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Abstract: The collective magnetic behavior of photoswitchable 11 nm cyanide-bridged nanoparticles
based of the Prussian blue analogue CsCoFe were investigated when embedded in two different matri-
ces with different concentrations. The effect of the intensity of light irradiation was studied in the less
concentrated sample. Magnetization studies and alternating magnetic susceptibility data are consis-
tent with a collective magnetic behavior due to interparticle dipolar magnetic interaction for the two
compounds, even though the objects have a size that place them in the superparamagnetic regime.

Keywords: Prussian blue analogue; photomagnetism; nanocrystals; photo-switchable; magnetic
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1. Introduction

Prussian blue analogues are cyanide-bridged coordination networks with a face cen-
tered cubic (fcc) structure and general formula Ay{M[M’ (CN)gl1_xUx}ezH,O, where A is
an alkali metal ion (Na, Rb or Cs in most cases), M and M’ are transition metal ions of
the first series with in most cases oxidation states II and III, respectively, and O stands
for metallocyanide vacancies. The cell parameter is close to 10 A and corresponds to
the distance between two metal ions of the same nature. Water molecules occupy the
tetrahedral sites of the fcc structure and can also be coordinated to M when vacancies
are present. When M’ = Fe and M = Co, the two states Co''Fe"! (S-,i1 =3/2, Sp i1 =1/2)
and CoMFe!! (Sc i1 =0, Sg,i1 = 0) are close in energy and it is possible to switch from one
to another thermally or by light irradiation at low temperatures. The electron transfer is
accompanied by a spin crossover on Co (from high spin Co' (Si,i1 = 3/2) to low spin Co'!
(Scoir = 0)), inducing a large change in the magnetic response as first demonstrated by
Hashimoto [1]. More precisely, depending on the nature of the alkali metal ions that occupy
the tetrahedral sites or its absence and on the vacancies concentration, three situations
may be encountered: (i) the magnetic state Co''Fe!!! is present at high temperature and no
electron transfer occurs upon cooling (this is the case in the absence or for low contents of
alkali ions); (ii) the diamagnetic state Co''Fe!! is present for the whole temperature range,
but no light induced electron transfer occurs at low temperature (this is the case when
Cs* occupy the tetrahedral sites. For this case, the compound contains generally some
amount of the Co''Fe'! magnetic phase); and (iii) the magnetic state is present at high
temperature and upon cooling down a thermally assisted electron transfer occurs leading
to the diamagnetic state Co''Fe!! that may be transformed upon light irradiation to Co''Fe!l!
at low temperature (this occurs usually when A = Rb or when the concentration of Cs is
well below 1 (see formulae above)). These different cases were thoroughly investigated
and rationalized for the bulk materials [2-7], made of aggregates of nanoparticles in the
hundred nanometers size range.
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Recently we reported [8], the photoswitching behavior of nanocrystals in the sub-
15 nm size containing a large concentration of Cs and almost no vacancies i.e., (CTA)y 4[Csg.7-
Co{Fe(CN)g}o.9]®H,O that have a majority of the diamagnetic phase at room temperature
and present a light induced switching to the magnetic state at low temperatures. The
photoswitching behavior was studied when the particles were embedded in CetylTrimethy-
lIAmmonium (CTA*) which serves as counter-cation for the nanocrystals and for the objects
surrounded by the organic polymer polyvinylpyrrolidone (PVP). However, we did not
report the collective magnetic behavior of the nanocrystals in the photo-induced state.
Indeed, upon irradiation the diamagnetic ions become paramagnetic and, due to an antifer-
romagnetic exchange coupling interaction, a collective ferrimagnetic behavior is observed
in the bulk with a critical temperature close to 20 K [1]. In nanoparticles, the situation
may be different since the magnetic correlation length is limited by the particles’ size if
the interparticle magnetic coupling is absent. The nanocrystals we reported are stabilized
as colloids in water in the absence of stabilizing agents so that they can be embedded in
different matrices and with different concentrations [9]. The objective of this paper is to
investigate the effect of dilution and intensity of light irradiation on the magnetic behavior
of the nanocrystals in the photoinduced metastable state when embedded in CTA and PVP.

2. Results and Discussion
2.1. Materials and Methods

The preparation and full characterization of the nanocrystals were recently reported [8].
The nanocrystals were prepared in water as a stable colloidal solution then recovered by
CTA" and by PVP to give two samples, namely CsCoFe_CTA and CsCoFe_PVP. The two
materials were prepared as follows.

CsCoFe_CTA. 200 mL of distilled water containing 673 mg of CsCl (4 mM) and 476 mg
(2mM) of [Co(H,0)4]Cl, were quickly added to 200 mL of distilled water containing 658 mg
(2 mM) of K3[Fe(CN)g]. The solution was vigorously mixed for 30 min. A methanolic
solution (600 mL) containing 1.10 g (6 mM) of cetyltrimethylammonium bromide (CTABr)
was added dropwise to 200 mL (half) of the aqueous solution containing the nanoparticles.
A precipitate formed during the addition, and it was recovered by centrifugation (9000 rpm
for 20 min) washed with a small amount of water and dried under vacuum overnight.
Elemental analysis for Csg7(C19H42N)p 4Co[Fe(CN)g]o.o(H20), exp. (calc.) C: 20.10 (20.60),
H:2.43 (3.79), N: 17.70 (17.12).

CsCoFe_PVP. The remaining 200 mL of the colloidal solution containing the nanopar-
ticles was added dropwise for 3 h to 20 mL of an aqueous solution containing 12 g of
PVP. Then, 900 mL of acetone is added. A precipitate formed, and it was recovered by
centrifugation (9000 rpm for 20 min), washed with a small amount of acetone, and dried
under vacuum overnight.

A Transmission Electron Microscopy (Jeol 1400, Jeol, Tokyo, Japan) image of the CTA
materials showed objects with an average size close to 11 nm (Figure 1). The X-ray power
diffraction (Panalytical X-Pert Pro MPD, Malvern Panalytical, Malvern, UK) diagram of the
same material was consistent with face centered cubic structure as expected for Prussian
blue analogues with a cell parameter a = 10.01 A (Figure 1) [8]. The infrared spectrum
(Perkin Elmer Spectrum 100, PerkinElmer Inc., Norwalk, Connecticut, USA) (Figure 1)
in the 2300~1900 cm ! regions showed the asymmetric vibration mode of the cyanide at
2115 cm™~! characteristics of cyanide bridge corresponding to a mixture of Fe(II)-CN-Co(III)
and Fe(II)-CN-Co(III) sequences [8].
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Figure 1. (a) Transmission Electron Microscopy imaging with count as a function of size in the inset; (b) Powder X-ray
diffraction pattern; and (c) infra-red spectrum of the CsCoFe_CTA nanoparticles.

Combined powder X-ray diffraction, magnetic, Electron Paramagnetic Resonance,
and X-ray photoelectron spectroscopy studies are consistent with the presence at room
temperature of the different phases Co'Fell, Co'Fe!l, and Co™Fell, the latter contributing
to 70% of the overall concentration of each nanocrystal [8]. Because of their stability as
isolated objects in water, they were used to unravel the mechanisms of charge transfer and
spin crossover after light irradiation [10]. They were also deposited on graphite and their
conductance was measured, showing a long range electron transport with relatively weak
attenuation [11].

In order to assess the relative concentration in nanoparticles for the two materials,
we compared their magnetization (Quantum Design XL7, Quantum Design, San Diego,
CA, USA) values at saturation (Mg,t) and at low temperature (I’ =2 K and B = 6 T) that are
proportional to the amount magnetic species within the material (Figure 2). A ratio close to
20 was found for Mg, cTa)/Msatpvp), showing that the concentration in nanoparticles of
the PVP containing materials was 20 times lower than that of the CTA one.
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Figure 2. M = {(B) at T = 2 K before irradiation for CsCoFe_CTA and CsCoFe_PVP. a: left scale; ¥:
right scale.

The magnetic behavior of the two samples CsCoFe_CTA and CsCoFe_PVP was studied
using a SQUID magnetometer in the dc mode by measuring the magnetization in the Field
Cooled (FCM) and the Zero-Field Cooled (ZFCM) modes and the magnetic hysteresis
loops at T = 2 K and in the ac mode by measuring the thermal dependence of the in-phase
and out-of-phase magnetic susceptibilities in zero dc applied magnetic field for different
frequencies of the alternating magnetic field equal to 3 Oe. The irradiation was carried out
using a laser diode connected to an optical fiber at a wavelength of 635 nm with the values
of the laser power specified below.
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2.2. Magnetic Behavior of CsCoFe_CTA

Before irradiation, the FCM plot has the feature of paramagnetic species with only a
slight increase below T = 4 K, consistent with the presence of the paramagnetic species
Co'Fe!l and Co''Fe!! (Figure 3a). It is worth noting that the absence of a large increase
of the magnetization at low temperature is in line with a very short correlation length
consistent with relatively isolated Co''Fe! pairs within the nanocrystals. The sample was
irradiated at T = 2 K, heated up to 25 K, and the FCM was measured. After irradiation,
the shape of the FCM curve suggests a behavior due to a magnetic order or to a blocking
of the magnetization. The ZFCM curve after irradiation shows a maximum at T = 11.8 K
and meets the FCM curve at T = 14.5 K, which is usually associated with the blocking of
particles with different sizes.

a) 1.5 T
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[ ® ZFCM after irradiation
i %] ® FCM after irradiation
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Figure 3. (a) M = {(T) in the form of Field Cooled before (¥) and after (o) irradiation and Zero-Field
Cooled after irradiation (M) and (b) Magnetic hysteresis loop at T = 2 K before (V) and after (e)
irradiation and after relaxation (A), for CsCoFe_CTA; laser power = 50 mW/ cm?.

The magnetic hysteresis loop measured before irradiation was characteristic of a
paramagnetic behavior (Figure 3b), without an opening at zero field. After irradiation,
a hysteresis loop appeared with a coercive field Hc = 0.41 T, consistent with a relatively
large magnetic anisotropy for the photoinduced state as expected from the presence of Col!
within the nanoparticles [12]. In order to check the reversibility of the photoswitching, the
sample was heated to T = 250 K (above its relaxation temperature) [8] and then cooled
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down to 2 K. The magnetization after relaxation was superimposable to its trace before
irradiation, confirming the total recovery of the ground state.

We performed ac susceptibility studies in order to get more insight into the magnetism
of the system. Before irradiation, there was no maxima in the temperature dependence of
the in-phase (x’) susceptibility responses for frequencies (v) ranging from 0.1 to 300 Hz
(ac magnetic field of 3 Oe and zero dc magnetic field). After irradiation, maxima of the
X' = {(T) and the x” = f(T) (x” is the out-of-phase susceptibility) curves appeared (Figure 4),
which are typical for a system with a blocking temperature that can be associated with
the isolated objects or due to a spin glass like behavior. The value of the maximum of
the x” = {(T) curve at the lowest frequency available (v = 0.1 Hz) was 11.2 K, consistent
with temperature of the maximum of the ZFCM curve. The analysis of the out-of-phase
data was performed by plotting the In(7) = £(1/T) (with 7(1/2nv) = Tgexp(AE/kT), where
Tp is the attempt time, AE the anisotropy barrier, k the Boltzmann constant, and T the
temperature of the maximum of the x” = f(T) curve at a given frequency. The linear fit
of the data (not shown) led to 79 =1.2 x 107?” s and AE = 690 K. For single magnetic
domain nanoparticles without (or with very weak) dipolar interactions, values for 7y close
or larger than 10712 s were expected [13], and were found for isolated CsNiCr cyanide-
bridged nanoparticles [14]. The Ty value obtained from the fit had no physical meaning
for isolated objects and it can be assumed that the observed behavior was due to magnetic
interactions among the particles. The Mydosh parameter ¢ allows for discriminating
among various magnetic behaviors where ¢ = (Tmax — Tmin)/ (Tmax(108 Vmax — 10g Viin))
with Tmax and Tyin being the temperatures of the maxima of the x” = f(T) curves for the
two extreme applied frequencies v,y and v, respectively, ¢ values close or larger than
0.12 are expected for nearly isolated magnetic nanoparticles [13,15]. For the present case, ¢
(0.03) was much smaller than 0.12, which indicates together with the very small 7 value the
presence of magnetic interactions (dipolar) among the particles and not to a blocking of the
magnetization of single domain isolated objects. It is possible to fit the relaxation time by
introducing a parameter that accounts for the interaction using the modified Arrhenius law
T = Toexp(AE/k(T — Ty), where Tj considers the interaction among the nanoparticles that
leads to more physically acceptable values for T (2.2 x 10712 s) and an average anisotropy
barrier AE =114 K with Ty =7 K.

2.3. Magnetic Behavior of CsCoFe_PVP

Here, the nanocrystals were embedded in PVP with a concentration 20 times less.
They are, therefore, spatially more separated than in CsCoFe_CTA.

The maximum of the ZFCM curve was found at T = 4.4 K, a value smaller than for
CsCoFe_CTA (11.8 K) (Figure 5a). The FCM and ZFCM curves joined at T = 5 K. The
difference in the temperature between the maximum of the ZFCM and the temperature
where the two curves join was 0.6 K, which was lower than 2.7 K found for CsCoFe_CTA.
This result means that the difference in the irreversibility temperature and the maximum
of the ZFCM curve for CsCoFe_CTA was not due to the blocking of particles with different
sizes, otherwise we would have had the same difference for CsCoFe_PVP, since the same
objects were present in the two materials. Therefore, magnetic dipolar interactions seem
to affect the irreversibility temperature of the magnetization curves in the case of the
CsCoFe nanoparticles.
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Figure 4. (a) x' = {(T) and (b) x” = {(T) at different frequencies of the alternating magnetic
field (3 Oe), inset In(7) = f(1/(T—Tp)) and linear fit with values in the text, CsCoFe_CTA; laser
power =50 mW/cm?.
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Figure 5. (a) M = {(T) in the form of Field Cooled before (¥) and after (o) irradiation and Zero-Field
Cooled after irradiation (M), for CsCoFe_PVP and (b) Magnetic hysteresis loop at T = 2 K before (V)
and after (o) irradiation and after relaxation (A); laser power 65 mW /cm?.

The magnetic hysteresis loop opens after light irradiation with a coercive field of
0.053 T (Figure 5b), one order of magnitude weaker than for the non-diluted CsCoFe_CTA
compound. The magnetization curves before irradiation and after relaxation are superim-
posable, as expected, and are consistent with the reversibility of the process.

The susceptibility measurements with an alternating magnetic field of 3 Oe gave a
very weak signal before irradiation, as expected. After irradiation, the light induced data
were not of very good quality because we reduced, as much as possible, the thickness
of the sample in order to have a maximal light penetration. However, we observed the
maxima of the x’ = f(T) curves at different frequencies that do not coincide (Figure 6a).
The temperature dependence of the out-of-phase susceptibility curves measured at 1 and
2.81 Hz shows slightly different temperature maxima (Figure 6b), even though there is
some uncertainty concerning these values because of the very weak signal.
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Figure 6. (a) x’ = f(T) and (b) x” = {(T) at different frequencies of the alternating magnetic field (3 Oe)
for CsCoFe_PVP; laser power 656 mW / cm?.

A photomagnetic effect leading to an opening of the hysteresis loop was observed
as for CsCoFe_CTA, suggesting a similar behavior. However, the maximum of the ZFCM
curve is at lower temperature and the out-of-phase susceptibility signals are too low to
reach a conclusion of the nature of the magnetic behavior of CsCoFe_PVP. We therefore
studied the effect of light intensity on the magnetic behavior of the materials.

2.4. Effect of the Power of Light Irradiation

Another way to sense the effect of magnetic dipolar interactions is to keep the same
concentration of the nanoparticles and gradually increase their magnetic moments. Since
the magnitude of the magnetic dipolar interactions is proportional to the value of the
magnetic moments of the interacting objects, increasing the magnetic moment should
lead to an upward shift of the critical temperature (everything else being equal). In order
to optimize light penetration and obtain the maximum light-induced response, we used
a thin film of few microns of PVP containing the nanoparticles. We first measured the
temporal response to light by irradiating the sample at different laser powers at T =10 K
and B = 0.5 T. Figure 7a illustrates the variation of the magnetization (M) with time for a
power of 20 mW /cm?. It shows that 50% of the saturation is obtained within 8 min and 90%
within 30 min. When irradiating at a power of 100 mW/cm? (not shown here), 90% of the
magnetization saturation is reached within 8 min and 50% within 1.5 min, illustrating the
relatively fast response of the sample to light irradiation. The jump at ¢ = 97 min observed
when the laser is switched off (Figure 7a) is due to the thermalization of the sample (to
10 K) that was heated up during the irradiation process. If we assume that the process takes
place in the paramagnetic regime, the temperature during the irradiation process should
be around 20 K. Figure 7b depicts the variation of the reduced magnetization with the laser
power. It shows that at a laser power of 150 mW /cm? the magnetization of the sample is
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multiplied by around 2.5 due to an increase of the magnetic moments of the individual
objects upon transformation of the diamagnetic Co''Fel! pairs to magnetic Co''Fe'll.

| /Iight off X
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o
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o
—
o
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Figure 7. (a) Variation of the magnetization (M) with time (t) for a laser power of 20 mW/ cm? and
(b) reduced magnetization (M—My)/M)y)) performed at T = 10 K and B = 0.5 T showing the rate of
increase of the magnetization after irradiation as a function of the laser power.

In order to assess the increase of the nanoparticles” magnetic moments with the
intensity of light on the overall magnetic behavior, we measured the ZFCM curves after
irradiation at T =2 K and B = 0.005 T for laser power values of 20, 65, and 150 mW / cm?
(Figure 8). The value of the maximum of the ZFCM curves shifts from 4.0 to 5.1 K when
going from 20 to 150 mW /cm?. This behavior shows that, everything else being equal, the
increase of the critical temperature is directly related to the increase of the local magnetic
moments within the sample. This behavior can be due either to interparticle magnetic
dipolar interactions that increase upon an increase of the objects’ magnetic moments,
or to an increase of the blocking temperature of the isolated objects if they were in the
superparamagnetic regime. The reversibility of the process was examined by measuring
the FCM curves after relaxation (heating up to T = 250 K) for the different laser power
values. They were all found identical to those before irradiation, showing that no damage
occurs during the irradiation process even at a power of 150 mW /cm?.
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Figure 8. ZFCM after irradiation with laser power values of 20 (e), 65 (A), and 150 (l) mW/ cm?, for
CsCoFe_PVP.

A spin glass-like behavior was reported by us for the 3 nm Ni''Fe!!! cyanide-bridged

nanoparticles [16,17]. It was also observed for CsCoFe nanoparticles, but was assigned to a
size effect [18] and, later, CoFe particles embedded in mesoporous silica were investigated
with the conclusion that interparticle dipolar interactions are present [19,20]. However,
because of the nature of the materials (nanoparticles embedded in silica), it was not possible
to investigate the effect of dilution in order to confirm that the magnetic behavior is indeed
due to dipolar magnetic interactions and not to the intrinsic behavior of isolated particles.
Indeed, if the particles have a size larger than that of the critical magnetic single domain size,
they will have a behavior similar to that of superparamagnetic particles (single magnetic
domain) feeling magnetic dipolar interactions. Moreover, it is usually difficult to reach a
definite conclusion without highly diluting the nanoobjects.

We have already investigated the magnetic properties of highly diluted CsNiCr PBA
particles where we demonstrated that successive dilution in PVP allows isolating the
objects and observing the single domain regime with a Néel-Brown behavior and a crit-
ical size (D) of 22 nm [14]. It is possible to use this result to estimate the critical size
for the CsCoFe network by comparing the magnitude of the exchange coupling interac-
tion and the magnetic moments of the two networks. For cubic particles, D is given by
7.2(A/0.5u9M?)1/2, where A is proportional to the exchange coupling between two ions
of the network and M is the magnetic moment of a pair of interacting metal ions [21].
Actually, the Co''-Fe!! exchange coupling interaction for the CsCo!'Fe!l' network is about
four times weaker (|]core | ~ 3.7 cm™1) than that of CsNiCr (Jyicr ~ 16 cm™1) [22] since
its T¢ is equal to 21 K [1] while that of CsNiCr is 90 K [1,22,23]. The magnetic moment
of a Co'"Fe!! pair is equal to 2 Bohr Magnetons due to the antiferromagnetic coupling
between S i1 (3/2) and Sp,m (1/2), while this value is 5 Bohr Magnetons for the CsNiCr
network due to the ferromagnetic exchange coupling between Ni'! (Sy,i1 = 1 and Cr'™ (Sc,un1
= 3/2). Using these values and the expression of the critical size of a single magnetic
domain leads to D = 27.5 nm for the CsCoFe network, a value much larger than the size of
the nanocrystals at hand (a maximum of 11 nm if light fully converts the particles from
the ground diamagnetic to the metastable magnetic state), ensuring that the investigated
objects are in the superparamagnetic regime. In the superparamagnetic regime, a blocking
of the magnetization of the isolated objects may be observed if the magnetic correlation
length is large enough for a single object to behave as single giant spin. This cannot be
the case for the present nanoparticles since the Co'!-Fe!!! exchange coupling interaction
value (= 3.7 cm ') is very close to the temperature maxima of the ZFCM curves (Figure 8).
Consequently, the shift up of these temperature maxima upon increasing the laser power
can only be due to interparticle dipolar magnetic interactions.
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3. Concluding Remarks

The collective magnetic behavior of CsCoFe photoswitchable 11 nm cyanide-bridged
nanoparticles was investigated by examining the effect of their dilution in two different
matrices with a concentration ratio around 20 between the two compounds. The magnetic
data performed in static magnetic field (FCM, ZFCM) and the susceptibility data in the
presence of an alternating field are consistent with a spin glass-like behavior, compatible
with interparticle magnetic dipolar interactions thanks to the analysis of the out-of-phase
susceptibility data of the more concentrated sample (in CTA). For the less concentrated
sample (in PVP), increasing the light intensity shifts up the temperature maximum of the
ZFCM curves. The analysis of the critical single magnetic domain size and the magnetic
correlation length within the objects is consistent with an interparticle dipolar coupling
rather than an increase of the blocking temperature of single domain objects.
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