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Abstract: Tuning the composition of the ternary transition-metal Prussian blue analogue NaRNi1-xCox-
[Fe(CN)6]� ·nH2O allows the sign of the photoinduced change in magnetization to be controlled. The parent
cobalt hexacyanoferrate material is well-known to display photoinduced and thermal charge-transfer-induced
spin transitions (CTISTs). Upon partial replacement of Co ion sites with NiII, irradiation with halogen light
can cause either an increase or a decrease in magnetization, depending upon the extent of NiII substitution,
the applied field, and the temperature. For all compositions with x > 0, photoexcitation generates new
moments according to the same mechanism observed for the parent x ) 1 compound. However, the
presence of NiII introduces a superexchange of opposite sign, providing a mechanism for controlling the
sign of the change in magnetization with applied light. Additionally, dilution of the spin-crossover material
reduces the magnitude and hysteresis of the thermal CTIST effect. These effects can be qualitatively
explained by simple mean-field models.

I. Introduction

The ability to purposefully tune magnetic properties of
synthetic materials has motivated progress in the area of
molecule-based magnets. A new class of magnetic coordination
compounds was established when long-range magnetic order
was discovered in Prussian blue1 and its atomic and magnetic
structures were elucidated,2 leading to the notion that
properties could be controlled by changing transition-metal
ions within the parent cubic framework. Binary-metal Prus-
sian blue analogues (PBAs), ARM′[M(CN)6]� · nH2O (where
A is an alkali-metal ion, M′ and M are transition-metal ions,
and the values of R, �, and n depend upon the stoichiometry),
and similar materials have been the subject of extensive
research because of their diverse and exciting range of
magnetic properties.3 Room-temperature magnetic order,4

photoinduced magnetization,5 thermal charge-transfer-induced

spin transitions (CTISTs),6 photoinduced tuning of magnetic
coupling,7 anisotropic photoinduced magnetism in thin films,8

and linkage isomerism9 are among the phenomena observed in
this class of compounds.

Photoinduced magnetism, which was discovered by Hash-
imoto and co-workers in K0.2Co1.4[Fe(CN)6] ·6.9H2O, has proven
to be one of the more fascinating features of PBAs.5a Briefly,
at low enough temperatures, incident light can cause an electron

† Department of Physics and NHMFL.
‡ Department of Chemistry.

(1) (a) Davidson, D.; Welo, L. A. J. Phys. Chem. 1928, 32, 1191. (b)
Holden, A. N.; Matthias, B. T.; Anderson, P. W.; Lewis, H. W. Phys.
ReV. 1956, 102, 1463. (c) Bozorth, R. M.; Williams, H. J.; Walsh,
D. E. Phys. ReV. 1956, 103, 572. (d) Ito, A.; Suenaga, M.; Ôno, K.
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to transfer from FeII(LS, S ) 0) to CoIII(LS, S ) 0), yielding
long-lived metastable FeIII(LS, S ) 1/2)-CN-CoII(HS, S ) 3/2)
pairs that couple antiferromagnetically and give rise to an
observed increase in magnetization. An impressive body of work
has elucidated the details of the thermal and optical CTIST
effects in this series of compounds, ARCo[Fe(CN)6]� ·nH2O (A
) Na, K, Rb, Cs).5

During an investigation of photoinduced magnetism in
ARCo[Fe(CN)6]� ·nH2O thin films, workers in our laboratories
discovered that nanometer-scale thin films undergo a photoin-
duced decrease in magnetization for a specific orientation of
the film in the applied magnetic field.8a With the applied field
parallel to the film, the commonly observed photoincrease is
observed, but when the field is perpendicular to the film, the
magnetization decreases with irradiation. A series of detailed
studies indicated that the microscopic mechanism in the films
is the same as for the bulk, that is, photoexcitation generates
new moments.8b-d However, the film experiences a magnetic
anisotropy not observable in the bulk solid state.

When our studies were extended to heterostructured thin films,
new effects were observed.10 When a layer of photoactive
ferrimagnetic RbRCo[Fe(CN)6]� ·nH2O is sandwiched between
two layers of ferromagnetic RbRNi[Cr(CN)6]� ·nH2O, photoex-
citation can cause a decrease in magnetization for all film
orientations. This observation is in contrast with the photode-
crease observed in single-component films, for which the
decrease is only observed in perpendicular orientations of the
films with respect to the applied field. We conjectured that
the photoeffect seen in the heterostructures may be due to
heterogeneously distributed constituent ions at the interface
between the two compounds, leading to competition between
ferromagnetic and antiferromagnetic superexchange mechanisms.

In order to investigate this hypothesis, bulk materials in which
Co or Fe ions present in the pure parent system can be
exchanged for an ion that introduces a ferromagnetic component
were considered. There has been previous interest in these so-
called ternary metal PBAs, which are of the form ARM′′1-xM′x-
[M(CN)6]� ·nH2O (where M′′ and M′ occupy similar lattice sites,
as determined by x), stemming from the additional effects that
are sometimes observed, such as photoinduced magnetic-pole

inversion,11 dilution of spin crossover,12 and magnets having
different types of Neél order.13 This ability to substitute different
transition metals in the compound is due to the similar lattice
parameters of the cubic binary PBAs. In addition to novel
function, new insight into the underlying physical properties
can be obtained through a study of these mixed PBAs.

In the present work, we report the synthesis of a ternary PBA
of the form NaRNi1-xCox[Fe(CN)6]� ·nH2O in order to explore
the origin of the photoinduced decrease in magnetization
observed in the heterostructured thin films. The proposed
structure is one in which a cubic iron sublattice interpenetrates
a cubic sublattice containing a statistical mixture of cobalt and
nickel ions (Figure 1a). The use of the sodium cation allows
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Figure 1. (a) Structural model for NaRNi1-xCox[Fe(CN)6]� ·nH2O. (b) Decrease in the magnetization upon photoexcitation of a Ni-dominated material when
there is atomic mixing and the spins are in an ordered state dictated by the exchange interactions JNiFe > 0 and JCoFe < 0. (c) The usual increase in the
magnetization with photoexcitation of a sufficiently Co-dominated material.
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for clear thermal hysteresis,6a and the presence of NiII gives
rise to ferromagnetic superexchange pathways between NiII and
FeIII characterized by an exchange constant similar in magnitude
to that for CoII-NC-FeIII exchange.14 The role of the ferro-
magnetic species in the photodecrease can be illustrated by
considering the Ni-rich (x J 0) and Ni-poor (x j 1) substitution
regimes (Figure 1b,c). Although a similar mix of materials
yielding Co0.75Ni0.75[Fe(CN)6] ·6.8H2O has already been reported
elsewere,15 the thermally and optically induced bistabilities of
the spin states are not present because of the stoichiometry.

Our studies show that NaRNi1-xCox[Fe(CN)6]� · nH2O bulk
powder displays photoinduced magnetism that can be either
positiVe or negatiVe, depending upon the cobalt fraction x )
[Co]/([Co] + [Ni]), the applied magnetic field, and the tem-
perature. These observations are only the second report of a
photoinduced decrease in magnetization for this class of
photoswitchable coordination compounds. For the first time, the
sign of the photoinduced change in magnetization can be
controlled by tuning the chemical composition. Additionally,
an x dependence is found for the ordering temperature, the
coercive field, the amount of photoactive material, the magnitude
of the thermal CTIST, and the width of the thermal CTIST
hysteresis loop. We can qualitatively understand these results
in the context of simple molecular field theories.

II. Experimental Details

A. Synthesis. Prussian blue analogues NaRNi1-xCox[Fe(CN)6]� ·
nH2O were precipitated by treating 20 mL of 20 mM Na3Fe(CN)6

aqueous solutions with an equal volume of an aqueous solution
containing a mixture of NiCl2 and CoCl2 (20 mM total transition
metal) and NaCl (2 M). Na3Fe(CN)6(aq) was synthesized by
oxidizing Na4Fe(CN)6(aq) with Cl2(g) and used in situ.6b The
concentration of CoII in the precipitated solids, given by x, was
controlled by varying the volume ratio of CoII(aq) used during
synthesis, defined as xsynthesis ) [CoII]/([CoII] + [NiII]), while keeping
the total transition-metal ion concentration at 20 mM. The reaction
mixtures were stirred for 3 h in open atmosphere, and the
microcrystalline powders were then isolated by centrifugation. The
precipitates were rinsed three times with water and dried under a
stream of nitrogen gas. Values of xsynthesis ) 0.00 (1), 0.20 (2), 0.40
(3), 0.60 (4), 0.80 (5), and 1.00 (6) yielded compounds with x )
0.00, 0.22, 0.45, 0.66, 0.87, and 1.00, respectively. Deionized water
used in synthetic procedures was obtained from a Barnstead
NANOpure system with a resistivity of at least 17.8 MΩ. All of
the other reagents were purchased from Sigma-Aldrich or Fisher-
Acros and used without further purification.

Na0.27NiII
1.0[FeIII(CN)6]0.73[FeII(CN)6]0.02 ·5.0H2O (1). IR (KBr):

2163 (vs, νCN), 2123 (m, νCN), 2079 (vw, νCN), 2043 (vw, νCN)
cm-1. EDS (Ni/Fe) 58.3:41.7. Anal. Calcd for C4.5H10.0N4.5O5.0Na0.27-
Ni1.0Fe0.75: C, 17.21; H, 3.21; N, 20.08. Found: C, 17.16; H, 2.87;
N, 19.33.

Na0.31CoII
0.22NiII

0.78[FeIII(CN)6]0.74[FeII(CN)6]0.03 ·4.4H2O (2). IR
(KBr): 2163 (vs, νCN), 2120 (m, νCN), 2095 (vw, νCN), 2045 (vw,
νCN) cm-1. EDS (Co/Ni/Fe) 12.4:45.6:42.0. Anal. Calcd for
C4.6H8.8N4.6O4.4Na0.31Co0.22Ni0.78Fe0.77: C, 17.99; H, 2.88; N, 20.99.
Found: C, 17.75; H, 2.84; N, 19.91.

Na0.34CoII
0.45NiII

0.55[FeIII(CN)6]0.71[FeII(CN)6]0.05 ·4.9H2O (3). IR
(KBr): 2162 (vs, νCN), 2120 (m, νCN), 2070 (w, νCN), 2041 (vw,
νCN) cm-1. EDS (Co/Ni/Fe) 26.1:31.9:42.0. Anal. Calcd for
C4.6H9.8N4.6O4.9Na0.34Co0.45Ni0.55Fe0.76: C, 17.33; H, 3.13; N, 20.22.
Found: C, 17.23; H, 2.95; N, 19.55.

Na0.33CoII
0.66NiII

0.34[FeIII(CN)6]0.67[FeII(CN)6]0.08 ·4.6H2O (4). IR
(KBr): 2161 (vs, νCN), 2119 (m, νCN), 2070 (w, νCN), 2038 (vw,
νCN) cm-1. EDS (Co/Ni/Fe) 38.3:20.1:41.6. Anal. Calcd for
C4.5H9.2N4.5O4.6Na0.33Co0.66Ni0.34Fe0.75: C, 17.53; H, 3.012; N, 20.45.
Found: C, 17.37; H, 2.88; N, 19.62.

Na0.27CoII
0.87NiII

0.13[FeIII(CN)6]0.63[FeII(CN)6]0.10 ·3.8H2O (5). IR
(KBr): 2161 (vs, νCN), 2117 (m, νCN), 2094 (m, νCN), 2041 (w,
νCN) cm-1. EDS (Co/Ni/Fe) 51.7:7.7:40.6. Anal. Calcd for
C4.4H7.6N4.4O3.8Na0.27Co0.87Ni0.13Fe0.73: C, 18.25; H, 2.66; N, 21.28.
Found: C, 17.90; H, 2.69; N, 20.25.

Na0.31CoII
1.0[FeIII(CN)6]0.72[FeII(CN)6]0.04 ·4.4H2O (6). IR (KBr):

2160 (vs, νCN), 2115 (vw, νCN), 2094 (w, νCN), 2057 (vw, νCN) cm-1.
EDS (Co/Fe) 58.2:41.6. Anal. Calcd for C4.6H8.8N4.6O4.4Na0.31-
Co1.0Fe0.76: C, 17.87; H, 2.89; N, 20.85. Found: C, 17.67; H, 2.54;
N, 20.07.

B. Chemical and Structural Characterization. Energy-
dispersive X-ray spectroscopy (EDS) and transmission electron
microscopy (TEM) were performed on a JEOL 2010F instrument
to establish transition-metal composition and particle size. Samples
were deposited as methanol suspensions onto 400 mesh copper grids
with holey carbon support films purchased from Ted Pella, Inc.
Particle sizes were determined from the TEM images by measuring
the edge length of more than 50 particles for each composition
through the use of ImageJ imaging software.16 A Thermo Scientific
Nicolet 6700 spectrometer was used to record Fourier transform
IR (FT-IR) spectra using KBr pellets or powder samples spread
between NaCl plates. Combustion analysis to determine carbon,
hydrogen, and nitrogen (CHN) percentages was performed by the
University of Florida Spectroscopic Services laboratory.

To investigate the lattice constants and crystal structure, a Philips
APD 3720 powder diffractometer, housed in the Major Analytical
Instrument Center at the Univesity of Florida, was used to perform
room-temperature X-ray diffraction (XRD) using a Cu KR source.
From the same samples used for all the other characterizations
(including magnetometry), except for the x ) 1.00 sample, of which
only 0.6 mg was left by the time XRD was performed, 10-20 mg
masses were mounted on glass slides and pressed onto squares of
double-sided cellophane tape with areas of ∼ 2.3 cm2. The resulting
diffractograms (Figures S1 and S2 in the Supporting Information)
were used to model the structures by Rietveld refinement using
the EXPGUI17 interface for GSAS.18 In order to approximate the
complicated PBA structure, a single-phase model with Fm3jm (No.
225) space-group symmetry was used. Specifically, the cobalt and
nickel atoms were forced to occupy the same site. Atomic
occupancies were set by the experimentally determined chemical
formulas, except for the oxygen atoms of the interstitial waters,
which were allowed to vary because the samples may have
dehydrated or hydrated between synthesis and diffraction. The same
site symmetries as in Prussian blue were used, with the iron
vacancies replaced by the six coordinated oxygen atoms of the
ligand water molecules.2a Placement of the oxygen atoms of the
interstitial water molecules at the 32f Wyckoff position5g and a
relatively small percentage at the 192l position was found to yield
robust local minima during the refinement procedure.

C. Magnetic Measurements. Magnetic measurements were
performed using a Quantum Design MPMS XL superconducting
quantum interference device (SQUID) magnetometer. For photo-
magnetic measurements, a room-temperature halogen light source
(∼1-2 mW) was used to introduce light into the sample cham-
ber of the SQUID through a bundle of 10 optical fibers with
∼270 µm o.d. (Ocean Optics model 200). Powders were mounted
on pieces of cellophane tape around plastic drinking straws to
increase the optical cross-section for the photomagnetic studies.
High-temperature data (T > 100 K) were taken using gelcaps as
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the sample holders to accommodate additional sample mass.
Backgrounds were subtracted from the data by using the measured
mass susceptibility of similar sample holders. The same demag-
netizing protocol, during which the magnetic field was oscillated
to zero by successive ramps starting at 20 kG, was used for all of
the low-field measurements at ∼10 G. Additionally, the magnet
was allowed to relax for more than 2 h subsequent to demagnetiza-
tion and prior to data taking. By using a commercial Toshiba
THS118E Hall sensor calibrated in-house, we estimated differences
of up to ∼1 G in the external fields applied to different samples,
but for each specimen, the field was not changed between the light
and dark states for the temperature sweeps, ensuring that any
resulting effects were not a result of slight perturbations of the
external field.

D. Mean-Field Calculations. Using simple mean-field ap-
proximations, we originally investigated the possible effects to be
observed in the magnetization and subsequently refined the model
after completing a series of experiments. In order to model the
magnetic interactions, an approximation in which superexchange
energies act as effective magnetic fields (so-called Weiss fields)
was employed in a manner akin to that in previous work on similar
materials.11,13 In order to model the cooperative, thermally active
CTIST event, a Bethe-Peierls-Weiss approximation to a phe-
nomenological spin-crossover Hamiltonian was implemented.19 Our
numerical studies extend the previous work of others by allowing
the high-spin fraction, nHS, which is experimentally controlled by
irradiation and temperature, to vary along with the relative metal
concentration, x, which is dictated by the synthesis. Details of the
calculations, including how x and nHS were utilized to provide
numerical results that are directly comparable to the experimental
data, are described in the Supporting Information, including Figures
S3 and S4.

III. Results

A. Synthesis. Compounds 1-6 having the general formula
NaRCoxNi1-x[Fe(CN)6]� ·nH2O were synthesized by varying the
relative cobalt fraction xsynthesis from 0.0 to 1.0 in steps of 0.2.
The resultant chemical formulas given in Table 1 were
determined from EDS, FT-IR, and CHN analyses. The Co, Ni,
and Fe ratios were explicitly taken from the EDS results, because

the signals for these ions were clean and reproducible. The
percentages of C, H, and N were taken directly from combustion
analyses. From the combustion results for the hydrogen content,
the amount of oxygen was calculated by assuming that all of
the hydrogen and oxygen were in H2O molecules. The amount
of NiII and CoII present in the isolated compounds, x, closely
tracked the fraction used in synthesis, xsynthesis, with a slight
tendency for the materials to incorporate more CoII (Table 1
and Figure 2). The color of the compounds also changed
gradually from yellow to purple as the CoII content increased
(Figure S5 in the Supporting Information).

The relative ratios of FeII and FeIII were estimated by fitting
and subsequently integrating the cyanide stretching peaks in the
FT-IR spectra associated with each species. Extinction coef-
ficients of the cyanide stretching bands of the ternary PBA
compounds were estimated from those measured for NiIIFeIII

and NiIIFeII PBA species (Figures S6 and S7 in the Supporting
Information). The FT-IR spectrum of pure cobalt hexacyano-
ferrate displays peaks at 2163, 2120, 2090, and 2040 cm-1

corresponding to the cyanide stretches of the CoIIFeIII(HS),
CoIIIFeII(LS), CoIIFeII, and linkage-isomerized CoIIFeII phases,
respectively.20 The FT-IR spectrum of pure nickel hexacyano-
ferrate displays peaks at 2160 and 2125 cm-1 corresponding to
the bridged and terminal cyanide of NiIIFeIII PBA as well as
peaks at 2079 and 2043 cm-1 corresponding to the same
assignments for the reduced NiIIFeII sites.21 As the concentration
of NiII in the lattice was increased at the expense of CoII ions,
the intensities of the three peaks at 2120, 2090, and 2040 cm-1

decreased, while that of the peak at 2163 cm-1 remained
relatively unchanged and a peak at 2125 cm-1 emerged. These
intensity changes indicate both the reduction in the number of
cobalt-iron pairs and the subsequent formation of nickel-iron
pairs. The FT-IR spectra and the peak-fitting results can be found
in Figure S8 in the Supporting Information. Finally, the amount
of Na in the formulas was assigned by charge balance in
conjunction with the previously discussed constraints, and, in
each case, the assignment was consistent with the EDS and
combustion analyses.22

The structure of the compounds as a function of x was
investigated with TEM and powder XRD. For identical synthesis
protocols except for the ratio of CoII(aq) to NiII(aq), the
equilibrium size of the particles evolved continuously, with the
particles becoming larger as more CoII ions are introduced into
the lattice (Figure 3). Similarly, the unit cell constants changed
continuously as x was varied from 0 to 1 (Figure 4). The
continuous evolution of particle size, the absence of separate

(19) Hôo, B.; Boukheddaden, K.; Varret, F. Eur. Phys. J. B 2000, 17, 449.
(20) Ng, C. W.; Ding, J.; Gan, L. M. J. Solid State Chem. 2001, 156, 400.
(21) Sato, O. J. Solid State Electrochem. 2007, 11, 773.
(22) Because of the known problems of detecting light atoms, the EDS

data were not exclusively used to determine the sodium content.
(23) Mass percentages of C, H, and N were taken explicitly from

combustion analysis, and mass percentages of Co, Ni, and Fe were
taken explicitly from EDS results.

Figure 2. Measured atomic composition of carbon (0), nitrogen (O), iron
(]), nickel (2), and cobalt (1) for the compounds in Table 1 as a function
of xsynthesis. Solid lines are guides for the eyes.

Table 1. Molecular Formulas and Unit Cell Parameters for Compounds 1-623

compound x proposed molecular formula unit cell length (Å)

1 0.0 Na0.27NiII
1.0[FeIII(CN)6]0.73[FeII(CN)6]0.02 ·5.0H2O 10.23(9)

2 0.22 Na0.31CoII
0.22NiII

0.78[FeIII(CN)6]0.74[FeII(CN)6]0.03 ·4.4H2O 10.24(9)
3 0.45 Na0.34CoII

0.45NiII
0.55[FeIII(CN)6]0.71[FeII(CN)6]0.05 ·4.9H2O 10.25(6)

4 0.66 Na0.33CoII
0.66NiII

0.34[FeIII(CN)6]0.67[FeII(CN)6]0.08 ·4.6H2O 10.26(8)
5 0.87 Na0.27CoII

0.87NiII
0.13[FeIII(CN)6]0.63[FeII(CN)6]0.10 ·3.8H2O 10.28(9)

6 1.0 Na0.31CoII
1.0[FeIII(CN)6]0.72[FeII(CN)6]0.04 ·4.4H2O 10.30(7)
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precipitates of the parent compounds, and the continuous
evolution of the lattice constant without a change in the single-
phase space group support the homogeneous mixing of the two
ions within the lattice (Table 1 and Figures 3 and 4). Finally,
some control over particle size for a given x value was possible
by varying the concentration and the amount of time that the
particles were in solution before isolation. However, we did
not find observable changes in the magnetization, for given
values of x, as a function of size within the regime studied.24,25

B. Low-Temperature Magnetization. The time dependences
of the dc magnetic susceptibilities, � ) M/H, during photoir-
radiation of the samples is shown in Figure 5a. The temperature
dependence of the dc magnetic susceptibilities, �(T), for T )
2-30 K at ∼10 G for various x values, both before and after
photoirradiation, are shown in Figure 5b. A clear bifurcation
of the field-cooled (FC) and zero-field-cooled (ZFC) curves,
with a peak in �ZFC-versus-T plots, was observed for all of the
samples. The results of the Weiss mean-field calculations
(described in the Supporting Information) are shown in Figure
5c. For the mean-field-calculated susceptibilities of the dark
states, the value of the high-spin fraction, nHS, is dictated by
the amount of material measured to undergo spin crossover,
whereas the calculated susceptibilities of the photoirradiated
states use nHS ) 1, where all available material is in the high-
spin state by definition.

All of the samples with x > 0 showed a change in magnetiza-
tion due to applied light. Strikingly, at 5 K in a field of 10 G,
the x ) 0.66 sample showed a clear decrease in magnetization

with photoirradiation in both the calculations and the experi-
mental results. A photoinduced decrease in magnetization to a
weaker extent was also observed in the x ) 0.45 sample. The
magnetization as a function of the applied magnetic field was
measured for all of the compounds at T ) 2 K for fields up to
70 kG, and these data are shown in Figures S9 and S10 in the
Supporting Information. Expanded photoirradiation-versus-time
plots for the x ) 0.66 and x ) 0.45 samples are given in Figure
S11 in the Supporting Information.

To make sure that the observed behavior was not due to a
physical mixture of the parent compounds on a macroscopic
level, a manually mixed sample of separately synthesized nickel
hexacyanoferrate and cobalt hexacyanoferrate powders with x
) 0.60 was prepared and studied (Figures S12 and S13 in the
Supporting Information). For this type of synthesis, the TEM
data revealed a bimodal distribution clearly associated with the
two distinct sizes of the NaRNi[Fe(CN)6]� ·nH2O and NaRCo-
[Fe(CN)6]� ·nH2O powders. The magnetic orderings of the two
binary species were clearly visible in the �(T) data, and the
magnetization only increased with irradiation, even though the
chemical composition was the same as that of the x ) 0.66
sample that showed a photodecrease.

C. High-Temperature Magnetization. The temperature de-
pendence of the dc magnetic susceptibility-temperature product,
�T, for T ) 100-300 K at 5 kG for various x values is shown
in Figure 6a. To help ensure equilibrium during the spin
crossover, a sweep rate of less than 0.5 K/min was employed.
The results of the combined Bethe-Peierls-Weiss spin-
crossover and Weiss mean-field magnetization calculations
(described in the Supporting Information) are shown in Figure
6b. For clarity, the calculated temperature dependence of the
high-spin fraction, nHS, is also shown (Figure 6c).

All of the samples with x > 0 appear to show thermally induced
CTIST, as evidenced by the abrupt reduction in the magnetic
susceptibility upon cooling below ∼170 K. These CTIST events
could be cycled with temperature and exhibited hysteresis that is
characteristic of the cooperativity of the transition. Additionally,
an evolution of the ferromagnetic slope in �T, characteristic of the
NaRNi[Fe(CN)6]� ·nH2O compound, as more Ni was introduced
to the lattice was seen in both the numerical and experimental
studies. Furthermore, the samples showed a decrease in the width
of the thermal hysteresis as the amount of Co decreased as well as
a drastic decrease in the amount of material undergoing CTIST as
Ni was introduced into the lattice.

IV. Discussion

In the following subsections, the three main results of the
experimental and numerical work performed on the ternary
transition-metal Prussian blue analogue NaRNi1-xCox[Fe-
(CN)6]� ·nH2O are discussed. Highlighted are (1) the observation
of a photoinduced decrease in magnetization, (2) the scaling of
magnetic properties as a function of x, and (3) the dependence

(24) (a) Pajerowski, D. M.; Frye, F. A.; Talham, D. R.; Meisel, M. W.
New J. Phys. 2007, 9, 222. (b) Frye, F. A.; Pajerowski, D. M.;
Anderson, N. E.; Long, J.; Park, J.-H.; Meisel, M. W.; Talham, D. R.
Polyhedron 2007, 26, 2273.

(25) We independently measured samples of NajNik[Fe(CN)6]l ·nH2O with
30 nm average edge lengths and found no significant change in the
magnetization.

Figure 3. Typical TEM micrographs of the samples reported in Table 1 for different values of x. All scale bars shown are 100 nm. A continuous increase
in equilibrium particle edge length is observed when cobalt ions are added to the extended networks. The average particle sizes from left to right are 15.6
( 3.4, 26.5 ( 5.3, 28.7 ( 6.9, 38.7 ( 7.7, 117.2 ( 22.7, and 237.8 ( 40.1 nm.

Figure 4. Room-temperature XRD patterns with background subtracted
and intensity normalized to show the continuous evolution with x. The peak
position shifts and the line width broadens as x decreases, reflecting the
smaller particle size of the pure Ni-Fe analogue.
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of the observed CTIST effect upon dilution of the parent cobalt
hexacyanoferrate material. Finally, aspects and potential future
extensions of the mean-field calculations are examined in light
of the experimental results.

A. Photoinduced Decrease in Magnetization. After the ob-
servation of a photoinduced decrease in magnetization in
trilayered heterostructures of ferrimagnetic RbRCo[Fe(CN)6]� ·
nH2O sandwiched between two layers of ferromagnetic
RbRNi[Fe(CN)6]� ·nH2O,10 calculations were developed to de-
termine whether the photoeffects could be due to the interplay
between ferromagnetic and antiferromagnetic exchange (Figure
1). Preliminary numerical results were consistent with our
conjecture, but the thin-film geometry and the quaternary
formula obfuscated the results. This early work sparked the
numerical studies of the nickel-cobalt-iron compound pre-
sented in this report, which also predict a photoinduced decrease
in magnetism.

The mean-field calculations predict a decrease in magnetiza-
tion within the ordered state with increasing high-spin fraction

for NaRNi1-xCox[Fe(CN)6]� ·nH2O powders with enough ferro-
magnetic NiII constituent ions. These predictions are compared
to low-temperature magnetic susceptibility experiments as a
function of x. All of the samples show an increase in magnetiza-
tion at high field (Figure S9 in the Supporting Information),
even those showing the photodecrease at low field (Figure 5).
This increase in magnetization at high field regardless of x
proves that additional spins are being generated rather than
destroyed during photoirradiation. These results also indicate
that the mechanism of the photoinduced magnetization, which
is present in all of the samples having x > 0, is the same CTIST
leading to persistent long-lived metastable states as seen in the
pure RbRCo[Fe(CN)6]� ·nH2O material. The photoeffect can be
reproduced and reversed with thermal cycling above ∼150 K.
The ability of the mean-field calculations to predict whether a
material will have a photoincrease or photodecrease based upon
its composition (Figure 5) substantiates our claim that the
observed photoinduced decreases in magnetization can be

Figure 5. (a) Molar magnetic susceptibility as a function of time for samples irradiated at 5 K and 10 G, as measured in a SQUID. Discontinuities in the
magnetization when the light is turned on and off are due to a subtle heating effect from the applied light. (b) Molar magnetic susceptibility as a function
of temperature for both the dark FC (9) and ZFC (2) states and the photoirradiated state (]), as measured in a SQUID at 10 G. (c) Mean-field-calculated
molar magnetic susceptibilities at 10 G as a function of temperature in the dark states (solid lines), where the high-spin fraction, nHS, was determined from
fitting the high-temperature susceptibility, and in the photoirradiated states (dashed lines), where nHS ) 1. The magnetic signals are expressed per mole of
sample using the chemical formulas listed in Table 1.
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understood as an interplay between ferromagnetic and antifer-
romagnetic superexchange interactions, as was hypothesized in
Figure 1.

These points can be further elucidated by focusing on the x
) 0.66 sample. This sample has enough ferromagnetically
interacting nearest neighbors to begin driving the Fe sublattice
parallel to the applied field, while it simultaneously possesses
enough Co-NC-Fe switchable pairs to still show an ap-
preciable CTIST effect. In the low-field limit, newly photoex-
cited Co-NC-Fe pairs align antiparallel to the applied field
as a result of the antiferromagnetic superexchange between Co
and Fe ions. Since the Fe ions are already parallel to the field
because of the presence of Ni, a net photodecrease in magne-
tization is observed (Figure 7). When a sufficiently high external
magnetic field is applied, the energy reduction gained by
aligning Co-NC-Fe pairs with the applied field is larger than
the superexchange, so a net photoincrease in magnetization is
measured (Figure 7). The temperature dependence of both the
experimental and numerical magnetizations in the low-field limit
shows a decrease in the measured susceptibility below ∼12 K,
above which an increase is observed because the thermal energy
is now able to populate the excited states having Co spins
parallel to the applied field.

We should also note that the photoinduced magnetic effect
shows a time dependence on the scale of weeks. For example,
when the samples were measured again after 1 month in a
freezer at T ≈ 248 K, the photodecrease was found to be slightly
stronger by a few percent. This evolution of the magnetic
properties may be due to an increase of atomic mixing of the
samples arising from solid-state diffusion or to stabilization of
the positions of interstitial counterions to regions more prone
to induce bistabilities in the spin states.

Figure 6. (a) �T vs T as measured in a SQUID magnetometer with a 5 kG applied field. The results of mean-field calculations for (b) �T vs T and (c) the
high-spin fraction, nHS, vs T are also shown. The magnetic signals are expressed per mole of sample using the chemical formulas listed in Table 1.

Figure 7. Photoinduced change in susceptibility for the x ) 0.66 sample
at T ) 5 K measured at low field (H ) 10 G) and high field (H ) 1 kG).
Photoirradiation was continuous for t > 0.
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As a final point, the expectation of a photoeffect having the
sign opposite that of the pure PBA material because of a mixing
of ferromagnetic and antiferromagnetic superexchange interac-
tions is similar to the photoinduced magnetic-pole inversion
reported for the PBA (Fe1-xMnx)1.5[Cr(CN)6] ·nH2O.11b A fun-
damental difference, however, is that in the (Fe1-xMnx)1.5[Cr-
(CN)6] ·nH2O system, the applied light destroys exchange
pathways, whereas additional moments are generated in the
NaRNi1-xCox[Fe(CN)6]� ·nH2O system reported here.

B. Scaling of Magnetic Properties. All of the NaRNi1-xCox-
[Fe(CN)6]� ·nH2O samples studied showed spin-glass-like long-
range magnetic order, as evidenced by the bifurcation of the
FC and ZFC curves (Figure 5b). The peak in the ZFC
susceptibility is a fingerprint of the spin-glass-like nature of the
order in both parent compounds,26,27 the presence of which hints
at the complicated nature of the magnetism in the samples
investigated. It is noteworthy that local minima are present near
x ≈ 0.8 in the scaling of the magnetic ordering temperature,
the coercive field, and the absolute value of the Curie-Weiss
temperature as a function of x (Figure 8).

Our observed scaling of magnetic properties in NaRNi1-xCox-
[Fe(CN)6]� ·nH2O can be compared with previous work on
ternary transition-metal PBAs.13,28 In ternary materials of
Cu[CoxFe1-x(CN)6], Ni[CoxFe1-x(CN)6], and Fe[CoxFe1-x(CN)6],
a clear monotonic scaling of the transition temperature with x

was observed, and these results are dominated by the changing
number of magnetic nearest neighbors, since CoIII on the M
site is LS and therefore diamagnetic.28a Similar monotonic
scaling was observed in Ni[CrxFe1-x(CN)6] and Fe[CrxFe1-x-
(CN)6],

28b where the substitution of CrIII (S ) 3/2) for FeIII (S )
1/2) provides a 3-fold increase in the number of superexchange
pathways, since the number of unpaired t2g electrons on the M
site changes from one to three [(t2g)5f (t2g)3]. Finally, the most
cogent example is (NixMn1-x)1.5[Cr(CN)6] ·nH2O, which displays
a clear dip in the ordering temperature and a peak in the coercive
field on the background of a linear dependence from interpola-
tion between the values of the parent compounds as x changes.13

A few similarities are obvious when comparing NaRNi1-xCox-
[Fe(CN)6]� ·nH2O and (NixMn1-x)1.5[Cr(CN)6] ·nH2O, particu-
larly in the context of simple empirical rules for super-
exchange.29a First, both contain a NiII ion that has a ferromagnetic
superexchange pathway (eg to t2g). Second, the interaction
between MnII and CrIII is analogous to the CoII interaction with
FeIII in NaRNi1-xCox[Fe(CN)6]� ·nH2O, as there is a competition
between ferromagnetic and antiferromagnetic interactions (Fig-
ure 9a). It is plausible that when two superexchange energies
of opposite sign compete, the net magnetic interaction is
particularly susceptible to perturbation when the interion distance
is changed. The nonmonotonicities observed in the ordering
temperatures as a function of metal substitution may therefore
be due to a net superexchange that depends strongly on the small
distance changes that are introduced with the substitution. In
order to reproduce our experimental data, it was necessary to
introduce a distance dependence into the CoII(HS)-NC-
FeIII(LS) superexchange interaction (Figure 9b).

The need to introduce distance dependence to the superex-
change interaction in order to reproduce the data may seem
drastic, but other methods of reproducing the scaling of the
magnetic properties were unsuccessful. Two remarkable features
are present in the data: the dip in the ordering temperature near
x ) 0.8 and the unexpectedly large ferromagnetic character of
the mixed samples. This increase in ferromagnetic character
manifests itself in the lack of a compensation point for our mixed
ferro-ferrimagnetic system and in the high-temperature slope
of �T for the mixed samples. Specifically, from 250 to 300 K,
�T for the x ) 0.66 sample increased as temperature decreased,
whereas a model using the binary magnetic interactions predicts
a clear decrease with decreasing temperature. For powder
samples containing ions in similar environments to ours, the
introduction of single-ion anisotropy and spin-orbit coupling
terms can give rise only to a decrease in �T as temperature
decreases.29 Finally, there are precedents in the literature for
such a modification of the superexchange energy. In CsRCo-
[Cr(CN)6]� ·nH2O ferromagnetic compounds having competing
ferromagnetic and antiferromagnetic pathways, a dependence
of the superexchange energy on the lattice constant was found.30

Additionally, an ARCo[Fe(CN)6]� ·nH2O material was reported
in which ferromagnetic coupling, as opposed to the usual

(26) (a) Pejaković, D. A.; Manson, J. L.; Miller, J. S.; Epstein, A. J. Phys.
ReV. Lett. 2000, 85, 1994. (b) Pejaković, D. A.; Manson, J. L.; Miller,
J. S.; Epstein, A. J. J. Appl. Phys. 2000, 87, 6028. (c) Pejaković, D. A.;
Manson, J. L.; Miller, J. S.; Epstein, A. J. Synth. Met. 2001, 122,
529. (d) Pejaković, D. A.; Manson, J. L.; Kitamura, C.; Miller, J. S.;
Epstein, A. J. Polyhedron 2001, 20, 1435. (e) Pejaković, D. A.;
Kitamura, C.; Miller, J. S.; Epstein, A. J. Mol. Cryst. Liq. Cryst. 2002,
374, 289.

(27) Phu, P. K.; Giang, T. N.; Minh, N. V. Commun. Phys. 2008, 18, 43.

(28) (a) Widmann, A.; Kahlert, H.; Petrovic-Prelevic, I.; Wulff, H.; Yakhmi,
J. V.; Bagkar, N.; Scholz, F. Inorg. Chem. 2002, 41, 5706. (b) Bagkar,
N.; Widmann, A.; Kahlert, H.; Ravikumar, G.; Yusuf, S. M.; Scholz,
F.; Yakhmi, J. V. Philos. Mag. 2005, 85, 3659. (c) Widmann, A.;
Kahlert, H.; Wulff, H.; Scholz, F. J. Solid State Electrochem. 2005,
9, 380. (d) Schwudke, D.; Stösser, R.; Scholz, F. Electrochem.
Commun. 2000, 2, 301.

(29) (a) Kahn, O. Molecular Magnetism; Wiley-VCH: New York, 1993.
(b) Lloret, F.; Julve, M.; Cano, J.; Ruiz-Garcia, R.; Pardo, E. Inorg.
Chim. Acta 2008, 361, 3432. (c) Baker, J.; Figgis, B. N. Aust. J. Chem.
1982, 35, 265.

(30) Ohkoshi, S.-i.; Hashimoto, K. Chem. Phys. Lett. 1999, 314, 210.

Figure 8. (a) Magnetic critical temperature TC, (b) coercive field HC, and
(c) Curie-Weiss temperature θCW for the “low-spin” (9) and “high-spin”
(]) states as functions of x. Dashed lines are mean-field interpolations
between the two pure materials. Solid lines are from mean-field fits of θCW

that allow for a modification of exchange constants as the M-NC-M′
distance changes as a function of x; superexchange constants were
empirically scaled to 80% of their fit values for comparison to the low-
temperature TC values. Coercive fields were obtained at T ) 2 K after
sweeping the field to 70 kG. Curie-Weiss temperatures were obtained by
fitting from 250 to 300 K, where nHS and µeff are essentially constant.
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antiferromagnetic coupling leading to a ferrimagnet, was inferred
on the basis of the high-temperature inverse susceptibility.14

C. Spin-Crossover Dilution. The width of the thermal hys-
teresis, as represented by Tup - Tdown, decreases when the cobalt
hexacyanoferrate material is diluted, and this trend is correlated
with the number of active CTIST nearest neighbors, zSCO (Figure
10). As described in the Supporting Information, zSCO can be
calculated from the chemical formula, and the observed nar-
rowing of the hysteresis is an expected result when zSCO

decreases. It is worth noting that while the changing number of
nearest neighbors is a dominant effect, additional perturbations
due to the changing of the local environments of the active
species are also present. Experimentally, the dilution of spin-
crossover species has been intensively investigated since its first
realization in [FexZn1-x(2-pic)3]Cl2 ·EtOH,31 where a gradual
reduction in the width of the hysteresis loop was attributed to
the many-body elastic interactions innate to these transitions.
With respect to CTIST in PBAs, the field is not as mature, and
studies are still ongoing. Recently, a CTIST diluted Rb0.70Cu0.22-
Mn0.78[Fe(CN)6]0.86 ·2.05H2O sample was compared to its un-
diluted parent compound Rb0.81Mn[Fe(CN)6]0.95 ·1.24H2O, and
no appreciable change in the width of the hysteresis loop was
observed.32

Furthermore, there is a striking reduction in the amount of
CTIST-active material once nickel is introduced into the lattice

(Figure 11a). More specifically, the x ) 1.00 material transitions
83% of the amount expected from the chemical formula when
T is swept from 300 to 100 K, whereas the x ) 0.87 material
transitions 16% of the expected amount and the samples with
smaller x values transition less than 10%. The percent of CTIST-
active material can be established by considering the chemical
formula, the room-temperature FT-IR spectrum, and the change
in �T as the samples are cooled. Although a detailed investiga-
tion of the microscopic origins of the observed reduction in spin-
crossover-active material is warranted, we conjecture that this
reduction is related to a Ni-induced stabilization of Co-NC-Fe
HS pairs arising from subtle variations of the unit cell parameters
(Figure 11b). The lattice constants are observed to scale with x
in a monotonic fashion that is consistent with changes seen in
other ternary metal PBAs.13,28 However, the nonlinear nature
of the scaling implies an actual change in the bond energies of
the system as the different systems are mixed. The FT-IR data
also provide evidence supporting the stabilization of the
coordination bond upon incorporation of NiII. For the cyanide
stretch associated with the divalent metal to iron bond, plots of
the stretching frequency and an effective spring constant as
functions of x can be made (Figure 12), and these imply a
stabilization of the bond and an increased rigidity of the lattice
upon introduction of nickel ions. Therefore, it may no longer
be energetically favorable for Co-NC-Fe pairs in NaRNi1-x-
Cox[Fe(CN)6]� ·nH2O to undergo CTIST because of the added
strain that would result for the Ni-NC-Fe bonds in the system.
More specifically, the LS phase of NaRCo[Fe(CN)6]� ·nH2O has
a lattice constant of 9.9721 Å, whereas the HS phase has a lattice
constant of 10.3033 Å,5g which is comparable to the lattice
constant of 10.30(7) Å in the x ) 1.00 sample. In contrast, the
x ) 0.00 nickel hexacyanoferrate species has a lattice constant
of 10.23(9) Å, which is comparable to the previously reported
value of 10.229 Å for Ni3[Fe(CN)6]2.

14

(31) (a) Sorai, M.; Ensling, J.; Gütlich, P. Chem. Phys. 1976, 18, 199. (b)
Spiering, H.; Meissner, E.; Köppen, H.; Müller, E. W.; Gütlich, P.
Chem. Phys. 1982, 68, 65.

(32) (a) Lummen, T. T. A.; Gengler, R. Y. N.; Rudolf, P.; Lusitani, F.;
Vertelman, E. J. M.; van Koningsbruggen, P. J.; Knupfer, M.;
Molodtsova, O.; Pireaux, J.-J.; van Loosdrecht, P. H. M. J. Phys. Chem.
C 2008, 112, 14158.

Figure 9. (a) Energy levels and diagram for the superexchange interactions considered in the material. The CoII(HS) ion notably has both ferromagnetic (JF

> 0) and antiferromagnetic (JAF > 0) superexchange interactions with FeIII(LS), in contrast with NiII. (b) Average values of the exchange constants, Jave, for
the NiII-NC-FeIII (×) and CoII-NC-FeIII (+) exchange bonds used in order to reproduce the scaling in Figure 8. The line is merely a guide for the eyes.

Figure 10. (a) Width of the thermal hysteresis, Tup - Tdown and (b) number
of spin-crossover-active nearest neighbors, zSCO, as a function of x. Here,
Tup - Tdown is defined as the difference in the temperature at which half of
the spin-crossover-active material is high-spin when sweeping up in
temperature and that at which half of the spin-crossover-active material is
high-spin when sweeping down in temperature.

Figure 11. (a) Percentage of CTIST-active material and (b) unit-cell lattice
constant a as functions of x.
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Comparisons of our observation of the reduction in the
amount of CTIST-active material to the results of a recent work
studying the dilution of cobalt hexacyanoferrate by diamagnetic
ZnII at the divalent metal site or by diamagnetic CoIII at the
cyanometallate site12 are useful. In particular, a similar sensitiv-
ity of the CTIST effect to metal substitution was seen by Cafun
et al.,12 and the reduction in the magnitude of the effect in their
samples is also larger than expected for a simple reduction in
the spin-crossover-active species on a molecule-by-molecule
level. It was previously shown by Ksenofontov et al.33 that
application of hydrostatic pressure to ARCo[Fe(CN)6]� ·nH2O
powders induced a stabilization of the LS phase in the samples.
This leads to the obvious contention that the stabilization of
the high-spin phase for NaRNi1-xCox[Fe(CN)6]� ·nH2O may
simply be due to an effective “negative pressure.” It was sug-
gested12 that the observed stabilization with metal substitution
could not be due to such an effect because their starting material
had a cell size of ∼10.32 Å; thus, while the 100% ZnII-doped
material should have a negative pressure because of its cell size
of ∼10.40 Å, the 100% CoIII(CN)6-doped material should have
a positive pressure because of its lattice constant of ∼10.23 Å.
However, these room-temperature values all deal with the high-
spin lattice constants, but with respect to the low-spin lattice
constants, the alien species are still larger than the LS
Co-NC-Fe state and in fact closer in size to the HS
Co-NC-Fe state than the LS Co-NC-Fe state, suggesting
that chemical pressure may still be a valid argument for the
effect. Finally, more subtle effects on the energy of the
cobalt-iron charge transfer arising from the presence of
neighboring nickel ions may also be present.

D. Mean-Field Predictions versus Observations. The mean-
field calculations were able to predict whether the magnetization
of the chosen samples would increase or decrease with pho-
toirradiation. Upon completion of the experiments, the lack of
a compensation point and subsequent negative magnetization,
as well as the general scaling of magnetic properties, was

surprising. However, a better agreement between calculations
and experiment was found when a distance dependence was
introduced into the superexchange constant. In addition, dis-
crepancies between predictions and experiment may have
stemmed from the need to choose the simplest Hamiltonian that
could capture the spirit of the problem, which had only Zeeman
and superexchange terms, in order to make the number of free
parameters tractable. Nevertheless, it is worth stating clearly
that the two main results, a photoinduced decrease in magne-
tization for certain values of x and a reduction in the amount of
the CTIST-active material with metal substitution, are qualita-
tively robust with respect to perturbations of the model. A future
study might consider single-ion anisotropies on the Co and Ni
sites, as in recent reports in which more complicated Hamilto-
nians for ternary PBAs have been solved by mean-field34a and
Monte Carlo methods.34b

V. Conclusions

We have demonstrated that the ternary transition-metal
Prussian blue analogue NaRNi1-xCox[Fe(CN)6]� ·nH2O shows a
photoinduced decrease in magnetization for certain values of
x, temperature, and applied magnetic field. Furthermore, the
NaRNi1-xCox[Fe(CN)6]� ·nH2O system is the first example of a
compound in which superexchange energies control whether
incident light increases or decreases CTIST magnetization. As
a result, the sign of the photoeffect can be changed by
stoichiometry. Although a photoinduced decrease in magnetiza-
tion with an increase in the number of spins has also been seen
in ARCo[Fe(CN)6]� ·nH2O thin films,8a the microscopic origins
are different. In addition, the width of the thermal hysteresis of
the CTIST is reduced upon dilution of the spin-crossover-active
species in the ternary mixture. The origins of the experimental
observations are nicely explained using mean-field calculations.
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Figure 12. (a) Effective spring constant and (b) FT-IR frequency for the
CN stretch in MII-CN-FeIII as functions of x.
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