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The actual occupancy of the two available cation sites by luminescent Eut jons, in the cubic
bixbyite-type structure of nanocrystalline sesquioxides, has been investigated by '>'Eu Mdssbauer
spectroscopy and magnetic susceptibility measurements. It was found that one fourth of the europium
ions is in the more symmetric site C3; and three fourths in the less symmetric site Cy; the distribution
is random. In the series of the Eu-doped sesquioxides Sc,O3, Luy O3, Y,03 and Euy 03, the cova-
lency of the Eu-O bond and the Eu site distortion increase with the difference in ionic radii between
europium and the cation of the host compound. The magnetic susceptibility has been analyzed as sum
of the contributions of the free Eu3* ion, of the crystal-field effect and of the exchange interaction

between europium ions.
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1. Introduction

Nanocrystalline oxide materials activated with triva-
lent lanthanoide ions (Ln3*) are becoming increas-
ingly important due to their valuable luminescence
properties, which make them interesting for several ad-
vanced applications, such as innovative phosphors [1]
and materials for optical imaging in biomedicine [2].
In this broad class of materials, particular attention
has been devoted to the study of nanocrystalline cubic
sesquioxides, which combine a relatively easy prepara-
tion with several favourable physical properties [3,4].
Among the activator ions, particular attention has been
payed to Eu’t, which gives rise to efficient red lu-
minescence, and can be used as a useful spectro-
scopic probe of the environment surrounding the Ln3*
ions [5].

In the case of cubic sesquioxides with the structure
of Y,0s3, the constituting cations are located in two
non-equivalent special positions: 24d (site symmetry
() and 8b (site symmetry Cs3;) [6]. In principle, the
luminescent ion Eu3* may replace the cations in a ran-
dom or preferential way. The distribution of Eu3* in
bulk compounds has been subject of theoretical and ex-
perimental work. Recently Stanek et al. [7] performed

atomic scale simulations and foresaw a preferential oc-
cupation of the Cj; site when the Eu’* ion is larger
than the host lattice cation. The results of the simula-
tions were compared with the experimental investiga-
tions of bulk samples of doped Y,03 and Lu,O3 by
means of X-ray diffraction [8] and '3'Eu Mossbauer
spectroscopy [9, 10]; by the experiments a random dis-
tribution of Eu in bulk Y,0s3 [8,9] and a preferential
occupation of the C; site in bulk Lu,; O3 was found [10].
The magnetic susceptibility measurements also gave
information about the Eu distribution [8, 11]; the pub-
lished results will be discussed in Section 4.

In the isostructural series Scy,O3, Y203, LuyOs,
in which the cations have a closed shell, Sc3 has
the smallest ionic radius; it is interesting to investi-
gate the distribution of the luminescent Eu’* dopant
ion in nanocrystalline cubic Sc,O3, whose structure,
morphology and luminescence has recently been re-
ported [12]. The nanocrystalline character of this com-
pound does not permit the use of single crystal X-ray
diffraction, which is the standard method of this kind
of investigation.

ISTEu Mossbauer spectroscopy represents a valu-
able technique to investigate the features of the eu-
ropium ion sites in crystalline and amorphous mate-
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rials [13-15]. In some cases it can determine the rel-
ative amount of Eu in different crystallographic sites,
because the probability of resonant absorption by a sin-
gle P'Eu nucleus is approximately equal for trivalent
ions in different sites of the same compound; therefore
the relative occupancy may be evaluated from the rel-
ative area of the components in the spectrum. In par-
ticular this is useful when the two sites have different
symmetry, because this spectroscopy gives direct in-
formation about the site symmetry.

In fact, the gamma ray from !Eu is emitted dur-
ing a transition from an excited state with spin 7/2 to
the ground state with spin 5/2 [13]. If there is no three-
fold or fourfold symmetry axis passing through the nu-
cleus, the components of the electric field tensor along
the principal axes are different, the asymmetry param-
eter 1 is non-zero [16], and there are 12 allowed tran-
sitions. If a threefold or fourfold axis is present, the
asymmetry parameter is zero and 8 transitions are ob-
served. In a compound with two mutually perpendic-
ular axes of threefold or higher symmetry, the electric
field gradient [and therefore the quadrupole interaction
(QI) parameter] is zero and a single transition is ob-
served [13].

The discrimination of the contribution of different
sites occupied by Eu’* is limited by experimental
factors: the difference of isomer shift (IS) is usually
smaller than the line width and comparable with the
quadrupolar splitting. Therefore in the spectrum only
a single absorption peak appears; it may be resolved
into two contributions of the sites, each splits by the
quadrupolar interaction, using a suitable fitting proce-
dure.

Bulk cubic sesquioxides doped with Eu have also
been investigated by Mossbauer spectroscopy by
Hintzen and van Noort [17]. A resolution of the con-
tribution of the two different sites is proposed, which
uses a fitting of the spectra with two single Lorentzian
curves, i.e. without quadrupole splitting; the ratio of
the areas of the two contributions is usually fixed [17].

The aim of this study is to evaluate the actual oc-
cupancy of the two available cation sites in the cu-
bic structure of nanocrystalline Sc,O3 by Eu?* ions.
To this end we resolve in the absorption spectrum
the contribution of different crystalline sites that may
be occupied by trivalent europium, allowing for the
quadrupole interaction. The hyperfine parameters will
be discussed in terms of symmetry and bonding of the
lanthanoide ion; moreover, the evolution of the param-
eters vs. ionic radii in a series of sesquioxides with
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the same bixbyite-type structure will be presented. The
Mossbauer spectroscopic study is justified by the con-
sideration that the X-ray powder diffraction investiga-
tion, reported in [12], did not solve the question about
the site occupancy by Eu®". The magnetic susceptibil-
ity values, measured at 2 K and 290 K, will be dis-
cussed in connection with the Eu distribution and the
crystal field (CF) of the Eu sites in the different host
lattices.

2. Experimental

The nanocrystalline Sci gFEug,03, LujgEup,03
and Y gEup,03 samples were prepared by propel-
lant synthesis as described in [12, 18, 19]. Bulk cubic
Eu,O3 was prepared by heating commercial Eu;O3
(Aldrich, 99.99%) at 1000 °C for 6 h [20].

Mbossbauer absorption spectra were obtained in stan-
dard transmission geometry, using a source of ! SmF;3
with the activity 3.7 GBq. A calibration was performed
using a source of °’Co in rhodium and a metallic iron
foil (25 pum thick) as the absorber. The isomer shift
of the samples was measured using anhydrous EuF;
as reference material. The measurements were carried
out at room temperature on a powder sample with an
absorber thickness of 3.8 mg/cm? of Eu; this value cor-
responds to an effective thickness of + = 1, when cal-
culated using the recoilless fraction of the source, f =
0.6 [13]. The powders were contained in a Plexiglas
holder. The Euy,O3 powder was mixed with graphite
in order to spread it uniformly over the bottom of the
sample holder. In order to obtain the same quality of
the spectra, the acquisition has been carried out to ob-
tain a relative experimental error of about 0.005% on
the maximum resonant absorption.

The first step of the analysis of complex spectra
was the determination of the full width at half maxi-
mum (FWHM) of the crystalline absorption peak for
spectra obtained with our '>!SmF; source. The elpa-
solite Cs;NaEuClg crystal contains Eu?" in an octa-
hedral site (cubic symmetry) [21]. It permits to verify
that the emission line of our source could be treated
as monochromatic (unsplit), because Eu** in a site of
cubic symmetry gives a single absorption line if the
source is monochromatic [13]. The elpasolite crystal
was also used in order to measure the line width of
our source using the trivalent europium in a crystalline
environment. The FWHM of the absorption peak has
been measured with an effective absorber thickness
of t = 1; the obtained value was (1.76 £ 0.01) mm/s
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with + = 1. The line width was also measured us-
ing absorbers of Cs,NaEuClg with the effective thick-
ness t = 0.5 and r = 2. The resulting FWHM as a
function of the thickness 7 follows the linear behaviour
I' = Iy + at predicted by the theory [16,22]; the lin-
ear fit of the experimental data gave an FWHM at zero
thickness of Iy = (1.705+0.003) mm/s and a variation
coefficient of @ = (0.052 +0.003) mm/s.

The absorption spectra were analyzed by fitting the
data with curves of Lorentzian shape, allowing for
the quadrupole interaction when present. We used the
method for the analysis of pure quadrupole spectra pro-
posed by Shenoy and Dunlap [23], with a value of the
quadrupole ratio of R = 1.312 [24]. The thickness of
the absorbers permitted the use of a Lorentzian line
shape, because the thin absorber approximation could
be used (thickness less than 6 Ing/cm2 of Eu) [22,25].
When the QI is present, we used a quadrupole multiplet
of Lorentzian curves; it is made up of 12 components
if n # 0, and 8 components if 7 = 0. The FWHM of
the Lorentzian curves in the fit of the spectra has been
fixed to the value I' = 1.76 mm/s measured with the
elpasolite crystal for an effective thickness of r = 1.

The quality of the fits was tested using the usual
chi-squared test and a weighted form of the Durbin-
Watson d statistics, that was used in the Rietveld anal-
ysis of powder diffraction data and in the analysis of
Mossbauer spectra [26, 14]. The parameter d quantifies
the serial correlation between adjacent least-squares
residuals, while Q; depends on the number of data and
of least-squares parameters; if |d — 2| < |Qy4 — 2|, con-
secutive residuals are insignificantly correlated and the
experimental data are randomly distributed around the
fit curve.

The magnetic susceptibility measurements were
performed using a Quantum Design MPMS5 XL5
SQUID magnetometer calibrated with a Pd standard;
the linearity of the magnetization vs. applied field
was verified by measuring the magnetization at 2 K
and 290 K with fields from 0.02 to 50 kOe. The
measurements were carried out on powder samples
of 50 mg, embedded in a Teflon tape.

3. Results

Detailed analyses of the powder X-ray diffraction
(XRD) patterns have been published by some of the
authors for the nanocrystalline europium-doped scan-
dia [12], lutetia [18] and yttria [19]. The XRD of
nanocrystalline Sci §Eug 03 confirms that the sample
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Fig. 1. Mdossbauer spectra (relative absorption intensity
vs. velocity) of: (a) nanocrystalline Sci gEup,03; (b) bulk
Eu,03. The experimental data (dots) and the fit curve (full
line) are shown along with the components associated to the
C3; and C; sites (dashed line and full line, respectively).

is single-phase with the cubic structure with the cell pa-
rameter a = 0.99170(1) nm, slightly larger than for the
undoped nanocrystalline Sc,O3 [12]; the average crys-
tallite size, determined from the profile analysis of the
XRD line using the Warren-Averbach method, is 14 nm
with no significant microstrain [12]. Eu-doped and
undoped Sc,03 nanopowders have been fully char-
acterized by transmission electron microscopy im-
ages, showing that the average crystallite size is 22
and 40 nm, respectively [12]. XRD results show
that Eu3+—d0ped Y,03 and Luy;O3 nanopowders are
single-phase with a cubic structure [a = 1.0649(2) nm
and a = 1.03901(4) nm, respectively], and that the
average crystallite size is 10 nm and 34 nm, respec-
tively [18, 19]. The bulk Eu,O3; sample shows the cu-
bic structure [a = 1.086(1) nm] [6], as confirmed by
powder XRD.

The Mossbauer spectrum of nanocrystalline cubic
Sci 8Eup 203 is shown in Figure la. This compound
needs a suitable fitting procedure which discriminates,
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Sample 5, mm/s eQV,, mm/s 0 Area, %

d 04 x° Table 1. Mossbauer parameters obtained

nano-Scy gEug 203
G
G
bulk Eu; 03
G
G
nano-Lu; gEug 03
(&7,
(&)
nano-Y1.gEup203
(&7,
G

1.18(1) 0
1.38(1) —12.6(1)

26(1)

1.0(1) 74(1)

1.03(1) 0
1.03(1) —8.6(1)

24(1)
1.0(1)  76(1)
1.23(1) 0

1.23(1)  —10.4(2)

25(1)
75(1)

1.14(1) 0
L14(1)  —9.4(4)

27(3)

1.0 73(3)

47 165 127 by fitting the spectra. § is the isomer
’ ’ ’ shift with respect to EuF3, eQV,; is the
quadrupole interaction parameter, 1 is
the asymmetry parameter and Area is
the relative area of the components.
The d, Q; Durbin-Watson and 2 pa-
rameter are also reported. The FWHM
of the Lorentzian curves has been fixed
to 1.76 mm/s. Statistical errors are given
in parenthesis as errors on the last digit.

1.67 1.65 1.26

1.78 1.65 1.02

1.79 1.65 1.18

in the spectrum, the contribution of the Cs; and C; sites;
a good procedure will give, as result of the fitting, two
components with a ratio of the areas corresponding to
the actual occupancy of the sites. The simple use of two
quadrupole multiplets with free parameters is not pos-
sible because the large number of parameters makes
the fitting unstable.

A suitable fitting procedure has been tested using a
cubic EuyO3 sample [9], because this compound has
the same bixbyite-type structure of Sc,O3 and other
sesquioxides (Y203 and Lu;03) and a known occu-
pancy of the C3; and G, sites by europium. The ex-
perimental spectrum of Eu,Os3 was well fitted using
two contributions corresponding to the two sites; in
this procedure the asymmetry parameter of the Cj; site
has been fixed to zero, because of the threefold axis
of symmetry, and the FWHM of the multiplets has
been fixed to the crystalline width (I' = 1.76 mm/s
for t = 1). In order to reduce the number of free pa-
rameters, the value of IS of the sites has been forced
to take the same variable value, and the QI parame-
ter of the more symmetric site has been fixed to zero,
because some trial fits showed that the value of IS
of the two sites is about the same and the QI of the
C3; site is very small; these constraints do not worsen
the fit. The equality of the IS is reasonable because
the average Eu-O distance of the two sites is equal,
while the smallness of the QI in the Cs; site is caused
by the equal value of the six Eu-O distances [27].
The resulting calculated curve is shown in Fig. 1b
with the components separately; the fit parameters are
given in Table 1. The relative areas of the components
(24% for C3; and 76% for C) give the right num-
ber of occupied sites (25% and 75%) within the ex-
perimental error. This fitting procedure has been ap-
plied to the spectra of the nanocrystalline cubic lute-
tia and yttria samples which are shown in Fig. 2a and

Absorption (%)

(b)

-5 0 5
Velocity (mm/s)
Fig. 2. Mossbauer spectra (relative absorption intensity vs.
velocity) of: (a) nanocrystalline Lu; gEug »O3; (b) nanocrys-
talline Y| gEug03. The experimental data (dots) and the fit
curve (full line) are shown along with the components as-

sociated to the C3; and C, sites (dashed line and full line,
respectively).

-15 -10 10 15

Fig. 2b with the fit curves; the parameters obtained
by the fitting procedure are reported in Table 1 [9].
It results that in both cases, the europium ion occu-
pies the C3; and the C; sites with a probability equal
to the relative number of sites within the experimental
error [9].
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Fig. 3. (a) Reduced x> vs. the occupancy ratio x (left
axis: lozenges and triangles; right axis: squares and cir-
cles); (b) isomer shift vs. x; (c) QI parameter vs. x. The
evolution of the parameters for Sci gEug 203 (open squares
and closed squares for the 2md 1S) Eu, O3 (open circles),
Lu; gEug 203 (open lozenges) and Y gEug O3 (open trian-
gles) are shown.

Differently from the spectra of Eu,O3; (Fig. 1b)
and other sesquioxides such as Y;gEup;03 and
Lu; gEu( 03 [9], the spectrum of Sc| gEug 03 is not
symmetric; a trial fit of the data of Sc| gEug,03; with
the same constraints used for the other samples gives a
too large value of the chi-squared parameter (x> = 3.5)
and a symmetric calculated curve. In order to take into
account the asymmetry of the spectrum, we relaxed the
constraint concerning the IS and made independent the
IS of the two sites. The resulting calculated curve is
shown in Fig. 1a with the components separately; the
fit parameters are given in Table 1. The occupational
probability of the C3; and C; sites are 26% and 74%,
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Fig. 4. Evolution of the paramagnetic susceptibility per
mole of Eu (CGS system) vs. the difference of ionic radii
AR = Rg, — Rx, where Rx is the ionic radius of the hexa-
coordinated trivalent ion (X =Eu, Y, Lu, Sc). The experimen-
tal susceptibilities of EuyO3 and X; gEup 203 at 2 K (closed
circles) and 290 K (open circles) are shown. The values,
calculated by Huang and Van Vleck for Euy,O3 [29], of
xr1 (closed square at 2 K and open square at 290 K) and
X1+ xcee (closed triangle at 2 K and open triangle at 290 K)
are shown. The relative experimental error is 1%.

respectively, which agrees with the relative number of
available sites within the experimental error.

In order to test the quality of the fits, the evolution
of the reduced chi-squared vs. x has been investigated,
with x defined as the occupancy ratio of the C; and
C3; sites. Several fits have been performed by fixing
x to different values around x = 3 (random distribu-
tion). Considering that the value of x resulting from the
fits reported in Table 1 is x = 2.85 £ 0.15 for scandia,
3.17£0.17 for europium oxide, 3.00 = 0.16 for lutetia
and 2.70 £ 0.41 for yttria, it is observable in Fig. 3a
that the minima of chi-squared correspond to the val-
ues of x in Table 1, within the statistical uncertainty.
Figures 3b and 3c show the corresponding evolution of
the IS and of the QI parameter vs. x, respectively; the
asymmetry parameter 1) gives a constant unitary value
and therefore is not shown.

The main difference between Sci gEup,03 and the
sesquioxides of Eu, Y and Lu is the different value
of IS of the two sites, which appears in the spectrum
as lack of symmetry. From a structural point of view,
the main difference is the small ionic size of scandium
compared to europium; in fact, the trivalent ionic ra-
dius (IR) of Sc is 0.745 A for the coordination number
CN =6, while it is 0.900 A for Y and 0.861 A for Lu, to
be compared with 0.947 A of Eu [28]. In the following
the results are reported vs. the difference of ionic radii
between Eu* and the cation of the host compound.
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Figure 4 shows the paramagnetic susceptibility (PS)
of the samples vs. the difference of ionic radii; the sus-
ceptibility per mole of Eu in the CGS system, at tem-
peratures of 2 K and 290 K, is given. The PS has been
calculated by subtracting the diamagnetic contribution
of the ions [30].

4. Discussion

The PS x;, in these oxides is due to the europium
atom [8,11,31] and has been investigated by Huang
and van Vleck in bulk Eu,O3 [29]:

Xp = XFI + XCFE + Xex, (D

where xpy is the paramagnetic susceptibility of the free
Eu3* ion, XcrE is the contribution of the CF effect and
Xex is due to the exchange coupling between the Eu*
ions. The susceptibility has been used in the literature
in order to determine the distribution of Eu in the two
sites, starting from the consideration that Ycpg associ-
ated with the more symmetric Cs; site is smaller than
with the C; site [8, 11]; moreover Yex should be negli-
gible for oxides doped with 10% of Eu [8, 11]. There-
fore it is expected that the susceptibility of a doped
oxide is about equal to ypr + xcre of EuyOj if the
distribution is random and larger or smaller if there
is a preferential occupancy of the C, or Cj; site, re-
spectively [8, 11]. The values of yp and Xpr + Xcre
for Eu,O3 at 2 K and 290 K, calculated in [29], are
shown in Figure 4. The calculated values for Euy,O3
will be denoted as XfrEuw,0; and XCFEEu,0,,» While
XpEu,0; denotes the measured PS of EuyO3. Antic et
al. [8] measured y, = 4.5- 1073 cm*/mol for Eu in bulk
Y 3Eup,03 at room temperature; they concluded that
it is consistent with a random distribution. Grill and
Schieber [11] measured x, = 14.0- 103 cm3/mol for
Eu in bulk Lu; gEup,03 at 95 K; they explained the
observed values with a preferential occupation of the
C, site or with an increase of the CF strongly depen-
dent on the unit cell dimensions.

The PS of the various oxides shown in Fig. 4 has
a different behaviour compared to Eu;O3. The PS of
Y18 Eug20; is smaller than y;, gu,0, but larger than
XFLEu,0; + XCFE,Eu,05» While the PS of Luj gEug 203
is larger than Y, gu,0,. The value of the doped lute-
tia may be explained only by an increase of the
CF due to the decrease of the lattice constant; the
term Ycpg cannot increase to give a PS larger than
that of EuyOs if there is only a redistribution of
the Eu* ions. The value of the doped yttria is not
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Fig. 5. Left axis (closed circles): evolution of the iso-
mer shift vs. the difference of ionic radii AR = Rgy — Rx
(X=Eu, Y, Lu, Sc). Right axis (open circles): evolution of
the quadrupole interaction parameter eQV.; vs. the difference
of ionic radii. Error bars are shown.

inconsistent with a random distribution because the
increase over the YfrEu,0, + XCFEEu,0; Value can be
explained by the increase of the CF; this increase is
smaller than in the doped lutetia which is in agreement
with the evolution of the lattice constant. The suscep-
tibility of Scy.gEug.,03 is about equal to ¥}, gu,0,; this
result needs the investigation of the temperature depen-
dence of the susceptibility to be explained.

Figure 5 shows the evolution of the isomer shift vs.
the difference of the ionic radii. The IS increases with
the difference of the radii. The IS of trivalent europium
varies from 0 mm/s, corresponding to the most ionic
compound EuF3, toward values larger than 1 mm/s as
the covalency of the Eu-X bond increases [13]; there-
fore in our series the covalency of the Eu-O bond in-
creases on decreasing the ionic radius of the host com-
pound. It happens that the Eu** ion is squeezed in the
Sc,03 host; the shortest Eu-O distance corresponds to
the highest covalency of the bond.

Moreover Fig. 5 shows the evolution of the QI pa-
rameter vs. the difference of IR; the absolute value of
the QI parameter increases with the difference of the
radii. Considering that the QI measures the distortion
of the Eu site, this evolution points out that the large Eu
ion causes the biggest site distortion in Sc,O3, which
is the host compound with the smallest ion. The QI
parameter is usually negative in trivalent europium ox-
ides and varies from —5 mm/s to —13 mm/s [13]; the
value of —12.6 mm/s of the Sc oxide points towards
a strong distortion. The contribution to the distortion
due to the difference of IR between Eu and Sc may
be evaluated by comparing the value of —12.6 mm/s
with —8.6 mm/s of Eu,O3.
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On the basis of the analysis of the Mossbauer spec-
trum, the europium dopant ion in nanocrystalline cubic
Sc,03 is distributed between the Cs; and the C, site in
a random way, without preferential occupancy. This is
in qualitative agreement with the results of lumines-
cence spectra recorded on the same sample in order
to measure the asymmetry ratio of the integrated in-
tensities of the "Dy — ’F, and Dy — ’F; transitions,
which is indicative of the asymmetry of the coordina-
tion polyhedron of the Eu’* ion [12]: the lower the
ratio value, the higher is the site symmetry of the Eu3*
ion. The obtained high asymmetry ratio value 5.3 £0.1
indicates that the local environment of the Eu’* ion
is notably distorted, which is in agreement with a C,
symmetry for the sites mainly occupied by the dopant
ions [12].
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