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Superlattice structures (SLSs) assembled with cube-shaped EuS nanocrystals (NCs) and their remarkable
magnetic properties are reported. The cube-shaped EuS NCs are prepared by the thermal reduction of single
source precursor, tetra(diethyldithiocarbamate) europium complex with oleylamine as a surface modified
regent. The fine structures of the three-dimensional (3D) SLSs assembled with EuS NCs are characterized
by TEM, small-angle XRD, and electron transmission tomographic analysis. Magnetic measurements of
the SLSs on polymer films with SQUID show that the coercive field of the SLSs assembled with cube-
shaped EuS NCs are twice larger than those of cube-shaped EuS NCs powder. The enhanced magnetic
properties are attributed to magnetic dipole interaction between cube-shaped EuS NCs in SLS structures.

Introduction

For the past few decades, considerable attention has
been focused on the preparation and properties of mag-
netic semiconductors from the view points of fundamental
condensed matter science and also of practical application
for spintronics and magneto-optic devices.! In order to
manipulate their magnetic and magneto-optic properties,
various types of structured magnetic materials have been
prepared.” > Preparation of semiconductor nanocrystals
(NCs) with magnetic dopants has also been studied, and
stochastic control for a number of magnetic dopants in
II-VI or III-V semiconductor NCs has been investi-
gated.® However, the characteristic magnetic properties
of the semiconductor NCs may not have been studied
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extensively, because there are few classes of materials
that exhibit both intrinsic magnetic and semiconduct-
ing properties.” One of the most important series of
intrinsic magnetic semiconductors is europium chalco-
genides, EuX (X = O, S, Se, and Te).8 The EuX have
been intensely studied in the 1970s and continue to be of
both theoretical and experimental interest. The EuX semi-
conductors are characterized by narrow 4f orbitals that
exist as degenerate levels between the conduction band
(5d orbitals of Eu(Il)) and the valence band (p orbitals of
0%, 8%, Se*, or Tez').8 The 4f-5d electronic transition and
spin configuration of europium(II) chalcogenides lead to
large Faraday and Kerr effects,” which make them the
promising candidates as active materials in magneto-optic
devices.

Recently, NCs of EuO, EuS, and EuSe have been
synthesized, and their resulting magnetic and magneto-
optical properties have been explored.'® Among them,
EuS NCs have been focused as promising materials
because of their ferromagnetic properties with Curie
temperature, Tc of 16.6 K, and characteristic Faraday
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effects in visible region.'®!" The energy level of the con-
duction band constructed from 5d orbitals should be af-
fected by the size of NCs as like those of other semiconductor
NCs. The effective mass of electron in EuS is estimated at
0.3—1.1 by previous reports.'? Therefore, the electron Bohr
radius is calculated to be 0.7—2.3 nm. EuS NCs with
smaller size (diameter ~ 5 nm) could be thus affected by the
quantum size effect, to some extent. Accordingly, the energy gap
between the 4f orbitals and the conduction band can be
manipulated by controlling the size of EuS NCs with the
quantum size effect, and their magneto-optic properties are
markedly enhanced in the EuS NCs because of their quan-
tum-confinement effects on the electronic excited states with
enhanced spin—orbital interaction.'® The magneto-optical
properties of EuS NCs depend on not only their size but
also their shape and surface environments.'®!" In order to
enhance their magnetic properties, we here attempted to
construct superlattice structures (SLSs) by building up NCs
with self-assembling procedure. Preparation of SLSs com-
posed of semiconductor NCs with magnetic properties have
never been reported because of difficulty in controlling the
amount of magnetic dopants, size, and shape of the NCs
precisely. According to magnetic materials, enhanced mag-
netic properties of SLSs of FePt, y-Fe,Os, Fe, and e-Co NCs
have been recently studied.'? Chaudret et al. have reported
on electron holography approach to investigate the mag-
netic properties of cube-shaped magnetic Fe NCs.'* Their
enhanced magnetic properties are based on their magnetic
dipole interaction between the NCs. Characteristic proper-
ties of SLSs assembled with II—VI or III—V semiconductor
NCs have also been reported.'® In particular, Urban et al.
have reported that the SLSs composed of semiconductor
NCs showed remarkable electronic properties because of
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Figure 1. Reaction schemes of cube-shaped EuS NCs.

characteristic exciton coupling between the NCs.'® Regard-
ing the characteristic magnetic and electronic properties of
SLSs, well-organized SLSs of magnetic semiconductor cube-
shaped EuS NCs are thus expected to exhibit enhanced spin
polarization and magnetic properties.

Here, we report on self-assemblies and their specific mag-
netic properties of three-dimensional (3D) SLSs composed
of EuS NCs with cubic shapes. The EuS NCs are prepared
under precise control of the reaction time and temperature
of the thermal decomposition of single source precursor,
tetraphenyl phosphonium tetra (diethyldithiocarbamate)-
europium complex, (PPhy)[Eu(S,CNE,),4] with oleylamine
(OLA) as a surface modified regent (Figure 1). We have
attempted to prepare 3D SLSs composed of cube-shaped
EuS NCs on TEM grids and polymer films. The fine struc-
tures of the 3D SLSs were characterized by TEM and small-
angle XRD measurements and TEM including 3D tomo-
graphic observation. We also measured these magnetic
properties of the SLSs on polymer films and observed that
coercive fields of SLSs on the films were two times larger
than those of EuS NCs powder. In the present study, self-
assmbling formation and enhanced magnetic properties of
SLSs of EuS NCs are demonstrated for the first time.

Experimental Section

1. Materials. Europium(III) chloride hexahydrate (EuCl;-
6H,0) was purchased from Kanto Chemical Co. Inc. Sodium
N,N-diethyldithiocarbamate trihydrate (Na(S,CNEt,)-3H,0)
and toluene were purchased from Nacalai Tesque. Tetraphe-
nylphosphonium bromide (BrPPhy) and acetonitrile-d; (CDs-
CN) were purchased from Wako Pure Chemical Inducteries,
Ltd. Oleylamine was obtained from Tokyo Chemical Industry
Co., Ltd. Mylar (thickness: 10 xm) was used as polymer thin film
in small-angle XRD and SQUID measurements.

2. Apparatus. '"H NMR data were measured by a JEOL AL-
300 (300 MHz). "H NMR chemical shifts were determined by using
tetramethylsilane (TMS) as an internal standard. Elemental ana-
lyses were performed with a Perkin-Elmer 240011 CHNS/O. XRD
spectra were characterized by a Bruker AXS. MIP-MS were recor-
ded on a HITACHI P-6000. High-resolution images of the EuS
nanocubes were obtained with a Hitachi JEM-3100FEF TEM
equipped with a tilting device (+60 degrees) and operated at 300 kV.
SAXS measurements were carried out using a rotating anode
X-ray generator (UltraX18, Rigaku), in which monochromatic
X-ray of 1.54 A in wavelength was focused through a Confocal
Max-Flux mirror (Osmic). The diffraction images were collected
using an X-ray image intensifier CCD detector( HAMAMATSU,
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V7739P/C-4880-50). The distance between sample and detector
was adjusted to 750 mm. The magnetic measurements were
carried out using a Quantum Design MPMS SQUID system
(superconducting quantum interference devices magnetometer).

3. Synthesis of Tetraphenylphosphonum Tetrakis(diethyl-
dithiocarbamate) Europium(III) ((PPhy) [Eu(S,CNEt,),]). A so-
lution of (Na(S,CNEt,)-3H,0) (14 g) in 30 mL of methanol was
added to EuCls - 6H,O (5.6 g) dissolved in 30 mL of methanol while
stirring and reacted for 3 h. After the reaction mixture was filtered,
a solution of BrPPhy (6.4 g) in 30 mL of methanol was added to the
filtrated solution and stirred for 9 h. The resulting precipitate was
separated by filtration and washed 2 times with ethanol. Yield:
30%. FT-IR spectrum (KBr): 1485—1482 (C—N) cm™ ', 1442
(P-Phenyl) cm ™', 1007 (C—S) em ™ '. "H NMR spectrum (CD;CN):
7.91 (4H, t, J=6.3 Hz, [Eu(S;CNE,)4] (P(CcHs)a(p)), 07.70 (16H,
m, [Eu(52CNEt2)4] (P(C6g5)4(0, m)), (3317(8H, q, J=1 HZ, [Eu-
(S,CNCH,CH3;)4] (PPhy)). 61.61 (12H, q, J = 7 Hz, [Eu(S,CN-
CHzCﬁI});;] (PPh4)) Anal. Calcd for C44H60EHN4PS8I C, 4833, H,
5.53; N, 5.13%. Found: C, 48.31, H, 5.46, N, 5.13%.

4. Synthesis of Cube-Shaped EuS NCs: EuS NCs. Under N,
atmosphere (PPhy)[Eu(S,CNEt,)4] (0.5 g) was dissolved into
oleylamine (4.5 g), and the mixture was heated at 180 °C and
stirred for 20 min. After the reaction solvent was heated to
300 °C and stirred for 6 h, the purple liquid was centrifuged at
5000 rpm for 10 min. The precipitation was added to 8 mL of
toluene and centrifuged at 13000 rpm for 15 min, and the clear
purple liquid was obtained by elimination of the deposition.

5. Preparation of EuS NCs Superlattices Structures: SLSs.
Obtained EuS NCs (3.1 mg) were dispersed in toluene (8 mL).
TEM grids or polymer films were placed in the EuS NCs toluene
solution (I mL) in a vial with the substrate forming an angle of
30° with the surface of drying dispersion (Supporting Informa-
tion Figure 1S). SLSs of 3D EuS NCs were prepared by slow
evaporation (0.08 mL/h) of the toluene solution under room
temperature. After complete drying of the toluene solution, the
TEM grids or polymer films were dipped in methanol to remove
an excess amount of oleylamine for TEM and small-angle XRD
measurements and then dried in vacuum for 3 h. In order to
prevent the partial oxidation on the EuS NCs surface as has been
reported by Zhao et al' !> prepared EuS assembly and powders
were preserved under nitrogen atmosphere.

Results and Discussion

Preparation of EuS Nanocrystals. The cube-shaped
EuS NCs were prepared by the thermal reduction of
the single source precursor [Eu(S,CNEt,)4] under con-
trolled reaction times and temperatures, 300 °C for 6 h.
XRD confirmed the formation of crystalline EuS NCs
(Figure 2). Diffraction peaks 26 of XRD measurement =
25.5,29.8, 42.6, 50.6, 53.1, 62.1, and 70.5° were assigned
(111), (200), (220), (222), (400), (420), and (422) of NaCl
type EuS, respectively. The crystal size of EuS calculated
using the Scherrer’s equation from diffraction peak
(200) was found to be 12 nm (Figure 2(a)). The EuS
NCs (average size = 14 nm) showed clear lattice-fringe
profiles in their TEM images (Supporting Informa-
tion Figures S2(a) and S3(a)), as typically shown in
the inset of Figure 3(a). We also succeed in preparing
sphere-shaped NCs with different preparation condi-
tions. They also exhibited a characteristic XRD profile
similar to that of Figure 2 as mentioned in the Supporting
Information.
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Figure 2. XRD profiles of (a) cube-shaped EuS NCs and (b) ASTM data
of EuS (bulk).

The cube-shaped EuS NCs frequently showed forma-
tion of aggregated structures on the TEM girds substrates
as typically shown in Figure 3(b). We also found that
there are several types of NCs with different image-tones,
which indicate existence of superimposed structures of
the cubic EuS NCs. The NCs seem to be stacked for more
than four layers in the case of Figure 3(b). Figure 3(c) was
obtained with the tilting angle of —60° and is indicating a
single SLS particle composed of EuS NCs 7 x 8 x 4 NCs-
aggregation structure. Figure 3(d),(e) was obtained by
electron transmission tomographic analysis performed
on commercially available software. Fine angular-depen-
dent TEM images are provided in a movie file given in the
Supporting Information. Since the sample of Figure 3 was
prepared simply by casting the solution of EuS-NCs in
toluene onto a TEM grid substrate, we concluded that the
presented EuS-NCs spontancously form the simple cubic
SLSs with self-assemble arrangements. The SLSs size is
dominated by concentration of EuS NCs in toluene and
evaporation conditions. We also observed SLSs of var-
ious sizes in the TEM measurements; some of them are
given in the Supporting Information Figure S4.

Characterization of the SL.Ss Assembled with EuS NCs.
We attempted to prepare larger SLSs by the slow-eva-
poration procedure onto the TEM grid substrates and trans-
parent polymer films. Figure 4 represents typical TEM
images of SLSs obtained by the slow-evaporation procedure
with EuS NCs ((a) and (b)). The EuS NCs formed large
simple cubic SLSs with characteristic facets with orthogonal
structures in the range of micrometer scale. The facets of the
superstructure are characterized with (100) and (010) of the
cubic SLSs. The characteristic 2D fast Fourier transform
(FFT)image of the SLSsis shown in the insets of Figure 4(b),
and the spots are assigned to (100) (d;go=17.0 nm) and (110)
(d110=12.1 nm). The FFT images clearly indicated the long-
range ordering of these SLSs in the scale of 0.25 um? for EuS
NCs SLS. The center-to-center distance of the NCs based on
the Fitzmaurice’s calculation corresponds to djgo = 17.0 nm
for SLS of EuS NCs.!” From these 2D FFT images, the
lattice constant of (100) was assigned to center-to-center dis-
tance (17 nm) of EuS NCs. The face-to-face distance bet-
ween EuS NCs was estimated to be about 3 nm. On the other
hand, length of oleylamine was estimated to be about 2.3 nm
by DFT calculation. From these estimations, we consider

(17) Korgel, B. A.; Fullam, S.; Connolly, S.; Fitzmaurice, D. J. Phys.
Chem. B 1998, 102, 8379-8388.
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Figure 3. TEM images of cube-shaped EuS NCs observed by rotating the TEM grid at (a), (b) 0°, and (c) 60°. (d) and (¢) Reconstruction 3D images of

transmission electron tomography analysis of EuS NCs SLSs.

Figure 4. TEM images of SLSs assembled with (a) (b) EuS NCs. The fast
Fourier transform (FFT) in the insets in (b) reveal simple cubic structure.
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Figure 5. Schematic of the small angle XRD configuration: incident
X-ray beam, sample tilted at (a) 90° and (c) 5°, diffraction X-ray beam,
and CCD detector. Small angle XRD image of SLSs assembled with
(b) EuS NCs on polymer films tilted at 90° and SLSs assembled with
(d) EuS NCs on polymer films tilted at 5°.

that oleylamines might align in the bilayer manner between
the EuS NCs with certain interdigitation.

In order to characterize 3D long-range ordering of EuS
NCs, we measured small-angle XRD of SLSs of EuS NCs
formed on polymer films, as shown in Figure 5. In the case
of X-ray irradiation measurement with tilt angle of 90° as
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Figure 6. Small-angle XRD profiles of SLSs assembled with EuS NCs on
polymer films tilted at 90°.

illustrated in Figure 5(a), we observed isotropic-ring diffrac-
tion pattern as shown in Figure 5(b). These results indicate
2D in-plane ordering of EuS NCs on the substrate surface.
When EuS-NCs assembling on polymer films tilted at
5° were irradiated as illustrated in Figure 5(c), small-angle
XRD intensities of ¢g.-direction were stronger than those of
g.-direction. These results mean that stacking structures of
EuS NCs are constructed of not only 2D ordering but also
3D arrangements on the polymer thin films.

The small-angle XRD profiles of SLSs of EuS NCs on
polymer films tilted 90° are shown in Figure 6. The
diffraction peak position of ¢ values are given by eq 1

q =4msin 6/1 (1)

where 6 and 1 are the diffraction angle and 0.154 nm for the
Cu—Ka line, respectively. There are some characteristic
diffraction peaks which were assigned to the simple cubic
SLSs as summarized in Table 1. Figure 6 also represents
the results of fitting calculation for the diffraction profiles
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Figure 7. (a) FC and ZFC magnetization versus temperature curves, normalized to Myc at 1.8 K of SLSs assembled with EuS NCs. (b) Magnetization
versus field curves at 1.8 K, normalized to Ms of SLSs (circle and solid line) and powders (triangle and dashed line) composed of EuS NCs.

Table 1. Peaks Position from Small Angle XRD Pattern of SLSs
Assembled with EuS NCs on Polymer Film

compound hkl q (nmfl) exp. qui/q100 QL qiri/q 100
SLSs of EuS NCs  (100) 0.36 1.00 1.00
(110) 0.51 1.42 1.41
(200) 0.71 1.97 2.00
(210) 0.78 2.16 2.24
(320) 1.32 3.66 3.61
Table 2. Magnetic Properties of SLSs and Powders
Composed of EuS NCs
blocking coercive fields,
compounds temperature, 7 (K) Hc (Oe)
SLSs of EuS NCs 17.0 40
powder of EuS NCs 10.0 21

with Gauss’s Functions. The diffraction peaks marked
with an asterisk were attributed to the organized structure
of oleylamine, which seems to cover the surface of the NCs
(Supporting Information Figure S8). In Table 1, we also
summarized a ratio of experimental ¢ values against ¢,
for SLSs of EuS NCs (exp. ¢jx/q100) and their calculated
values for the cubic SLSs (cal. ¢ji/q;00) in Table 1. The
observed ¢pi/q100 values in the SLSs agreed well with
expected ones, supporting formation of simple cubic SLSs,
respectively. Values of d)oy evaluated from the XRD
measurements were found to be 17.4 nm, which were again
in good agreement with d;oy of NCs from the 2D-FFT of
the TEM images. The peak positions of XRD profiles
tilted at 5° also agreed with those of tilted 90° (Supporting
Information Figure S11). These small-angle XRD analyses
indicate 3D arrangements of EuS NCs on polymer films in
cubic superstructure. The SLSs composed of sphere-
shaped EuS NCs can also be prepared on the polymer thin
films as also presented in the Supporting Information.
Magnetic Property of the SLSs Composed of EuS NCs
on Polymer Films. Magnetic properties of SLSs (see Table 2)
assembled with EuS NCs on polymer films and powders
were performed using SQUID measurements. The tempera-
ture dependence of the magnetic susceptibilities of EuS SLSs
and powders of EuS NCs are shown in Figure 7 (a),(b). We
found that the SLSs and powders of EuS NCs showed
ferromagnetic behaviors. The blocking temperature (7),
coercive fields (H¢), and magnetic remnant divided into

magnetic saturation (Mr/Ms) of EuS SLSs were estimated
to 17 K, 40 Oe, and 0.008, respectively. In contrast, these of
powders samples of EuS NCs were found to be 10 K, 21 Oe,
and 0.006, respectively (Supporting Information Figure
S13(a)). The Ty and Hc of the SLSs of EuS NCs are two
times larger than those of EuS NCs powder. In the case of
magnetic NCs assembling, 73 and H, are strongly depen-
dent on shapes and arrangement condition of NCs.!*!8722
Chaudret et al. have reported that highly ordered assem-
bling of cube-shaped magnetic NCs indicated strong ferro-
magnetic dipole interaction between NCs."*> We considered
that the larger 7 and Hc of SLSs assembled with EuS NCs
might be due to strong magnetic dipole interaction between
NCs in SLSs.

We observed unique magnetic properties of SLSs
assembled with EuS NCs. That is, the blocking tempera-
ture and coercive fields of the SLSs were markedly higher
than those of EuS NCs powders. These results indica-
ted that magnetic properties of SLSs composed of EuS
NCs are strongly depended on size, shape, and arrange-
ment condition of NCs. Highly ordered assembling
formation of EuS NCs could be exhibited enhanced
magnetic properties by ferromagnetic dipole interaction
between NCs.

Conclusion

In this study, we successfully observed the magnetic
properties of the 3D assemblies of cube-shaped EuS NCs
on polymer films. The blocking temperature and coercive
fields of SLS of cube-shaped EuS NCs on the polymer films
were twice larger than those of EuS NCs powders. The
enhanced magnetic properties of SLSs assembled with EuS
NCs are attributed to magnetic interaction between EuS
NCs in SLSs. The SLSs composed of magnetic semicon-
ductor EuS NCs are expected to be useful in applications
such as novel magnetic-opto devices.
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