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Abstract. Nanocrystalline samples of PbF, doped with 0.05, 0.1, 0.4 and 1 mol% Mn?*", used as paramag-
netic probe, were prepared by inert gas condensation technique. All the samples were vacuum annealed at
different temperatures to get different grain sizes. The X-ray diffraction studies showed the dominant con-
tent of B-PbF> phase with a fractional quantity of a-PbF2. Thermal stability and sublattice melting were
studied by TGA and DSC respectively. EPR measurements were made on all these samples at 77 and 300 K.
The EPR spectra of all samples were found to contain well resolved sextet arising from the Mn?* ions
that occupied the cubic sites of Pb?* ion of PbF3 lattice. The lower concentration of the Mn®* ions (0.05
and 0.1 mol%) clearly monitored the Pb?* environment in the PbF lattice. The 0.4 mol% showed the
presence of only the cubic sites with a minor concentration of the orthorhombic sites. The spectra corre-
sponding to 1 mol% Mn?" clearly showed two different components. The isotropic nature of the 1 mol%
as-prepared sample implied that there was no cluster formation and hence this EPR spectrum was taken
as the single ion spectrum. The annealed samples contain two spectral components; one is from the iso-
lated single ions and the other one from the Mn?* clusters. The spectral component of Mn?* clusters was
obtained by subtracting the spectrum for the as-prepared sample for the spectra of annealed samples. The
extracted cluster phase spectra and the pure spectrum from the as-prepared sample were then combined to
simulate the entire set of experimental spectra. The simulated spectra were found to be in good agreement
with the experimental data. The g values obtained were in the range very close to the free electron g factor
as the electrons are in the S state (L = 0).

PACS. 81.07.Wx Nanopowders — 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and
nanocrystals — 61.10.Nz X-ray diffraction — 81.70.Pg Thermal analysis, differential thermal analysis (DTA),

differential thermogravimetric analysis — 76.30.-v Electron paramagnetic resonance and relaxation

Introduction

Due to the advantageous changes in physical and chemi-
cal properties of nanocrystalline materials [1], they are of
prime interest to the researchers as well as to the technolo-
gists. Lead (II) fluoride (PbF3) is a well-known superionic
conductor and it is used as a solid-state electrolyte [2,3] in
solid-state batteries. Not much of work at the nano level
of PbF5, specifically on the application to these properties,
have been researched and hence our interest in this sub-
ject. It exists in two polymorphs, one is the high-pressure
orthorhombic a-PbFy and the other is the cubic (fluo-
rite structured) -PbFs. The structural phase conversion
from a to B can be achieved by heating the samples at
high temperature around 610 K for one hour [4] and the
reverse is achieved by applying a high pressure of the or-
der of 4 kbar [5]. Many works on this material using nu-
clear magnetic resonance have been carried out on both
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207Ph [6,7] and °F [8] nuclei of PbFy as both of them are
NMR active.

Electron paramagnetic resonance (EPR) technique is
a good tool to study certain atomic and molecular sys-
tems having a paramagnetic moment. EPR studies on
doped fluorides have been reported earlier to study the
defect structures and the defect-defect interactions [9,10].
Lead fluoride by itself is an EPR inactive as both ions
are non-magnetic, having closed shell electronic config-
uration. In the literature, one can find the practice of
substituting paramagnetic ions like Mn?*, Gd3* etc. in
the sites of Pb?* (this method is called as ‘magnetic tag-
ging’ [11] or ‘magnetic doping’) to study the environment
of Pb?T by EPR. Rose and Schneider [12] have studied
the point defects on fluorine sites induced by gamma ray
irradiation in cubic PbF; single crystals using EPR. ten
Eicken et al. [13] have heterovalently doped Gd** ions
in the lattice of G-PbF5 both in single crystal and pow-
der forms and studied their EPR spectra to correlate the
spectral lines to different Gd sites and compared with
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other Gd doped fluorite structured solid solutions [14]. In a
V2+ doped PbF5 a broad line EPR spectrum was obtained
and that was associated to the impurity centers [15]. Chan
and Shields [16] have studied the EPR of single crystal
lead fluoride using Cr3*, Mn?*, Fe?t and Fe?*t as para-
magnetic probe. In this work, we have investigated the
Mn?* doped nanocrystalline PbFywith the help of XRD,
thermal analysis and EPR. In this work, Mn?" was cho-
sen as the paramagnetic probe of PbFs because of the fol-
lowing reasons as discussed by Evora and Jacarrino [17],
who have studied Mn?t doped PbF, single crystal us-
ing EPR: (1) Mn?T may be introduced substitutionally
for Pb%*, (2) it couples weakly to the lattice, making
relaxation broadening of the EPR in a harmonic solid
insignificant at all temperatures, and (3) it has a large
55Mn hyperfine splitting parameters A(°*Mn) as well as
a transferred (superhyperfine) splittings A(*°F) between
each Mn?" ion and its eight nearest-neighbor (nn) F¥ nu-
clei. The divalent manganese has five 3d electrons and a
half filled electron shell. Therefore the resultant orbital
angular momentum is L = 0 and spin angular momen-
tum, S = 5/2. The paramagnetism arises only from these
unpaired electronic spins. It is also attempted to separate
the EPR lines originated from two different occupational
positions of Mn?* in the 1 mol% doped PbFs.

Experimental details

Nanocrystalline PbF; doped with Mn?T paramagnetic
ions has been prepared by the inert gas condensation tech-
nique under ultra high vacuum (of the order of 10~® Torr)
conditions using the in-house developed ultra high vacuum
chamber. The source materials PbFy (Sigma Chemicals
Company, Inc. USA, with the purity 99.99%) and MnF5
(Cerac Inc. USA, with the purity 99.9%) were taken to
have 0.05, 0.1, 0.4 and 1.0 mol% of Mn?*. The mixture
was mechanically ground for an hour to get good homo-
geneity and then loaded in a molybdenum boat. It was
evaporated by joule heating and the evaporated molecules
were collected on the surface of a cold finger (a stain-
less steel cylindrical vessel) kept at 77 K. The helium gas
with a pressure of 0.5 mbar was used as a carrier gas.
The detailed method of preparation is similar to the one
discussed elsewhere [6]. The as-synthesized nanopowders
were annealed at four different temperatures (473, 573,
623 and 673 K) under a vacuum of the order of 10~° Torr
to get different grain sizes. X-ray diffraction (XRD) pat-
terns were recorded using a Siefert powder X-ray diffrac-
tometer with Cu-K,; radiation. Grain sizes were calcu-
lated using the Scherrer formula [18].

Thermal properties of nanocrystalline Mn2?*T doped
PbFs have been studied by Differential Scanning
Calorimetry (DSC) and Thermogravimetric analysis
(TGA). DSC measurements were performed in the
DSC 204 Phoenix of Netzsch Company in the tempera-
ture range from 300 to 773 K. The DSC calorimeter was
calibrated against the melting point of indium. The TGA
thermograms were taken using the thermal analyzer model
STA 409 C of Netzsch in the temperature ranging from 300
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to 1273 K. All the thermal measurements were made with
the heating rate of 10 K/minute under dry nitrogen at-
mosphere.

EPR measurements were carried out at room tem-
perature (300 K) and at 77 K, using the Varian
E-112 EPR spectrometer in the scan range from 2400
to 4300 G. The microwave power used was 10 mW.
The modulation amplitude and modulation frequencies
were 5 G and 100 kHz respectively. The spectrum due
to Mn?* clusters in 1 mol% doped PbFy alone was ex-
tracted by subtracting out the EPR spectrum of the as-
synthesized sample from the mixed component spectra
of annealed samples in an appropriate manner. Thus ob-
tained EPR spectrum of the cluster component is then
superposed on the isolated Mn?t component spectrum in
different proportions to simulate the experimental mixed
component spectra corresponding to annealing temper-
atures 473, 573, 623 and 673 K. The same procedure
was adapted for both measurements at 300 K and 77 K
of 1 mol% doped samples.

Results and discussion
X-ray diffraction study

Figures 1a to d give the X-ray diffraction patterns of re-
spectively 0.05, 0.1, 0.4 and 1 mol% Mn?* doped PbFs.
The annealing temperature and the grain size of each
sample are given against the corresponding pattern. It is
found from Figure 1 that the as-prepared samples con-
tain purely cubic PbFs phase while the annealed ones
contain a fraction of orthorhombic phase also. The rel-
ative concentration of the latter phase varies with anneal-
ing temperature. Though only one peak corresponding to
the a phase is visible clearly in Figure 1, we can see few
other peaks on zooming in. One such magnified XRD plot
for 0.05 mol% doped and 673 K annealed sample is given
as inset in Figure la for clarity. Figure 2 shows the vari-
ation of the grain size with the annealing temperature in
all Mn?t doped nanocrystalline PbFs.

Thermal analysis

Figure 3 shows the TGA thermograms for 1 mol%
Mn?* doped nanocrystalline PbFy. Up to 1173 K the sam-
ple shows good thermal stability. After 1173 K, above its
melting point, the deep fall is observed and this fall may
correspond to the beginning of evaporation of this ma-
terial. Figures 4a and b show the DSC thermograms of
the as-prepared PbFy with 0.05 and 0.1 mol% of Mn?*+
content respectively measured in the temperature range
from 323 to 773 K (DSC measurements for 0.4 and 1 mol%
of Mn?* were not done). There is one exothermic and one
endothermic peak observed for both samples. The tem-
peratures of the peaks are marked in the respective fig-
ures. Many works have been done on single crystal [19,20)]
and polycrystalline PbFs in both the phases [21] using



P. Thangadurai et al.: EPR study of Mn*" doped nanocrystalline PbFs

449

Fig. 1. X-ray diffraction patterns
for the nanocrystalline PbF2, with
(a) 0.05, (b) 0.1, (¢) 0.4 and (d)
1 mol% Mn** content, prepared by
inert gas condensation technique. An-
nealing temperature and the grain size
are given against each pattern. Inset in
(a) is the magnified XRD pattern for
0.05 mol% and 673 K annealed sample.
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Fig. 2. Grain size versus annealing temperature for

Mn?t doped nanocrystalline PbF2 as calculated from the
X-ray diffraction pattern. Lines are guide to eyes.
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Fig. 3. TGA thermogram for 1 mol% Mn*" doped nanocrys-

DSC and DTA measurements. There have been many at-

tempts to relate the enthalpy to the superionic transi-

tions occurring in compounds having the fluorite struc-
ture [22,23]. These enthalpy determinations indicate that
the transitions to the superionic state are quite evident
and may be of second order. The first exothermic peak
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Mn?** doped nanocrystalline PbFs. Peak temperatures are
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in 0.05 and 0.1 mol% doped samples respectively at 531.5
and 531 K may be due to crystallization of some amor-
phous phases present in these samples. The endother-
mic peak was observed at 707.3 K and 707.1 K for 0.05
and 0.1 mol% doped PbFs samples respectively. This en-
dothermic peak at 707 K can be attributed to the transi-
tion from normal conducting state to the superionic con-
ducting state. This peak is very broad as the sublattice
melting process is not a sharp transition in fluorite struc-
tures [21]. During sublattice melting F~ ions will leave
from its lattice site forming Frenkel defects leading to
high-conducting superionic state.

Electron paramagnetic resonance studies

Figures 5a, b, ¢ and d show the room temperature
EPR spectra of the nanocrystalline PbF, with 1, 0.4,
0.1, and 0.05 mol% of Mn2* concentration respectively.
Their corresponding spectra measured at 77 K are given
in Figures 5e, f, g and h respectively. Each figure con-
tains the spectra of the as-prepared and annealed samples
with particular composition. All the spectra showed well-
resolved sextet originating from the interaction between
55Mn nucleus of spin I = 5/2 and its unpaired electrons.
Though all the spectra showed sextet corresponding to the
Mn?* ion, the line shapes of the spectra assume different
characteristics with respect to dopant concentration and
grain sizes (annealing temperature). However, no super-
hyperfine lines could be observed possibly due to higher
linewidth as well as longer Mn-F bond distance in these
materials (2.55 to 2.77 A) than what is normally observed
in MnFy (2.11 to 2.14 A) [24]. Already there are references
on Mn?t doped PbF; in which less than 10~* mole
of Mn?T at a measuring temperature of 77 K alone pro-
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duced a slightly resolved superhyperfine lines due to F'°.
Even the 1072 and 1072 mole of Mn?* could not give rise
to the resolution of the superhyperfine lines [17].

We are able observe a definite concentration depen-
dence of EPR spectra in our attempts to monitor the
phase changes in the PbF5 lattice doped with Mn?*. For
obvious reasons of concentration dependence and its con-
sequence on the EPR properties and vice versa, we like to
discuss the EPR spectral behaviour in order of decreasing
dopant concentration since the lower doping by Mn?* is
proved to be a correct representation of phase changes as a
function of annealing temperature in agreement with the
other experimental evidences such as XRD.

From the EPR spectra (Figs. 5a—h), it is evident that
there are two different types of EPR signals as a func-
tion of dopant concentration. At 0.4 mol% of Mn?*t con-
centration, the spectrum is mainly due to a single sextet
(I =5/2of Mn?T interacting with the unpaired electrons).
But for 1.0, 0.1 and 0.05 mol% concentrations, there are
at least two different environments. When Mn?* is doped
in PbFs, in principle, there are two possible environments
and, correspondingly, two types of Mn?t EPR signals.
One is that the paramagnetic species with divalent charge
can replace substitutionally the cations and thereby sited
in cubic symmetry surrounded by eight fluoride ions and
produce no anisotropy. The second is the probability of
the formation of Mn?T clusters within its exchange dis-
tance. In addition to these two, in the case of triposi-
tive ion substitution, charge compensation is required and
hence the cubic symmetry may be reduced to trigonal,
tetragonal or orthorhombic symmetry in which the crystal
field axes may not necessarily coincide with the crystallo-
graphic axes.

Figures 5a and e give the EPR spectra of the
1 mol% Mn?* doped nanocrystalline PbF, measured
at RT and 77 K respectively. Here very interesting fea-
tures are observed. As-prepared sample of this did not
show any anisotropy as it contains only §-PbFs as ob-
served from XRD and hence the impurity ions could sub-
stitute the cubic sites. But the annealed samples of 1 mol%
dopant content showed two components. One may be from
the isolated single Mn?t ions and the other one may
be originated from Mn?* clusters formed due to higher
dopant concentrations. The isolated single Mn2* ions con-
tain the resolved sextet. The broad resonance line may
be from the Mn?t clusters. This kind of spectra have
been already reported for the Mn?* substituted ZnS with
the 1 mol% dopant [25,26]. Formation of Mn?* clusters
in PbFy can be justified in the annealed samples with
1 mol% dopant. During annealing, isolated Mn?* can eas-
ily diffuse into another site and forming cluster. The pos-
sibility of the formation of Mn?* clusters in ZnS with
cubic structure has been thoroughly studied by Yeom et al.
[25] and Lee et al. [26]. We argue in a similar way. The
Mn?* ions are substitutional impurities, which reside on
normal Pb?* ion lattice sites. It is therefore reasonable
to expect any diffusion of Mn?* in PbF, to occur by a
vacancy diffusion mechanism. It looks that the cluster-
ing of Mn?* ions contradicts the basic thermodynamic
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Fig. 5. Typical sets EPR spectra of the as-prepared and annealed nanocrystalline PbF, with Mn?* concentration of (a) 1.0,
(b) 0.4, (c) 0.1 and (d) 0.05 mol% measured at room temperature. The spectra (e), (f), (g) and (h) are their respective

EPR spectra measured at 77 K. The six lines were originated from the °S state of Mn

and grain size are given against each spectrum.

requirement for a statistical uniform impurity distribution
in the host lattice. However, from a quantum mechani-
cal point of view, the substitution of Pb?T (d'°) by an
Mn?* (d°) impurity brings the electron deficiency. This
electron deficiency can be resolved by delocalization of
electron via bringing the Mn2* ions closer in order to let
them share the available electron [26,28]. If this is the case,
then the orbital population and the symmetry restrictions
should play a very important role in the clustering effect.
The total energy lowering of the system due to clustering
makes it favorable for Mn2* ions to form clusters in the
lattice and it is theoretically confirmed [26].

These two different environments lead to the different
interactions of Mn?* monitoring the site of Pb%* giving
different EPR lines. While the Mn?* spectrum of the as-
prepared samples is very clear and unique from Figures ba
and e respectively for 300 and 77 K, the spectrum due to
the dopant clusters has been first carefully obtained by
subtracting out the spectrum due to isolated ions from
the 673 K spectrum due to two components. Thus the ob-

2+ probe ion. The annealing temperature

tained Mn?T cluster spectrum was then added to 8 phase
in different percentages (or amounts) to simulate the ex-
perimental spectra of samples annealed at various temper-
atures. This is shown in Figures 6 and 7 respectively for
the room temperature and 77 K experimental EPR data.
In both figures, panel A gives the spectra of isolated ions
(solid lines) and cluster (dashed line) and the panel B
gives the experimental (solid line) and combined (dashed)
spectra of these two components after addition in right
proportion. In both cases it is clear that the spectra due
to cluster are devoid of hyperfine lines due to exchange
narrowing while the spectra due to the isolated ions has
hyperfine lines due to ®*®Mn ion. The agreement between
experimental and generated spectra as shown in panel B
of these figures is gratifying. For the samples measured
at room temperature there was an exact match between
the experimental and simulated spectra. For the samples
measured at 77 K, other than the as-synthesized sample,
a partial mismatch was observed between the generated
and experimental spectra. The above discussion is true
for both the EPR measurements done at 300 and 77 K
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Fig. 6. Panel A: EPR spectral components of the isolated
(6-line) and cluster Mn?" ions (single line) for the 1 mol%
Mn?" doped nanocrystalline PbFs measured at room tem-
perature. Panel B: The resultant spectra (dashed line) ob-
tained by adding the two components in the amounts shown in
Panel A are given along with their corresponding experimen-
tal EPR spectra (solid line). Annealing temperatures are given
against each spectrum.

of 1 mol% doped PbF5, except for differing line widths.
It is interesting to note that the linewidth of isolated ions
spectrum is lower at 300 K than that at 77 K while the
reverse is true for the cluster spectrum (AH = 120 G
at 77 K and 130 G at 300 K). The decrease in linewidth
at 77 K for the cluster may be due to a slight contrac-
tion of the Pb(Mn)-F bond distance and hence the lattice,
thereby increasing the exchange narrowing. It is necessary
to point out that this broadening is not due to microwave
power saturations (vide supra, experimental procedure).
An additional possibility is phonon decoupled exchange
at lower temperatures.

A look at the EPR spectra at all annealing tempera-
tures of 0.4 mol% doped PbFy in Figures 5b and f shows
only a well resolved sextet. The central single exchange
narrowed line due to cluster formation as in 1 mol% doped
samples was not observed here. The sextet showed that the
impurity ions have been substituted mostly in the cubic
sites and may be also in the orthorhombic sites to a mi-
nor extent. Hence, all such Mn?" ions found in clusters
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Fig. 7. Panel A: EPR spectral components of the isolated
(6-line) and cluster Mn** ions (single line) for the 1 mol%
Mn?* doped nanocrystalline PbFomeasured at 77 K. Panel B:
The resultant spectra (dashed line) obtained by adding the two
components in the amounts shown in Panel A are given along
with their corresponding experimental EPR spectra (solid
line). Annealing temperatures are given against each spectrum.

in Figure 5a have now gone in as isolated ions, increas-
ing the relative concentration of the latter. Yet another
observation was a substantial decrease in linewidth of the
hyperfine spectra as the grain size increases with anneal-
ing temperature, revealing an increased crystallinity of the
samples.

The 300 and 77 K measured EPR spectra in Figures 5c¢,
d, g and h for 0.1 and 0.05 mol% doped PbFy showed the
presence of isolated Mn2* ions substituted in the cation
sites. As-prepared and 473 K annealed samples in both
cases showed the presence of only one set of isotropic hy-
perfine lines due to °®Mn indicating that all the Mn? ions
have been substituted in the cubic sites (5). But at higher
annealing temperatures above 473 K, the EPR spectra
started showing more than one set of EPR spectra. In
addition to the sextet as observed at higher dopant con-
centration as well as at this reduced concentration both
for as-prepared and for 473 K annealed case, we also
observe (i) the emergence of a sharp isotropic line at g = 2
and a broad and intense line at g ~ 1.95; (ii) both
these lines decrease in intensity with increased annealing
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subtracted spectrum (explained in the text) is given at bottom.

temperature; (iii) at the highest annealing temperature
of 673 K, the disappearance of the new lines (though a very
minor constituent of the sharp line (g = 2) still present) is
synchronous with the sharpening of the sextet. To clearly
demonstrate the differential nature of observation (i), we
have subtracted the 473 K spectrum (sextet) from the
573 K spectrum; the results are shown in Figure 8. While
the sextet is due to the doping of Mn?* in the cubic
[-phase, the sharp line at ¢ = 2 is due to doping in
a-phase, as proven by earlier observation of its decreasing
concentration at higher annealing temperatures [5,26-28].
The lack of hyperfine lines and its sharpness as seen in
Figure 8 for this constituent in the a-phase are due to
long Mn-F bond and consequent weak interaction possi-
bly leading to free rotation of Mn?T ion. However, the
broader line formation may be due to one of the following
possibilities. (i) It is due to the presence of Mn?* in grain
boundary with possible dangling bonds, which means re-
duction in the symmetry of Mn?* and hence Pb?*t en-
vironment leading to the observed lower g value. As the
annealing temperature increases, the grain boundary de-
creases due to the improvement of crystallinity. The result-
ing Mn?* substitutes Pb*t going into B-phase affecting
the ratio of # and « contents in favour of the former and
hence a decrease in the intensity of the sharp line at g = 2.
As a result, better crystalline condition at high annealing
temperature distributes the Mn?T in isolated cubic sites,
leading to a reduction in the linewidth and hence the sharp
6-line EPR spectrum. (ii) The second possibility for the
simultaneous appearance of the sharp line at g ~ 2.01
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and the broad signal at g ~ 1.95 may be due to the for-
mer belonging to defects having dangling bonds and the
latter due to Mn** ions in grain boundary. Usually the
latter has g-value below 2.0 [29]. (iii) The third possibility
for the appearance of a broad line especially at a lower
g-value of ~1.95 is due to its origin from a F centre, in
the near presence of higher atomic number element Pb.
This possibility has other corroborative evidences: (i) the
g-value of F-centres in CaO, SrO, BaO decreases in the
order 2.0, 1.984 and 1.938 [30]; (ii) the presence of elec-
tronic centres in pure PbF5 has been proved to be present,
by both Raman and Photoluminescence spectroscopy [31];
(iii) as expected, the electronic centres formed on heat-
ing at 473—573 K disappear totally at 673 K, a case of
bleaching at high temperature. In this case, the sharper
line must have been due to the presence of Mn?* ions
with F~ ions at longer distances as in the case (i) dis-
cussed above. Of the three possibilities, the third seems
to be the most probable.

The values of spectroscopic splitting factor g and hy-
perfine structure constant A as obtained from the ex-
perimental spectra are in the normally expected range
of g ~ 2.0+ 0.001 and A ~ 92+ 1 G. This is due to
the fact that the Mn?*t ions do not have orbital angular
momentum and the electrons are in the S state as they
have a half filled d level.

Conclusion

Nanocrystalline PbFy doped with four different Mn?* con-
centrations were prepared by inert gas condensation tech-
nique and annealed under vacuum to get different grain
sizes. The XRD patterns showed « and (8 phases of PbFs.
The TGA and DSC showed the thermal stability and the
superionic phase transition respectively. EPR spectra with
different nature were observed as a function of dopant con-
tent and grain size. Isolated Mn?*t ions got substituted
when the dopant content was low and formed Mn?* clus-
ters at highest dopant content studied. The 1 mol% doped
PDbF5 contained two components corresponding to the iso-
lated and correlated clustered Mn2* ions. The sextet and
the separated single line spectra have been attributed to
the single ion and the clustered Mn?" ions respectively. At
the same time, it is evident that low dopant concentrations
for EPR studies can alone reveal the real phase transi-
tional feature and grain boundary behaviour of PbFs5 lat-
tice. The experimentally observed and the generated spec-
tra for the mixed components showed good agreement.
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