
Positrons can also annihilate on the grain surfaces and the
intergranular region without the formation of positronium. 354 L1 3
Owing to the diminished electron densities prevailing in such
open volume defect structures, the lifetime of the positrons 30+ 3
annihilating there is destined to be long. The intermediate-
lifetime componentr, is a consequence of this type of anni- 250 5 10 15 20 25
hilation and its magnitude is representative of very large va- grain size (nm)

cancy clusters, equivalent to microvoids in bulk crystalline
solids. In defect-free grains of nanocrystalline materials, an- FIG. 3. The intensityl, versus the average grain sizes of the
nihilation of positrons will occur only at the grain surfaces or nanocrystalliney- and a-Fe,03 samples.
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FIG. 4. X-ray diffraction patterns of the F®; samples, indicat-
ing the characteristic peaks of theand « phases.

volume associated with the atoms on the grain surfaces and
hence a net decrease in the interfacial defect voltfiale
note from Fig. 2 thatr; indeed showed a decrease but the
nature of this change between the grain sizes 5 and 10 nm is
not in line with the expected gradual change. The observa- FiG. 5. High-resolution transmission electron micrographs of
tion of such a sharp fall would rather suggest a definite tranta) y-Fe,05 and(b) a-Fe,0;, indicating the lattice fringes.
sition of the structure of the crystallites and it is possible that
positrons are annihilating from vacancies within the grains. For small radii of the vacancy clusters, the positron lifetime
The x-ray diffraction patterns of the samples used in théncreases with increase in their si#eand therefore a posi-
present work are given in Fig. 4. The samples are identifiedron lifetime smaller than that in a monovacancy in Fe can be
by the temperature of heat treatment carried out for obtainingxpected if the positrons are trapped and annihilated in the
the average grain sizes indicated. From the x-ray diffractiorvacancies at the octahedral sites. But that the lifetime de-
peaks, the three samples with average grain size of 3, 5, arleased contrary to the expected increase is indicative of the
10 nm can be understood 3sFe,0; and the other three 7-to-a structural phase transition setting in as the tempera-
samples of higher grain sizes 15, 20, and 25 nm are imthe ture of heat treatment to coarsen the grains is increased
phase. High-resolution electron micrographs of two samplegTable |).
(one of they phase and the other of the phas¢ are also There have been reports of size-induced phase transitions
shown in Figs. &) and §b), respectively. The figures clearly in materials like FgO; (Ref. 1§ and PbTiQ,}” and such
reveal the presence of the respective phases with distinchanges have been attributed to abnormal increase in the unit
lattice fringes. The lattice spacing 2.49 A calculated fromcell volume that occurred as the particle size was reduced. As
Fig. 5@ corresponds to th€311) plane of -Fe,0; and  y-Fe,0; transforms into then phase at grain sizes 15 nm
2.71 A calculated from Fig. () corresponds to th€104)  and above, the size of the unit cell is calculated on the basis
plane of a-Fe,05. We note thaty-Fe,0O; basically has the of the parameters for the rnombohedrally centered hexagonal
inverse spinel structure described by the formulastructure'® The unit cell volume calculated for the samples
Fe(Fe;5A1,5)04 whereA represents the vacancies at the oc-of different grain sizes used in this study is illustrated in Fig.
tahedral sites. From the values of the lattice parameters ob- . o
tained from the x-ray diffraction patterns of the samples, T_ABLE I. The anneahng_temperature§ used for obtalnl_ng nano-
which are given in Table |, we have estimated the radius 0{aartlcles of the average grain sizes m_entloned and th_e lattice param-
the octahedral vacancy site jnFe,0; using the relation eters obtained from the x-ray diffraction data analysis.

Roet= (0.625 -u)a— R, (1) Annealing temperature ~ Grain size Lattice constants
(K) (nm) A)

wherea is the lattice constanR,=1.32 A is the radius of the
oxygen ion, andi is an oxygen ion displacement parameter 300 3 a=8.324
whose value is 0.379 foy-Fe,05.1* The radius of the octa- 373 5 a=8.325
hedral site so obtained is 0.73 A and it is smaller than the 573 10 a=8.344
radius of a monovacancy in crystalline(Fel.2 A). Signifi- 773 15 a=5.033,c=13.731
cantly enough, the lattice parameters and hence the octahe- 973 20 a=5.032,c=13.732
dral site radii increased as the grains grew from 3 to 10 nm 1173 25 a=5.036,c=13.748

but, on the other hand, the positron lifetimgwas reduced.
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FIG. 7. X-ray diffraction pattern of the F®; sample of grain
size 10 nm taken for longer time, resulting in the appearance of a
tiny peak (shown by arrow indicating traces ofa-Fe,O3 in the
6. Within the respective phases, the unit cell volume in-sample otherwise considered #d-6,03.
creases as the particle sizes are increased but the two phases
greatly differ so far as the magnitude of the unit cell volumeexperiments could reveal such changes. The sensitivity of
is concerned. The said transformation from thto « phase x-ray diffraction depends very much on the relative abun-
has resulted in a significant reduction in the unit cell volumedance of the phases concerned, whereas positron annihilation
(Fig. 6). Further it is noted that the Beions in y-Fe,0;  has versatile sensitivity for heterogeneous environments em-
have neighboring ©& ions with two characteristic bond bedded in a material matrix. This has helped to envisage the
lengths of 2.081 and 1.803 Kor a=8.325 A at grain size possibility of occurrence of the said transformation after the
5 nm shown in Table)lin the ratio 1:0.6° In the case of grain size 5 nm, as the positron lifetimeg fell drastically
a-Fe,0s, two sets of three F&-0O?~ bonds exist with bond owing to the increased number of neighboring atoms sur-
lengths 2.081 and 1.960 A. As already mentioned, there exisbunding the octahedral sites in thephase. The cation de-
vacancies at the octahedral sites in h&e,05; phase and ficiency in y-F&,0; is partially made good by the structural
hence when it transforms to the phase, the positrons rearrangement in the phase.
trapped at these octahedral sites will feel the influence from It is also worth mentioning that the temperature normally
the neighboring oxygen atoms significantly enhanced due tobserved for they-to-a phase transformation of F@; has
the unit cell contraction and this will hence result in in- been variably reported as 673 and 923%{! Further, for
creased probability of their eventual annihilation with elec-very small particles, a higher transformation temperature was
trons. As shown in Fig. 27; has decreased by about 10 ps noticed with certain intermediate phases occurring in be-
during this transformation and thus is in agreement with théween depending on the degree of particle coarsetfiige
above arguments. observe in the present work that the transformation tempera-

There is a question about the sample of average grain sizere has been significantly advancéd#573 K) as we see
10 nm, which the x-ray diffraction pattern in Fig. 4 has traces ofa-Fe,05 in the 10 nm sample obtained after a heat
shown as in they phase. It was expected that the positrontreatment at this temperature. This suggests that the driving
lifetime should have been consistent with that of the othefforce behind the transformation at nanometer-size particles
samples of 3 and 5 nm in grain size, and should have demay differ significantly from that proposed for coarse-
creased after the grain size increased above it. We find, hovgrained samples.
ever, that the positron lifetime; has already fallen as this The longer lifetimer, is generally expected to originate
grain size is reached. This gave the apprehension that pos$fem positron annihilation at the intergranular region and
bly the transition from they to « phase might have already hence it is expected to reduce with increasing grain @tig
set in even before x-ray diffraction could indicate any char-2), as was the case with several results reported earfién.
acteristic peak. We therefore carried out a long-time scanning true sense, the nature of variationmgfshould be viewed
to seek for the appearance of any tiny peaks, which mighfrom the direction of decreasing grain size and hence its
have been hidden in the background for want of significanincrease is reflective of a widening of the intergranular sepa-
abundance. This proved to be the case when we observedtion owing to the reduction in size of the nanocrystalline
that a small peak at®33.17° had appeared in the pattern, grains. Widening of the intergranular region is generally ex-
indicating traces of thex phase present in this sampleig.  pected as a consequence of the contraction or reduction in
7). In certain experiments, the one reported for quasicrystalsize of the grains. The behavior @f with decreasing grain
line Al;,Mn,.Sis for example?® the positron annihilation size is therefore indicative of a local enhancement in the free
technique had been seen to sense structural changes earlelume associated with the atoms on the surface of the
than other techniques like x-ray diffraction or calorimetric grains. Cheret all® have pointed out that the defects on the

FIG. 6. The unit cell volume for the different samples of
v-F&,05 and a-Fe,03 versus the average grain sizes.
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varies in the reverse order as is expected. Notwithstanding

FIG. 8. TheS and W parameters versus the average 9"@Nthese indications, the mean positron lifetimgdefined as

size.

surfaces of Fg,; nanoparticles are undercoordinated Fe Tm= (71l + mlo + 73l (1 + 12 1) 2)
sites with one or two O ligands missing from the structure ofincreases monotonically with decreasing grain sizig. 9),
an octahedral coordination. This will therefore account for aindicating the presence of more and more open volume de-
relatively large value ofr, in the present work. Further we fects at the larger number of interfaces in samples composed
note that a total of eight formula units are present in oneof smaller grains, as is to be expected.
cubic unit cell of they phase whereas six units are present in
the unit cell of thea phase'® The average volume per atom
is estimated from the measured lattice parameters and is
found to increase by about 25% as the sample transforms A characteristic change in positron lifetimes across the
from the « to y phase(in the direction of decreasing grain structural transformation from thgto the « phase of nano-
sizg. Thus the variation ofr, is in accordance with the re- crystalline FgO; has been found, in accordance with the
sults reported earlier for other nanomaterfafsThe behav- reduction in the unit cell volume and the nature of orienta-
ior of the intensityl, is also consistent with this interpreta- tion of the nearest-neighboring atoms around the positron
tion since it should have increased rather monotonically withtrapping sites. It is worth noting that the temperature neces-
decreasing grain size due to the production of more and morgary for the transformation has been advanced due to the
interfaceqFig. 3). Note that the difference in the valueslgf  nanocrystalline composition of the samples and the reduction
between they and a phases is an appreciable 27% and isin the positron lifetime has helped to envisage the onset of
indicative of increased sensitivity of positrons to annihilatethe transformation earlier than indicated by x-ray diffraction.
in the spinel octants in the latter due to charge imbalancé&urther, the increase of the positron lifetimes in the inter-
created by the specific atomic distributiti?3 granular region when the grain size is reduced can be attrib-
The variation of thes andW parameters, shown in Fig. 8, uted to the increase in free volume associated with the atoms
further supports these arguments. Again, looking from theon the grain surfaces. The results from Doppler broadening
direction of decreasing grain size, the increas&is to be  measurements of the annihilatigaray spectral line shapes
interpreted as due to increase in the net open volume defecédso supported these findings.
in the samples with increasing surface to volume ratio. The
unexpected change between samples of grain sizes 10 and ACKNOWLEDGMENT
5 nm is again indicative of positrons annihilating in two dif-
ferent samples of differing electronic structure and is thus The authors are grateful to Subhajit Biswas for his help
consistent with the phase transition occurring at this stége. during the experiments.

IV. CONCLUSIONS
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