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Positron annihilation studies of some anomalous features of NiE®, nanocrystals grown in SiO,
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Nanocrystalline NiFgD, particles were synthesized in a Si@natrix and were characterized by x-ray
diffraction and TEM observations. Positron lifetimes in these samples were measured. The measured positron
lifetimes indicated admixtures of contributions from annihilations within the nanoparticles, at the nanoparticle-
SiO;, interfaces, and from the SiOnatrix. The individual contributions were calculated based on the known
characteristics of electron-positron annihilation in solids and they were found in remarkable agreement with the
known effects expected from grain size reduction and lattice contraction. However, the anomalous rise in
positron lifetimes during the reduction of the grain size below 5.6 nm is a deviation from these expected trends
and is attributed to the transformation of the inverse spinel structure of the®ljfe the normal phase, with
the tetrahedrafor A) sites being fully occupied by the divalent®iions and the F¥ ions transferred to the
octahedral(or B) sites. The results of M&ssbauer spectroscopic studies supported this argument, as the per-
centage of F& ions occupying theA sites drastically reduced to zero when the grain size of the samples
decreased to 4.8 nm and below.
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[. INTRODUCTION the final sample, the ratio of the ferrite and Sii&comes 3.7
. . . by weight. ThepH of the solution was maintained at 2.0 as
The properties of nanocry;talllne ferrites ha_ve becomqhe isoelectric point of silica is close to that valuepbf. The
subjects of intense research in recent yéat8Besides the  iyre was then stirred again and dried slowly to form gel.
potential of ferrites as novel materials for applications in aTpe gel was heated at different temperatures starting from
variety of areas like information storage, color imaging, fer-g73 K to 1273 K for different hours to get samples of differ-
rofluids, microwave devices, and communication technologyent grain sizes, as mentioned in Table I. X-ray diffraction
the anomalous changes in their fundamental properties whestudies of the prepared samples were carried out using a
reduced to ultrafine grain sizes have attracted greaphijlips PW 1710 diffractometer to ensure the actual crystal-
interest® The normal spinel ferrite Mn,Zn,Fe,0,, for ex-  |ine structure and phase and the average grain sizes were
ample, gets inverted when the grain size becomes smalleistimated from the broadening of the peaks using the stan-
than 10 nn. When the divalent Zff ions in ZnFgO, are  dard Scherrer formul® The particle size was also estimated
gradually replaced by Kt ions, it gets inverted on the basis from the transmission electron micrographs taken using a

of octahedral site stabilization energy consideratiodence  JEM-200-CX TEM and the results agreed with those ob-
it will be fruitful to explore the structural characteristics of

NiFe,0, at nanometer grain dimensions so that these may be TABLE I. The temperature and duration of heat treatment used
correlated to the changes in their electronic and magnetifer 9rowing NiFeO, nanoparticles of different size@s obtained
properties. Positron annihilation spectroscopy, especiall]fo™ XRD) in the Si0, matrix. The lattice parameter obtained for
based on the measurements of the lifetime of positrons annit® different samples are also given.

hilating in the defects in the lattice of materials, will be very

useful to understand some of these aspects. One such StUd¥emperature Daunrgggl?ngf Grain size  Lattice constant
has been recently reported on ZpBg.8
yrep R (K) (h (nm) (A)

973 2 3.5 8.16
IIl. EXPERIMENT 1073 1 48 819
NiFe,O, ferrite nanoparticles in SiQmatrix were pre- 1173 1 5.6 8.22
pared by the sol-gel methddrhe weighed amount of nitrate 1273 2 6.8 8.25
salts N(NO3),-6H,0 and FéNO,);-9H,O were first dis- 1273 5 15.0 8.26
solved in distilled water and stirred with a magnetic stirrer 1273 24 250 8.27
until a clear solution is obtained. This solution was added to 1,73 98 40.0 8.28

tetraethoxy orthosilicateSi(OC,Hs),] in such a way that, in
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FIG. 2. Transmission electron micrograph of the sample of av-
- erage grain size 6.8 nm. The magpnification is 100 000.
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3.5 nm to 40.0 nm.

Figure 2 shows a typical TEM micrograph, of the sample
prepared by heating at 1273 K for 6 h in this case. The par-
ticle size distributions have been found to follow a log-
tained from the XRD data. Further the lattice parameter Ohorma] distributio&® and an average grain size of 6.8 nm
the spinel ferrite cubic lattice was also estimate@he av-  \as estimated for this particular sample. Likewise, the grain
erage grain sizes and the lattice parameters obtained so age of the other samples were also determined.
listed in Table I. . . The positron lifetime spectra of the Si@ample used as
__ Positron annihilation studies were performed by immerSreference in the present work yielded three distinct lifetime
ing a““Na source of strength about 400 kBq, deposited an&éomponents, 7,, andr;, with relative intensities$;, I,, and
covered by a thin Ni foil, into the powdered sample taken inj, (Table ). The longest componem=1.62 ns is due to the
a glass tube. The glass tube was continuously evacuated dinnihilation of orthopositroniunio-P9 atoms formed in the
ing the experiments to keep the sample and source in googhres present in the material. It should be mentioned that the
vacuum and dry conditions. The powder surrounded the.ps atoms, with a theoretical lifetime of 140 ns, could be
source from all sides for sufficient thickness so as to prevendnninilated faster by an electron from the surrounding me-
the annihilation of positrons within the glass walls. The specium through what is generally known as the pickoff pro-
tra were recorded using a slow-fast gamma-gamma coincCiess, In such cases, the resultant lifetime normally do not
dence spectrometer with prompt time resolution of 240 psxtend beyond a few nanoseconds. An often used model,
(fu” width at half maXimurT) for 6OC:O gamma rays. About proposed by Jean and Co_Worké%SuggestS an empirica|

1.5X% 106 counts were collected under each SpeCtrum and th%'a‘“on to get the radius of the pore from the measu-gms
spectra were analyzed using the computer progRESSLU-  given below.

TION and POSITRONFIT?

The Mdssbauer spectra of the samples have been recorded
in transmission geometry using CMT(&lodel 250 constant TABLE Il. Positron lifetimes and their intensities in samples of
acceleration type drive with a 185 MB{Co y-ray source in  NiFe,0, nanocrystals of different mean grain sizes and grown in
Rh matrix. A Xe-filled proportional counter has been used asSiO,. The values obtained for the reference S&de also presented.
the detector. The data have been acquired in the MCS modepical errors in the lifetimes and intensities are 2 ps, 5 ps, 0.8 ns,

FIG. 1. X-ray diffraction pattern of NiF®, nanoparticles of
average grain sizé) 3.5 nm and(b) 25 nm in SiG matrix.

using a 4K PC-based multichannel analyzer. 2%, 2%, and 0.1-1.0%, respectively.
Grain
Il. RESULTS AND DISCUSSION size

(mm)  7m (P 7m@PEsY wmMhy 1% 1% I3(%)

Figure 1 shows the x-ray Qiﬁra}ctio@(RD) patterns of 35 142 432 1.29 520 451 29
two samples—of average grain size 3.5 nm and of 25 nm. , o 133 406 1.08 50.6 452 4.9
All the XRD peaks of the samples correspond to single-
phase spinel ferrite NiE®,. No other phase including 56 131 392 113 50.8 46.2 3.0
a-Fe,05 was observed. From the XRD pattern, it is observed 68 143 420 143 561 417 2.2
that, for the same duration of heat treatment, the peaks be-15.0 139 416 1.50 54.0 43.3 2.7
come sharper with the increase of temperature. The same25.0 137 400 1.76 55.8 385 5.7
effect is also observed if the duration of heat treatment is 40.0 133 400 1.64 51.5 38.9 9.6
increased keeping the temperature constant. These indicatgi02 116 370 1.62 50.1 27.2 22.7
the growth of grains and, as mentioned in Table I, the aver
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—05{1—5+i '(ﬁ)}_l (6h)
73=0. Ro 271_sm Ro ,

where 75 is expressed in ns and the radiRsn A. Also R,
=R+AR where AR is the empirical electron layer thickness
set equal to 1.66 A. This results in a pore radrrs2.1 A.
Interestingly, as high ak;=22.7% of the total events col-
lected under the spectrum resulted from the annihilation of
0-Ps atoms within the poreable II). A pore fractionf,
then can be calculated as

Coincidence counts

4
fp= éwR3CI3, )

wherels is in % andC is 0.0018!3 This gives a pore fraction

10 v T

of 1.59%. However, a more recent model proposed by Dutta 50 100 150 200
et all* had given a more simplified relation as Channel number
3= 1.88R-5.07 (3) FIG. 3. Peak-normalized positron lifetime spectra of the pure

SiO, sample(open circley and the one containing NiF®, nano-

and it givesR=3.5 A. This may be a slight overestimation as Particles of average grain size 3.5 riolosed circlek
the above relation strictly holds good farPs lifetimes
above 3 ns only* Tplp+ ol + 73l

Positrons can annihilate from the pores without forming T . 5)
positronium too. The intermediate lifetimg in fact results prizn s
from this process. Dannefaet al1® had attributed a positron This is then used in accordance with the two-state trapping
lifetime 300 ps to neutral Si monovacancies oy dvacan- model® to obtain the lifetime in defect-free region of the
cies in SiQ. The value ofr,=370 ps which we obtained in SiO, matrix. Thus we have used the relation
our sample is larger than this value and hence it is assigned
to the annihilation events from the large number of pores Tp=
present in it. Talp+la+1g) + (11— 1))

The shortest lifetimer;=116 ps in our sample is once {5 gptain the positron lifetime in the bulk defect-free $iO
again much smaller than what has been reported  matrix, which turned out to be 226 ps. This is slightly less
=155 p3 by Dannefaeet al** for crystalline SiQ. As ex-  than but not too far from the value of 238 ps reported for
pected, the positronium component there had been a megSiO, (Ref. 19 (the sample used here is amorphgusdi-
1.5% which might not have significantly affected the valuecating that the above method of analysis carried out is not
of 7. For the presence of a high valuelgfas in the present ynrealistic.
case would imply that one-third this intensity out of the ac-  |n the SiQ, samples with the nanoparticles grown in it, we
tual I; would be due to parapositroniufp-Ps formation.  get again three lifetimes,, 7, and 75 with relative intensities
This is because when positronium formation takes place, thg, |,, andl; (Table 1l). However, the picture is more com-
spin singlet(p-P9 and the spin triplet(o-P9 states are plicated as is evident from Fig. 3 where due to positron an-
relatively populated by a ratio 1:3. The-Ps lifetime nihilation with the nanocrystalline grains, a faster decaying
(7,~125 pg then gets admixed with the component of spectrum is seen visibly distinct from that of pure §iDhus
closely lying lifetimes to giver;. Hence the contribution to an additional contributionr,, from positron annihilation in
7, from sources other than thePs part is estimated as the nanocrystalline grains will also be admixed with the mea-

suredr;. The modified relation can be expressed as
= a1 Tl @) o+ mplp* Tala @
|a 1 |n n |p N |a y

TaTt

(6)

Here I, as already mentioned ik/3 and I,=1;-1,. The  wherel, is the intensity ofr,. Also I,+I,+I,=1;. In order to
value of ,=114 ps obtained from the above equation in-get the unknown fraction of positrons annihilating in the bulk
cludes the lifetime of positrons annihilating in the defect-freeSiO, matrix (now in the presence of the nanoparti¢lese

part of the bulk SiQ matrix as well as the reduction caused note that the value df; has fallen from 22.7% in pure SiO

by the Bloch state residence time due to the trapping of posto a significantly reduced value of 2.9% in Si®@mbedded
itrons in the defects. We consider the positrons forming th&vith nanocrystalline grains of average diameter 3.5 nm.
p-Ps ando-Ps atoms as well as those annihilating with theSince this is the reduction in the formation@Ps, which in
lifetime 7, to be in the trapped state and a “mean lifetimg” other words can be attributed to a reduction in large open
is defined as volume defects such as pores, it is expected that the positron

024115-3



CHAKRAVERTY et al. PHYSICAL REVIEW B 71, 024115(2005

150 1 450

-
¢ H NI

@
e _
- g
© 185 = E
& 410 {
130 400+
390 {
125 T
5 10 50
grain size (nm) 380 —————r —
5 10 50
FIG. 4. The derived lifetimer, of positrons annihilating within grain size (nm)

the NiFeO, nanoparticles as a function of the grain size.
FIG. 5. The derived lifetimes,, of positrons annihilating at the
interfaces of NiFgO, nanoparticles and the Sj@natrix as a func-

annihilation intensityt, should also reduce by the same ratio. . ) .
tion of the size of the nanoparticles.

On the other hand, is as high as 45.1%, which implies that
certain additional trapping sites are also responsibleror
and I, in the nanoparticle-embedded samples. These addlifetime at the interfacer, is governed jointly by the elec-
tional trapping sites each can be understood as the pseudog@n densities at the surfaces of the nanoparticles and in the
at the interface of the outermost surface layer of the nanoSIO; matrix. Its value is admixed with the measureg as
particle and the innermost SjQayer surrounding it. This Seen from an otherwise unexpectedly large valud,pfas
interpretation had been suggested, for example, for the po§xplained above.
itron trapping at the surfaces of inert gas bubbles in a metal The variation of the lifetime parameters and 7, versus
matrix 1718 The intensity of that component of the positron the nanocrystalline grain sizes, as shown in Figs. 4 and 5,
lifetime, which comes from the nanoparticle-Sidterface, —depicts three different stages of defect evolution and/or phase
is estimated as transitions. Looking in the direction of decreasing grain sizes
from 40 nm to 6.8 nm, the changes in the two lifetimes
) could be attributed to the expected behavior accompanying
the reduction of grain sizé$.In an earlier work® it has
] been shown that the excess free volume associated with the
where the superscript denotes the values,aind|; for the  5toms on the grain surfaces increases asymptotically with
pure SiGQ sample, which are 27.2% and 22.7%, re.spectlveIydecreasing grain sizes. Toegal? and Qinet al?? had also
If we assume further that the percentage contribution iy reported that the net defect volume at the nanocrystalline
the intensity of positrons annihilating within the nanopar-jnterfaces also increases when the grain size decreases. It
ticles (1) is the same as that ¢ to I, we shall obtail,as  may be probably argued that the same is the reason for the
sharper rise below 5.6 nm but, as explained later, this change

line=12— 75

l; .
=", 9 needs more attention. The sharp fall between 6.8 nm and
12 5.6 nm is a result of the abnormal lattice contraction, as
The intensity of positrons annihilating in the bulk Siga- ~ Shown in Fig. 6. Itis interesting that while elemental nanoc-
trix alone then isl,=I;~1,~1,. These values can then be rystals like Nb and Ti showed an increase in their lattice

. . . . . 0,23 H H
substituted in Eq(7) to calculater,, which is the positron Parametef?2® compounds like the ferrites have shown a
lifetime in the nanoparticles. Further, based on all the abov&ontraction of the latticé. o
assumptions, the lifetime of positrons annihilating at the Vhile the contraction of the lattice in the present samples
pseudogap interfaces of the nanoparticles and the, ®O continued, the two lifetime parameters started increasing re-

calculated from the relation markably again below the grain size 5.6 nm. In order to un-
derstand this unexpected trend, we note that a unit cell of

Tintlint + 72 (12 = liny) NiFe,O, consists of eight such molecules and the total vol-

2= ’ (10) ume occupied by them is about 59.5% of the unit cell. As the

I
2 unit cell also consists of 64 tetrahedfalr A) sites and 32

where again the superscript implies thgt=370 ps. The es- octahedralor B) sites, it turns out that a volume equivalent
timated values of both, and 7, are shown against the grain to at least 26 tetrahedral sites and 13 octahedral sites is un-
sizes in Figs. 4 and 5. It should be noted that the positromccupied and may contain lattice vacancies. Even in the
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FIG. 6. The lattice parametéa) estimated from the x-ray dif-
fraction data of the NiFg, nanoparticles as a function of the grain
size.

grain size (nm)

FIG. 7. The radii of the tetrahedral ér sites(open circlesand
octahedral oB sites(closed circlesin the NiF&O, nanoparticles
sample of the lowest grain siZ8.5 nm) used in the present as a function of the grain size.
work, the radii of theA site andB site are 0.59 A and ) o ) .
0.64 A, respectively. Although these radii are much less in e have explored this possibility by carrying out Moss-
magnitude than the radius of the monovacancy either in NPauer spectroscopy of the samples, which help to determine
or Fe(~1.24 A), positrons can be still trapped in them, giv- the relative occupancies of the tetrahedral and octahedral

i) 1 . + . . .
ing rise to a lifetime less than that in the monovacancies ofit€S PY F&" ions. Figure 8 gives the Mossbauer specra of
either Ni[~180 ps(Ref. 24] or Fe[~170 ps(Ref. 25]. The some of the samples used in the present work, taken at room
values of 7, that we obtained in the above analysis andl€MPerature. The spectra changes from a two-finger pattern
showed in Fig. 4 are thus in the expected lines. It should pdo a six-finger pattern with increase in particle size. The two-

clarified that the positron thermal diffusion lengths in solids/iNger pattern indicates the superparamagnetic behavior be-

generally are of the order of 50—100 rffrand therefore the

low a particle size of 5 nm. The distribution of cations in the

thermalized positrons will diffuse out to the surfaces ofS@MPIes has been calculated from Mossbauer subspectral ar-
grains smaller than these lengths before annihilation. Hencg2S: The percentage of #dons at theA sites is shown in

we should have expecteq) to reflect the properties of the
grain surfaces. That, however, can be true only in case there

are no positron traps within the nanosize grains. In this case 100
however, as already mentioned, the vadasites and sites
within the grains would act as saturation traps for positrons, 99
whereas the other derived lifetime parametgy, which is
the lifetime of positrons directly trapped and annihilated in @
the grain-SiQ interface, can be used to extract information i
about the structural properties there. s 100
In Fig. 7, the variation of the tetrahedral and octahedral g
site radius, as calculated from the formula given by Smit and 2 99
Wijn,?” with grain size is shown. We note that both the radii g
decrease when the grain size decreases. The octahedral site E 08
radius is, however, larger than the tetrahedral site radius in
all the samples. Also, over a wide range of dimensions be- 100.0;
fore it gets a saturation value, the positron lifetime will in-
crease with increase in the size of the vacancy ¥dfence 99,61
the increase in positron lifetime below the grain size of
5.6 nm as shown in Fig. 4 is possible when there is a change ©
in the predominant positron trapping sites from the tetrahe- 99,2

dral sites to the octahedral sites. This can happen, for ex-
ample, as reported recently in the case of ZGk& when an

0 5 0 5
Velocity (mm/s)

10

Fig. 9. The bulk NiFgQ, in its coarse grained form is a fully

inversion of the spinel structure takes place and the larger FIG. 8. Méssbauer spectra at room temperature of samples of
size cations fail to occupy the octahedral sites. grain size(a) 3.5 nm,(b) 4.8 nm, and(c) 25 nm.
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FIG. 9. The percentage of Feions, as estimated from the
Mossbauer spectroscopic data, present aAtbizes in the NiFgO,
nanoparticles as a function of the grain size.

inverted spinel structure with equal numberfAandB sites
filled by F€* ions” When this structure inverts to the normal
spinel configuration, all the P& ions are expected to be at
the B sites only and theA sites are then occupied by the
divalent N?* ions. Thus, as seen from Fig. 9, the samples
grain sizes 3.5 nm and 4.8 nm are normal spinels and tho
with grain sizes 5.6 nm and 6.8 nm are mixtures of normal
and inverse spinel molecules. During the exchange of the
ions between the two sites as a result of this transition, how-
ever, not all sites are likely to be filled owing to the ex-
tremely low site dimensions brought in by the abnormal lat-
tice contraction.

About the similar rise in the other lifetime parametey
at the same region of grain sizes, it may be noted that the
atomic reorientation taking place inside the grain may have
its bearing on the grain surfaces also. As pointed out by Chen
et al?® in their work on FgO3 nanoparticles, the surface
defects in this class of materials could be the undercoordi-
nated F&" sites at the octahedral sites. In the normal spinel
ferrites(i.e., those below 5.6 nm in this cas¢he Fé* sites
are indeed at the octahedral sites and their absence from
those sites will leave undersized monovacancies, which
would trap positrons.

The behavior of the other positron lifetime parameters
with grain size can be explained on the basis of temperature
effects rather than those not connected directly with the
grains. The steady rise i as indicated in Fig. 10 is a result
of the temperature treatment carried out in order to have
nanoparticles of larger grain sizes. In Table |, already a sum-
mary of the temperature and duration of heat treatment car-
ried out to get the samples of the desired mean grain size has
been presented. With increase of the temperature, not only
the grains grow in size but even the pores will grow in size
either by way of agglomeration or with the addition of small
vacancy clusters to the pores. Using EL, we see that the

1.9
1.84
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FIG. 10. The orthopositronium lifetime component and its
O]intensity |5 for the NiFeO, (SiO,) samples as a function of the
gain size.

grain size (nm}

pore sizes varied from 1.7 Ato 2.1 A. The corresponding FIG. 11. The interfacial annihilation intensity, andl,~ I, for

intensity componentalso shown in Fig. 10also steadily
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increases owing to increased formation of orthopositroniunof positrons within the nanoparticles. The reduction of the
in the SiQ, matrix. A small abnormal change in the region mean grain size to below 6.8 nm affected the tetrahedral and
from 4.8 nm to 6.8 nm however could not be explained. octahedral site radii due to an abnormal lattice contraction.
The other intensity parametéy is split into two parts in  The reduction of the grain size also resulted in transforma-
accordance with Eq8) and the variation of the two parts are tion of an increasing fraction of the inverted spinel ferrite
shown in Fig. 11. The trends are in the expected lines. Thenolecules to the normal spinel structure. This was reflected
interfacial intensityl;,; falls down rapidly as the net interfa- as a distinct change in the behavior of variation of the posi-
cial area decreases with increasing grain size. The residutton lifetimes. From Méssbauer spectroscopy, we found that
intensity will reflect the fraction of positrons annihilating in the occupancy of thé\ sites by the F& ions drastically
the pores without forming orthopositronium. Obviously this reduced to zero at very low grain sizes, indicating that the
will follow the behavior similar to that of. material has fully transformed to the normal spinel ferrite
structure. The temperature effects on the dimensions of pores
in the SiG, matrix were also explained as due to an increase
IV. CONCLUSIONS in size due to either agglomeration or vacancy-aided growth.
We believe that an investigation using the coincidence Dop-

Certain aspects related to the defects present in nanocry lor broadeni ) Bbb identify th
talline NiFeO, grown in a SiQ matrix were investigated pler broadening spectroscop|c_ met Dl entify the exa_lct
ite of annihilation of the positrons will throw further light

through positron lifetime spectroscopy and the study helpea h
in predicting a structural phase transition at very low grain®" tN€se aspects.
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