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Abstract: There has been a great interest in developing photoswitchable magnetic materials because
of their possible applications for future high-density information storage media. In fact, however, the examples
reported so far did not show ferromagnetic behavior at room temperature. From the viewpoint of
their practical application to magnetic recording systems, the ability to fix their magnetic moments
such that they still exhibit room-temperature ferromagnetism is an absolute requirement. Here, we
have designed reversible photoswitchable ferromagnetic FePt nanoparticles whose surfaces were
coated with azobenzene-derivatized ligands. On the surfaces of core particles, reversible photoisomeri-
zation of azobenzene in the solid state was realized by using spacer ligands that provide sufficient
free volume. These photoisomerizations brought about changes in the electrostatic field around the core-
FePt nanoparticles. As a result, we have succeeded in controlling the magnetic properties of these
ferromagnetic composite nanoparticles by alternating the photoillumination in the solid state at room
temperature.

Introduction superparamagnetic behavior at room temperature. This is
because decreases in patrticle size lead to thermal fluctuations
in magnetization, resulting in the disappearance of ferromag-
netism. From the viewpoint of their practical application to

dmagnetic recording systems, the ability to fix their magnetic
so far have been limited to very low-temperature operation. momenf[s Sl_JCh that they stil e>_<hibit room-temperature ferro-
To realize practical optical switching at room temperature, we magnetism is an absolute requirement. .

have proposed a novel strategy that involves the incorporation  H€ré, we focused on lsIFePt alloys (also known in the fct

of organic photochromes into an inorganic magnetic system on Phase) for the inorganic magnetic system. Thesg E&Pt

a nanometer-scale order. The photochromes not only changd'@noparticles are promising materials for future high-density
their adsorption spectra, they also change their physical andmggnetlg recording media (;Je o tgelr uniaxial magnetpcrys-
chemical properties, meaning that the magnetic properties Oftalhn_e_ anisotropy (Ku=7 % 1003 m) ar_1d excellent chem|cz_al
such composite materials can be controlled by photoillumi- stability. Moreover, chemically synthesized FePt nanoparticles
nation. Indeed, on the basis of this idea, we have already have recently attracted much attention due to their narrow size
reported some optically switchable magnetic matefiad: distr.ibution (with.af.ew nanomgter sca’ita)s compared to those
though the examples described above exhibit photoswitching faPricated by existing sputtering techniques. However, these
even at room temperatufe these systems still also show methods usually require a subsequent thermal annealing process
to produce structural transitions to the ordered phase.

" Keio University. In this study, we have focused on the direct synthesis of the
¥ Tokyo Institute of Technology. fct phase, which is the so-called “polyol proce8skjth the
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Optically switchable magnetic materials have recently been
attracting great interest because of the continuing demand for
the development of future optical memdr§However, the only
observations of such optical switching that have been reporte

So0c.200Q 122, 7195. (d) Gdlich, P.; Garcia, Y.; Woike, TCoord. Chem. (4) Ivanov, O. A;; Solina, L. V.; Demeshina, V. A.; Magat, L. [Rhys. Met.
Rev. 2001, 219, 839. Metallogr. 1973 35, 81.

(2) (a) Sato, O.; lyoda, T.; Fujishima, A.; Hashimoto, 8ciencel996 272, (5) (a) Sun, S.; Murray, C. B.; Weller, D.; Folks, L.; Moser, #cience2000
704. (b) Sato, O.; Einaga, Y.; lyoda, T.; Fujishima, A.; HashimotoJK. 287, 1989. (b) Elkins, K. E.; Vedantam, T. S.; Liu, J. P.; Zeng, H.; Sun,
Electrochem. S0d.997 144, L11. (c) Yamamoto, Y.; Umemura, Y.; Sato, S.; Ding, Y.; Wang, Z. LNano Lett 2003 3, 1647. (c) Chen, M.; Kim, J.;
0O.; Einaga, YJ. Am. Chem. So2005 127, 16065. (d) Taguchi, M.; Yagi, Liu, J. P.; Fan, H.; Sun, S. Am. Chem. So006 128 7132. (d) Sun, S.;

I.; Nakagawa, M.; lyoda, T.; Einaga, ¥. Am. Chem. So2006 128 10978. Anders, S.; Thomson, T.; Baglin, J. E. E.; Toney, M. F.; Hamann, H. F,;

(3) (a) Einaga, Y.; Sato, O.; lyoda, T.; Fujishima, A.; Hashimoto JKAm. Murray, C. B.; Terris, B. D.J. Phys. Chem. B003 107, 5419.

Chem. Soc1999 121, 3745. (b) Yamamoto, T.; Umemura, Y.; Sato, O.; (6) (a) Sato, K.; Jeyadevan, B.; Tohji, K. Magn. Magn. Mater2005 289,
Einaga, Y.Chem. Mater.2004 16, 1195. (c) Mikami, R.; Taguchi, M.; 1. (b) Teng, X.; Yang, HJ. Am. Chem. So2003 125, 14559. (c) Minami,
Yamada, K.; Suzuki, K.; Sato, O.; Einaga, Ahgew. Chem., Int. EQ004 R.; Kitamoto, Y.; Chikata, T.; Kato, SElectrochim. Acta2005 51, 864.

43, 6135. (d) Taguchi, M.; Yamada, K.; Suzuki, S.; Sato, O.; Einaga, Y. (d) Sort, J.; Surinach, S.; Baro, M. D.; Muraviev, D.; Dzhardimalieva, G.
Chem. Mater2005 17, 4554. (e) Suda, M.; Miyazaki, Y.; Hagiwara, Y.; I.; Golubeva, N. D.; Pomogalio, S. I.; Pomogalio, A. D.; Macedo, W. A.
Sato, O.; Shiratori, S.; Einaga, ¥hem. Lett2005 34, 7, 1028. A.; Weller, D.; Skumryev, V.; Nogues, Adv. Mater. 2006 18, 4.

5538 = J. AM. CHEM. SOC. 2007, 129, 5538—5543 10.1021/ja0682374 CCC: $37.00 © 2007 American Chemical Society



Reversible Photoswitching of FePt Nanoparticles ARTICLES

aim of achieving surface modification by the application of
photofunctional ligands. The advantages of these direct syntheses
techniques are that they prevent particle aggregation during the
annealing process and they enable the possibility for surface
modification by using functional organic ligands. In the field
of nanosized metallic particles, surface modification is a useful
method for functionalizing the properties of the material, because
the surface plays a crucial role in determining the electronic
properties of the particles as a whdlén fact, our previous
works have shown that magnetic nanoparticles whose surfaces
are coated by photochromes can exhibit reversible photoswitch-
ing of magnetizatiodc-e

In the current system, we have designed several types of
ferromagnetic FePt nanoparticles coated with azobenzene-

Two Theta (degree)

derivatized ligands, such as compouid8-[4-(4-dodecyloxy- . . XRD pattern for the FePt ficles. (2) XRD patt ]
G igure 1. pattern for the FePt nanoparticles. (a pattern o
phenylazo)-phenoxy]-octanoic aci@)(N'-{ 6'[4'_(4'd0decy|0)(y' the as-prepared state. The weak peaks for (001), (110), (201), and (112)
phenylazo)-phenoxy]-hexjdethane-1,2-diamine), arg&i(8-[4- are typical superlattice reflections that indicate the existence of the
(4-dodecyloxy-phenylazo)-phenoxy]-octane-1-thiol). In addition partially ordered L4 phase in the synthesized FePt nanoparticles.

t zobenzene-derivatiz lioan we hav I (b) XRD pattern of the composite state. Superlattice reflections such
0 azobenzene-derivatized ligands, we have also used as (001) and (110) are still observed for the composite state, meaning

octylamine or octanoic acid as “spacer ligands”. These “Spacer yat the partially ordered lslphase was maintained even after surface
ligands” enable the reversible photoisomerization of azo-ligands, modification.

even in the solid state. Further details about this will be discussed

later. As a result, these composite nanoparticles showedhexane following the same method as described above by using octanoic
ferromagnetic behavior, and their magnetic properties were acid and octylamine as the ligands. Next, the octylamine was exchanged
reversibly controllable by photoillumination, even at room with azo-ligands3 in dichloromethane by means of a ligand exchange

temperature. method:* _
Physical Methods.The UV/vis spectra were recorded on a V-560

spectrometer (JASCO). UV illumination (filtered lightnax= 360 nm,
(CHa)—(CHz)11—0—@—N=N—®—0—(CH2)7—COOH 1.0 mW cnm?) was applied with an ultrahigh-pressure mercury lamp
(HYPERCURE 200, Yamashita Denso). Visible light (40000 nm,
1 1.0 mW cm?) was provided by a xenon lamp (XFL-300, Yamashita
Denso). The magnetic properties were investigated with a SQUID
(CH3)_(CH2)11—0_©_N=N_©_0—(CH2)3—NH—(CHz)z—NHz magnetometer (model MPMS-XL Quantum Design). The lamps were
guided into the SQUID magnetometer by an optical fiber to study the
2 photomagnetic effect§’Fe Massbauer spectra were measured with a
Topologic Systems model 222 constant-acceleration spectrometer with
(CHa)—(CHa)1 1—0—®—N=N—©—0—(CH 2)e—SH a®’Co/Rh source in transmission mode. The XPS spectra were obtained
on a JPS-9000MC (JEOL) using the AloKline source. The X-ray
3 diffraction patterns were recorded on a RAD-C (RIGAKU) using Ni-
filtered Cu Ko radiation.
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Experimental Section Results and Discussion

Synthesis Azo-ligandsl,? 2,° and3'° and FePt nanopartici&svere
synthesized in a manner similar to methods described in the literature.
The composite FePt nanoparticles were prepared as follows: Sto-

Characterization of Composite Nanoparticles.Figure 1
shows the powder XRD pattern of the FePt nanoparticles in

_—_ . . ; . . as-prepared and composite states. The weak peaks for (001),
ichiometric azo-ligand4d andn-octylamine (or azo-ligand®) dissolved . .
in warm toluene were added to as-synthesized FePt nanoparticles(llo)' (2_01)' and_(llZ) in the as-prepared sFate arg typical
dispersed in tetraethylene glycol. Next, the mixture was stirred superlattice reflections that cannot be observed in the disordered
vigorously at 100C under an Natmosphere. After several hours, the ~ fcC phase. These superlattice reflections suggest the existence
toluene phase turned from yellow to dark brown, indicating the presence of the partially ordered Ld phase in the synthesized FePt
of ligand-coated nanoparticles in the toluene phase. After being cooled nanoparticles. It has been reported that the phase transition
to room temperature, the toluene phase was separated, and then atemperatureT;) of the FePt nanoparticles is reduced to about
excess amount of ethanol was added to precipitate the nanoparticles300 °C when using ethylene glycol as the solvent, whereas
The black precipitate was separated by centrifugation (6000 rpm, 10 tetraethylene glycol (TEG) has a boiling point of 327, which
min). The black product was redispersed in ethanol and separated byis higher thariT,.62 Therefore, carrying out the synthesis above
centrifugation again. This. V‘I'.""Shizg prc:jce;s Wg‘? rdepeat.Ed several time3300°C made the phase transition from the disordered fcc phase
to remove excess organic ligands and then dried in air. . . ;
Another set of composite nanoparticles stabilized with azo-ligands to the partially .ordered Ldphase possible for the syntheS|zed
3 was prepared as follows: The FePt nanoparticles were dispersed in':eplt nanoparticles. The XRD.pattern Of, the compoglte nano-
particles also shows superlattice reflections that indicate that
(7) (a) Baetzold, R. CSurf. Sci.1981 106 243. (b) Kodama, R. H.; partially ordered L3 phase was maintained even after the
f‘cﬁfg‘;‘(’j"ll’grz"é-; 'ﬁﬂ'i)?ﬂ%',“'g’;EL'i3&531”,%ﬁ’igyée?féh?f'g%ig?z@s?“‘ surface modification. The order-parametgr provides the
(8) Kobayashi, T.; Seki, TLangmuir2003 19, 9297.

(9) Shimomura, M.; Kunitake, TJ. Am. Chem. S0d.982 104, 1757. (11) Bagaria, H. G.; Ada, E. T.; Shamsuzzoha, M.; Nikles, D. E.; Johnson, D.
(10) zZhang, J.; Whitesell, J. K.; Fox, M. AZhem. Mater2001, 13, 2323. T. Langmuir2006 22, 7732.
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information about the degree of the structural transition, which (a)
can be defined as

_175
SZ—R

whereS, and S werea/c-axis ratios of the target samples and
the perfectly ordered samples (known as 0.6939), respeciiely.
The Svalues for the as-prepared and composite states were the
same value of 0.72 for both samples.
Transmission electron microscope (TEM) images of FePt
nanoparticles both before and after surface modification and
their size distribution are shown in Figure-2@, respectively.
The ligand-coated FePt nanoparticles show good dispersibility
and have a uniform nearest-neighbor spacing of 4.3 nm, while
as-prepared “bare” particles tend to aggregate. This “neighbor
spacing length” is in good agreement with the azo-ligand length (b)
of 4.1 nm calculated from the molecular model. This indicates
the formation of a mixed monolayer of organic ligands on the
surface of the FePt nanoparticles. The average diameter of the
particles that appeared in the dispersion was 3:64.35 nm.
We also investigated XPS measurements to confirm the
existence of coordination bonds between the organic ligands
and the surface atoms of the core particles in both the
“as-prepared” and the composite states. XPS spectra were
recorded at the characteristic photoenergies of Pt 4f in each state
(Figure 3). Two components were found for Pt 4f in the
composite state, while only one component was found in the
as-prepared state. One component found in both states at a
binding energy of 71.2 eV is the typical neutral state of Pt.
Another component that appears at 72.3 eV, and which is only
found in the composite state, is the nonzero charge statee
observation of the nonzero charge state indicates the existence (c) 25
of charged atoms due to coordination bonds with organic Stan.Dev. =1.35 nm
ligands. The relative contributions of both components to the Dav = 5.64 nm
spectra are ca. 80% for the neutral state and ca. 20% for the
nonzero charge state, respectively. The relative proportion of
ca. 20% for the nonzero charge state is very similar to the
relative proportion of surface atoms to all atoms for an entire
particle. Sun et al. also reported that amine and carboxylate
ligands form good coordination bonds with FePt nanopatrticles
and that Fe tends to bind withOOC, while Pt binds to Nk
Photoisomerization. The photoisomerization of composite
FePt nanoparticles in the solid state at room temperature was
monitored by U\~visible adsorption spectroscopy. Changes in
the UV—vis spectra due to photoisomerization are shown in 0
Figure 4. The spectrum of the initial state gave an intense
absorption peak at 350 nm. This peak is ascribed torthe*
transition in the trans-isomer of the azo-ligands. In this state, ) )
the composite FePt nanoparticles only consisted of the trans- Particle Diameter (nm)
isomer of the azo-ligands, because this is thermodynamically Figure 2. TEM micrograph of the FePt nanoparticles. (a) TEM micrograph

el ; of the as-prepared state; scale balO0 nm. (b) TEM micrograph of the
more stable than the cis-isorer(black line). After UV composite state; scale barl0 nm. (c) The size distribution of the particles

that appeared in the dispersion (in (b)) was 5464.35 nm.

number of particles
- - N
=) o S

14, ]

O 5 B b O

5 o 6 0

« \Q.

(12) Roberts, B. WActa Metallogr.1954 2, 597.
(13) (a) Stahl, B,; Gajphiye, N.S.; Wilde, G.; K_ramer, D.; Ellrich, J.; Ghafari,
'\P/'-:Aﬂah&a':é:rGzlgggf,lﬁ-:1W§ASS(fg)'egt;HIWBU_SCEqmﬁ Rj;_ST?g?:;fggghg,_ illumination of the trans-isomer for 1 min, the absorption at
. 178 . N . s o y Iy ) o . . . . .
Ghafari, M.; Bhattacharya, S.; Hahn, H.; Gajbhiye, N. S.; Kramer, 350 nm decreased (blue line). This indicates that trans-to-cis
D yswanath, R. N.; Weissiier, J.; Gleiter, H.Phys. Re. B2003 67 photoisomerization occurred in the composite FePt nanopar-
(14) 'Sun, S.; Anders, S.: Thomson, T.; Baglin, J. E. E.; Toney, M. F.: Hamann, ticles. Following subsequent illumination with visible light for
H. F.; Murray, C. B.; Terris, B. DJ. Phys. Chem. B003 107, 5419. P : R f i
(15) Adamson, A. A.; Volger, A.; Kunkely, H.; Wachter, BR. Am. Chem. Soc. l n_“n' _the absorptlon at 350 nm I_ncreas_ed "_jlgam (orange Ime)’
1978 100, 1298. indicating that cis-to-trans photoisomerization also occurred.

5540 J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007



Reversible Photoswitching of FePt Nanoparticles

ARTICLES

——
—

50

)
o

Intensity (arb. units) @
M (emulg)
o

u
[
[
. em
. soae
.- s

. * as-prepared
+ composite

83 78 73
Biding Energy (eV)

8
T
cem
.
. e

50 - -
-10000 -5000 0
Field (G)
Figure 5. Magnetization curves of the FePt nanoparticles at 300 K. Plot

of magnetizatiorM versus applied magnetic field for the initial state (blue
line) and the composite state (orange line).
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instead ofn-octylamine. Although trans-to-cis photoisomeriza-
tion was observed in this system, the efficiency of the cis-to-
83 78 73 trans photoisomerization was dramatically lower as compared
Biding Energy (eV) to that of the other system. The outcome was that acceptable
Figure 3. XPS analysis of the FePt nanoparticles. (a) XPS spectra of the '€Versible photoisomerization in the solid state was only realized
Pinding eneray of 71.2 &/ (b ne) which s he typica neuiral Siae of sy e o hacer 19an0s" 10 guarantee sufficient free volume
Pt. (b)gXPS %{)ectra-of the Pt 4f edbes for the cct)yn?posite state; anotherfor phot0|somer_|zat|on to .occur. . .
component was found at a binding energy of 72.3 eV (red line), whichis ~ Photomagnetic Properties.The magnetic properties of the
the nonzero charge state of Pt. composite FePt nanoparticles were studied by SQUID measure-
ments. The magnetization curves measured at 300 K before and
after the surface modification are shown in Figure 5. In the as-
prepared state, typical ferromagnetic behavior featuring a
hysteresis loop with coercivityH;) and remanent magnetization
(M) was observed at room temperature. The valuddaind
M, were 1500 G and 20.3 emu/g, respectively. After the surface
modification, the magnetization curve also showed ferromag-
netic behavior, wittH; of 250 G anaVi, of 4.38 emu/g, although

8

1.3

0.8

Absorbance

—initial

the magnetic properties became inferior as compared to the as-

UV 1min prepared state. The reasons for this are thought to be the
——Vis 1min selective dispersion of small and platinum-rich partitdesd
03 . : : surface charges due to coordination bonds with organic ligands.
250 300 350 400 450 500 Subsequently, we investigated the influence of photoillumi-

Wavelength (nm) nation on the magnetic properties of the composite FePt
Figure 4. Changes in the optical adsorption spectra for the composite FePt nanopatrticles at 300 K (Figure 6a). During the UV illumination,
Panopa”i?e? iﬁﬂ; itr?attzlé Sv?t%tﬂflolrpehftizfﬁfCi”rhllh(eb:SgiﬁLgqu;i;ﬁgfh(g’r:aCk the initial magnetization value at 10 G increased from 3.13 to
i:I'L?])qi"r‘]’:;d"svith Visible ight for 1 o (orange line). ' 3.44 emu/g. We then illuminated the composite FePt nanopar-

ticles with visible light, and the magnetization value decreased

After the second cycle, cigtrans photoisomerization was from 3.44 to 3.21 emu/g. Even after the illumination was
repeated without any attenuation of the area between the curvestopped, the increased magnetization value was maintained for
(blue line to orange line). These reversible spectral changesgat |east 2 h. After this process, the UV light-induced increase
indicate high-efficiency reversible photoisomerization, evenin and visible light-induced decrease in magnetization were
the solid state. Normally, the photoisomerization of azobenzene-repeated at least four times. The photoinduced changes in the
containing compounds does not occur in the solid state, becausgnagnetization values were estimated to be 9.9% in the first cycle
photoisomerization is usually accompanied by a large changeand 7.3% after the second cycle. This decrease in the values
in volume?® In this system, the presence oioctylamine in  after the second cycle is also consistent with the decrease in
the form of spacer ligands enables the reversible photoisomer-the efficiency of the photoisomerization after the second cycle.
ization of the azo-ligands (even in solid state) because it provides  \ye als0 examined the changes in the magnetization curves
sufficient free volume betweer'l the azo-llgands. Similar resullts caused by photoillumination. Figure 6b shows the magnetization
have also been demonstrated in our previous works. To confirm ¢,yes of the composite FePt nanoparticles in the initial and
this role of the spacer ligands, we designed other composite e Uy jlluminated states. After UV illumination, the hysteresis
FePt nanoparticles that only consisted of azo-ligands by using |40 hecame slightly larger as compared to the initial state, with
alternative amine-modified azo-ligands such as compdind 5, increase iH. from 250 to 300 G, and iV, from 4.38 to
5.87 emu/g. Thatis, UV illumination caused the composite FePt
nanoparticles to become slightly harder magnets.

(16) Nakahara, H.; Fukuda, K.; Shimomura, M.; KunitakeNTppon Kagaku
Kaishi 1988 7, 1001.
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(a) 3.5 % ¢ /320~ compound PR
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3.4 \ T - —— =
= TN,V L
3 y Vis AR - ;
E 3.3 U ¥ | decrease <— magnetization—>» increase
E O 0] Figure 7. Schematic illustration of photoswitching of the magnetization
32 | o fe) of composite FePt nanoparticles.
® FePt nanopatrticles due to the photoisomerization were the origin
3.1 of the photoinduced changes in the magnetic properties.
0 1 2 3 4 From the above observations, it is proposed that the photoi-
Cycle Index somerization of azo-ligands caused the changes in the electro-
static field around the FePt nanoparticles. As a result, changes
(b) 40 in the magnetization were induced by electronic polarization
on the surfaces of the FePt nanopatrticles. Figure 7 shows a
2 | schematic illustration of the photoinduced changes in the
= magnetization. Our previous work also demonstrated similar
E ol interactions between organic photochromes and inorganic
g magnetic systems.
= Moreover, to discuss the interaction between the interfaces,
-20 | we have designed another set of composite FePt nanoparticles
——Initial state . ) .
o coated by compoun8 and octanoic acid (spacer ligands). In
after UV irradiation . . . . . . . .
-40 - this case, azobenzene-derivatized ligands with thiol terminations
-10000 5000 0 5000 10000 bond covalently with the platinum atoms on the surface, while
Field (G) octanoic acid groups with carboxyl terminations coordinate to

Figure 6. Photoinduced changes in the magnetic properties of the compositethe ir_on ato_ms_ on the sqrfaéb.AIthough t_he reversible
nanoparticles. (a) Changes in the magnetization. The composite nanoparticlephotoisomerization of azo-ligands in the solid state was also
\évg(;eKalt}ter:natelyti"umlinated \;\_/iﬂ; LIJO}/ ?28 (\;iséggecli]ght for 1 min eatf?h f}t observed in this system, no changes in their magnetic properties
with an external magnetic field o . anges In magnetization A . . . f o . f
curves. Plot of magnetizatidvl versus applied magnetic field before (orange were observed under |||um|natlF)n with UV or VISIQIe light. This .
line) and after (blue line) the UV illumination. result suggests that the photoinduced changes in the magnetic
properties of the FePt nanoparticles were caused by changes in
To confirm the effect of azo-ligands on the photoinduced the electronic states of the iron atoms on the surfaces of the

changes in the magnetic properties, we also prepared a mixturé1anoparticles.

of azo-ligands and FePt nanoparticles coated with long-chain ~ To confirm the photoinduced changes in the electronic states
alkyl “non-azo” ligands (prepared according to methods in the Of the iron atoms directly, the’Fe Mossbauer spectra of the
literaturé?). Although these samples showed magnetic properties COMposite nanoparticles were measured before and after the UV
very similar to those of the composite FePt nanoparticles, no light illumination (Figure 8). Stahl et al. have discussed the

changes in their magnetic properties were observed under Uy €lECtronic states of iron atoms on organic-ligand-coated FePt
or visible light illumination. These results suggest that the nanoparticles with reference to their Skbauer spectfd They
photoisomerization of azo-ligands, as well as the formation of elucidated that organic-ligand-coated FePt nanoparticles exhibit

coordination bonds with FePt nanoparticles, plays an important |t'V|ZO magnetrl](':l p?hasefH one s dz,i h?/perflnfe mtleractlgn 'rlth de' blflk
role in the photoinduced changes in the magnetic properties. ke core, whre the other1s a dipolar surface layer due 1o dipolar
; . . I charges on the organic ligands. As considered in their discus-
This means that the photoinduced changes in magnetization were’. 57 > -
. . . . sions, the>’Fe Mossbauer spectra of the composite FePt
due to an interaction at the interfaces between the azo-ligands - - A . .
. . . . nanoparticles in both the initial and the UV illuminated states
and the core particles, rather than the spatial relationship between . . .
. . were fitted with four magnetic components. The doublet

each particle. Moreover, we have prepared the diluted sample,

ith th ) ol d with i q components in both states (blue line) were assigned to super-
with the composite nanoparticles (coated with azo-ligdnals paramagnetic particles, which were small particles that fell

octylamine) being dispersed in PMMA matrix (see SUpporting oo\ the superparamagnetic limit. After the UV illumination,
Information). The diluted sample clearly shows quite larger s 5 perparamagnetic doublet fraction decreased. This decrease
neighbor spacing length as compared to the pure samplesiy the superparamagnetic component clearly shows that some
Therefore, it is expected that the possible magnetic interactionspf the superparamagnetic particles became ferromagnetic in
between each composite nanoparticles have been minimized imatyre after the UV illumination. These photoinduced enhance-
the diluted sample. Subsequently, we investigated the influencements in the magnetic properties were also consistent with
of photoillumination on the magnetic properties of the diluted photoinduced increases in the coercivity and the remanent
sample. The UV light-induced increase and visible light-induced magnetization that were confirmed by SQUID measurements.
decrease in magnetization were also observed. Hence, it iSThe sextet components with hyperfine fields of ca. 32 T (light
concluded that not the changes in the magnetic interaction blue line) and ca. 30 T (green line) in both states were assigned
between each composite nanoparticle but the changes in theo the disordered fcc phase and the orderegl pHiase of the
electronic interactions between the azo-ligands and the core-bulk-like particle core, respectively, because these hyperfine
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properties when various organic ligands are bonded to the
surface iron atoms. They concluded that these differences could
be explained by the organic ligands bonding to iron atoms via
the d electrons of the iron, whereby the organic ligands interact
strongly with the d electrons and cause a large splitting of the
doubly and triply degenerate d levels. This affects the spin state
and the magnetization values. This in turn suggests that
exchange interactions between the spins of the iron atoms can
affect the magnetization. Furthermore, Zhang et al. reported that
the magnetic properties of the nanoparticles change according
to the type of organic ligands that are present. These phenomena
are caused by changes in the spambital coupling and surface
anisotropy of the nanopatrticles that are induced by exchanging
the ligands. The above discussions also suggest that photoin-
duced changes in the electronic polarization of the d electrons
of the surface iron atoms affect the magnetic properties of the
FePt nanopatrticles. That is, our system realized “ligand exchange-
like” behavior induced by photoillumination using photochromes
without actually exchanging the ligands.

(a) 100.2

100
99.8
99.6

88.4

Relative Intensity (%)

99.2

98.8

-0

(b) 100.2

100 @

006 Conclusions

We have designed ferromagnetic FePt nanoparticles coated
with mixed monolayers of azobenzene-derivatized ligands and
spacer ligands. Subsequently, we have succeeded in controlling
the magnetic properties of ferromagnetic nanoparticles by
2 photoillumination in the solid state at room temperature. Our
results suggest that these phenomena are due to changes in the

98.8 electronic polarization on the d electrons of the surface iron
10 ® Velocity (mmis) s 1 atoms that are induced by the photoisomerization of azo-ligands.
Figure 8. 57Fe Missbauer spectra for the composite nanoparticles at room !N @ddition, another important aspect of this work is the role of
temperature (a) before illumination and (b) after UV illumination. n-octylamine in forming the spacer ligands, thereby guaranteeing
sufficient free volume between the azo-ligands to allow pho-
parameters agreed with the reported valfedlo notable toisomerization to occur. The advantage of this system as
changes induced by photoillumination were observed in the compared to our previous work is that we have now demon-
Mossbauer parameters of these two phases, suggesting that netrated room-temperature ferromagnetism, which is an absolute
remarkable photoinduced changes in the magnetic propertiesrequirement for practicable magnetic recording media. Finally,
had occurred in the bulk-like particle core. Moreover, another this work has not only proposed a new strategy for developing
sextet component with a hyperfine field of ca. 18 T (pink line) photofunctional materials, but has also opened up great pos-
was found in the initial state. We attributed this component to sibilities for practical applications in future optical magnetic
the surface Fe atoms on the core particles, which were recording systems.
electronically polarized by the dipolar charge of the organic
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organic ligands on magnetic nanoparticles that have been
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