
COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 12 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4112-2073 $ 20.00+.50/0 2073

Enhanced Luminescence and Photomagnetic
Properties of Surface-Modified EuO
Nanocrystals**
YasuchikaHasegawa, Supitcha Thongchant,YujiWada,
Hidekazu Tanaka, Tomoji Kawai, Takao Sakata,
Hirotaro Mori, and Shozo Yanagida*

Europium(��) oxide (EuO) has localized narrow 4f orbitals
that exist as the degeneracy levels between the conduction
band (5d orbitals of EuII) and the valence band (2p orbitals of
O2�).[1] The 4f ± 5d electron transition and spin configuration
of EuO lead to unique optical, magnetic, and electronic
properties.[2, 3] In fact, the theoretical quantum-confinement
model predicts enhanced luminescence and specific magnetic
properties for nanosized EuII semiconductors.[4, 5] Whereas the
preparation of bulk EuO by thermal reduction of Eu2O3

above 1000 �C was reported in 1965,[6] EuO nanocrystals were
only synthesized and isolated recently. We recently prepared
spindle-shaped EuO nanocrystals (average 280 nm in length
and 95 nm in width) from Eu metal in liquid ammonia.[7] Here
we report on the synthesis of smaller EuO nanocrystals
(average diameter: 3.4 nm) by photochemical reduction of
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Eu(NO3)3 in methanol. The EuO nanocrystals have two
unconventional photophysical properties: their emission
quantum yield in methanol is 49� 5% at 300 K, which is the
highest efficiency reported for EuO, and their magnetization
increases dramatically under UV irradiation at room temper-
ature.

The EuO nanocrystals were prepared under an N2 atmos-
phere as described in the Experimenteal Section. The TEM
images revealed that the sample consisted of EuO nano-
crystals (Figure 1a) with an average diameter of 3.4 nm
(Figure 1b). Their size distribution is much smaller than that
of the recently prepared EuO nanocrystals.[7] The electron
diffraction pattern (Figure 1c) of the initial nanocrystals
revealed responses at 2.95, 2.43, 1.78, and 1.51 dA, corre-
sponding to (111), (200), (220), and (222) planes of NaCl-type
EuO, in agreement with those of the spindle-shaped EuO
nanocrystals.[7, 8] Magnetization measurements verified the
formation of EuIII-free EuII oxide (EuO). Thermogravimetric/
differential thermal analysis (TGA/DTA) indicated that the
EuO precipitates contain 48% of organic compounds. Ele-
mental analyses and inductively coupled plasma atomic
emission spectroscopy (ICP-AES) gave empirical formulas
of precipitates prepared in the absence and presence of urea
of EuH6.7C2.8N1.2O6.9 and EuH7.7C3.3N2.2O6.8, respectively. The
empirical formula of the organic component was determined
from the difference between these formulas to be CH2N2. As
the removal of H2O from NH2CONH2 (urea) leaves CH2N2,
the formation of polyurea (NHC(O)NHCH2)n on the surface
of EuO was assumed, and this was confirmed by IR
spectroscopy. The proposed photochemical reaction mecha-
nism for the formation of the polyurea-modified EuO nano-
crystals is shown in Figure 1d. Irradiation at the charge-
transfer bands between an oxygen atom of methanol and the

EuIII ion of Eu(NO3)3 induces photoreduction to give an EuII

ion and HOCH2
. .[9] The radical intermediate HOCH2

. reacts
with NO3

� to give OH� and formaldehyde. EuO is formed by
the dehydrocondensation of Eu(OH)2.[10] The growth of EuO
nanocrystals is coupled with the polymerization of the
coordinated urea with photogenerated formaldehyde on the
EuO to give polyurea-modified EuO nanocrystals.

The absorption spectrum of the polyurea-modified EuO
nanocrystals in methanol is shown in Figure 2a. The band at
�� 280 nm corresponds to the exciton band between the 4f

Figure 2. a) Absorption spectra of the EuO nanocrystals in methanol. The
absorption below �� 250 nm can be assigned to polyurea and methanol,
and that above �� 250 nm (arrow) to the exciton band of the EuO
nanocrystals. b) Excitation spectrum of the EuO nanocrystals in methanol,
monitored at �� 340 nm. c) Emission spectrum of the EuO nanocrystals in
methanol (excitation at �� 290 nm). All spectra are corrected for detector
sensitivity and lamp intensity.

and 5d orbitals of the EuO nano-
crystals.[11] The larger Stokes
shift of the exciton bands indi-
cates that the electronic struc-
ture or spin state of EuO nano-
crystals is significantly different
from that of EuO bulk crystals.
When the sample was irradiated
at the exciton band, the emission
spectrum exhibited a peak at
around �� 357 nm. The excita-
tion and emission spectra in
methanol are shown in Figure 2b
and c. The emission quantum
yield of the polyurea-modified
EuO in methanol was 49� 5%
at 300 K. Previously, the quan-
tum efficiency of EuO single
crystals was estimated to be less
than 1%. Interestingly, the quan-
tum yield of EuO nanocrystals
without polyurea modification
was 5� 0.5% at 300 K. These
results suggest that the emission
quantum yields of EuO nano-

Figure 1. TEM image of the EuO nanocrystals. Images were recorded under axial illumination at approximate
Scherzer focus, with a point resolution better than 0.19 mm. a) Bright-field (BF) image with weaker electron
irradiation (2.4� 1023 em�2 s, beam diameter� 2 mm). b) Size distribution of a). c) Electron diffraction pattern.
d) Mechanism of the photochemical reaction.
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crystals depend on their surface condition. We propose that
the presence of polyurea on the quantum-sized EuO surface
draws the quantum-confinement effect of EuO into itself.[12]

The temperature dependence of the magnetic susceptibility
� of the EuO nanocrystals is shown in Figure 3. From the slope
of the T versus 1/� asymptote of the EuO nanocrystals (3kB/
N�2

Bp2, where N� number of atoms, �B�Bohr constant, kB�
Boltzmann constant), the experimental effective number of
Bohr magnetons p for the EuO nanocrystals was found to be

7.98. The theoretical effective number of Bohr magnetons for
EuII (p� g[J(J� 1)]1/2: total angular momentum J� 7/2,
gyromagnetic ratio g� 2) was calculated to be 7.94. Thus,
the experimental p for EuO nanocrystals agrees well with the
theoretical p for the 4f7 configuration (EuII). We also
observed a dramatic increase in the magnetization of the
EuO nanocrystals under UV irradiation (254 nm) at just
below room temperature (triangles in Figure 3b), and this is
the first report of such behavior. The T versus � curve of the
EuO nanocrystals under irradiation paralleled that of EuO in
the dark (circles in Figure 3b). This increase in magnetization
under UV irradiation can be explained by a d ± f exchange
interaction of conducting electrons in the 5d band.[13] It is
noteworthy that others recently observed photomagnetic
properties of compounds only at low temperature (below
200 K).[14] The photomagnetic response of EuO nanocrystals
provides experimental support for the magnetic exciton
model with super-interaction between spins in the 5d band
and 4f orbitals.[3]

We suggest that photo-induced increase in magnetization is
attributable to the presence of an exciton band in the UV
region, in accordance with the highly efficient luminescence
from the polyurea-modified EuO nanocrystals. Polymers
containing EuO nanocrystals are expected to be useful in
applications such as plastic photo-isolators for optical fibers
and photomagnetic devices.[15]

Experimental Section

Preparation of EuO nanocrystals: In a quartz vessel, Eu(NO3)3 (37.5 m�)
and urea (112.5 m�) were dissolved in methanol (400 mL) under an N2

atmosphere, and the solution was irradiated with a 500-W high-pressure
mercury arc lamp at 25 �C. A yellowish powder precipitated after 30 min.
After 24 h of irradiation, the powder was separated by centrifugation and
washed with methanol several times. High-resolution transmission electron
microscopy (TEM) images of the EuO nanocrystals were obtained with a
Hitachi H-9000 TEMmicroscope equipped with a tilting device (�10�) and
operating at 300 kV (Cs� 0.9 mm). Absorption and emission spectra were

measured on a Hitachi U-3300 spectrophotometer and
Hitachi F-4500 fluorescence spectrophotometer, re-
spectively. Emission quantum yields were determined
by standard procedures by using an integrating sphere
(diameter 6 cm) and quartz cells (optical path length
1 mm).[16] The magnetic susceptibility � of the EuO
nanocrystals was measured with a superconducting
quantum interface device (SQUID) magnetometer
(Quantum Design, MPMS).

Received: November 7, 2001
Revised: March 15, 2002 [Z18177]

[1] D. E. Eastman, F. Holtzberg, S. Methfessel, Phys.
Rev. Lett. 1969, 23, 226 ± 229.

[2] P. Wachter, Handbook on the Physics and Chem-
istry of Rare Earths, 2nd Ed., North-Holland
Publishing Company, 1979, pp. 189 ± 241.

[3] T. Kasuya, A. Yanase, Rev. Mod. Phys. 1968, 40,
684 ± 696.

[4] W. Chen, X. Zhang, Y. Huang, Appl. Phys. Lett.
2000, 76, 2328 ± 2330.

[5] P. Fumagalli, A. Schirmeisen, R. J. Gambino, J.
Appl. Phys. 1996, 79, 5929 ± 5931.

[6] M. W. Shafer, J. Appl. Phys. 1965, 36, 1145 ± 1152.
[7] S. Thongchant, Y. Hasegawa, Y. Wada, S. Yana-

gida, Chem. Lett. 2001, 1274 ± 1275.
[8] The TEM image of the initial EuO was fuzzy (Figure 1a), but all TEM

BF images of EuO nanocrystals agree with those of corresponding
TEM centered dark-field (CDF) images, in which the incident beam is
tilted such that the scattered beam remains on-axis.

[9] a) C. K. J˘rgensen, J. S. Brinen, Mol. Phys. 1963, 6, 629 ± 631; b) M.
Kusaba, N. Nakashima, W. Kawamura, Y. Izawa, C. Yamanaka, Chem.
Phys. Lett. 1992, 197, 136 ± 140.

[10] M. Izaki, T. Omi, J. Electrochem. Soc. 1997, 144, L3 ±L5.
[11] O. Sakai, A. Yanase, T. Kasuya, J. Phys. Soc. Jpn. 1977, 42, 596 ± 607.
[12] Wakefield, J. Colloid Interface Sci. 1999, 215, 179 ± 182.
[13] M. Umehara, Phys. Rev. B 1995, 52, 8140 ± 8149.
[14] a) H. Katsu, H. Tanaka, T. Kawai, Appl. Phys. Lett. , 2000, 76, 3245;

b) S. Ohkoshi, K. Hashimoto, J. Photochem. Photobiol. B 2001, 2, 71 ±
88; c) G. Rombaut, M. Verelst, S. Golhane, L. Ouahab, C. Mathoniere,
O. Kahn, Inorg. Chem. 2001, 40, 1151 ± 1159.

[15] a) K. Tanaka, K. Fujita, N. Soga, J. Qui, K. Hirao, J. Appl. Phys. 1997,
82, 840 ± 844; b) T. Arakawa, T. Tanaka, G. Adachi, J. Shiokawa, J.
Lumin. 1979, 20, 325 ± 327.

[16] Y. Hasegawa, T. Ohkubo, K. Sogabe, Y. Kawamura, Y. Wada, N.
Nakashima, S. Yanagida, Angew. Chem. 2000, 112, 365 ± 368; Angew.
Chem. Int. Ed. 2000, 39, 357 ± 360.

Figure 3. a) Temperature dependence of 1/� of EuO nanocrystals under field-cooled conditions
at 0.1 T in the dark. b) Temperature dependence of � under field-cooled conditions at 0.1 T in the
dark (circles), and with irradiation (low-pressure mercury lamp, �� 254 nm) via optical fibers
(triangles). SQUID measurements on conventional EuII compounds (e.g., Eu2O3) do not reveal
enhanced magnetization under irradiation.


