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Abstract 

Prussian blue analogues provide a useful model system for study of how the magnetic 

properties of molecular-based systems can be both perturbed and probed using light. 

However, the study of thin films of these materials using transmission-based optical 

techniques is limited due to their frequent polycrystalline morphology and inconsistent 

homogeneity, which acts to scatter light. To address this shortcoming, thin films of Cr-Cr and 

Fe-Cr Prussian blue analogues have been encapsulated by suitable transparent adhesives to 

mitigate the effects of scatter, which would be of particular benefit in experiments that rely 

on the polarization of transmitted light being maintained. It is observed that transmittance 

is appreciably improved across the visible spectrum following encapsulation, reaching a 

tenfold increase at certain wavelengths. This is due to a combination of the reduction of 

air/film interfaces and refractive index-matching between adhesive and film. 
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1. Introduction 

The use of magnetic materials has played a pivotal role in the advancement of modern 

technology and has formed the basis of data storage for several decades. The demand for 

materials that can satisfy our requirements is becoming increasingly hard to meet with 

conventional metallic-based media, which face limitations in terms of achievable areal 

densities and switching speeds [1, 2]. Production of these materials is also energy intensive, 

which is a disincentive for their use with the current drive to reduce humanity’s 

environmental impact. All of this has motivated the development of materials for use in 

information technology, which has partly been satisfied with the emergence of 

semiconductor-based devices such as solid-state drives. 

An alternative option is the development of molecule-based magnetic materials, which offer 

a range of advantages over traditional magnets, from facile solution-based synthesis and 

processing to enhanced tunability of physical properties [3]. Prussian blue analogues (PBAs) 

are a family of inorganic coordination polymers fitting these criteria [4, 5], which can be 

synthesized as thin films through electrodeposition [6-12]. Their composition often 

conforms to the general formula  AI
1-3xMAII[MBIII(CN)6]1-x·zH2O in the case of bimetallic or 

mixed-valence PBAs, where  AI is a monovalent alkali cation, while MAII and MBIII are 

transition metal cations [13]. They have tunable spectral and magnetic properties, with 

PBAs possessing a variety of different colors, coercivities and magnetic-ordering 

temperatures depending on the identity of the metal cations incorporated and their 

stoichiometry [6, 8-10, 14-18]. It is also possible to make heterostructures of thin films 

comprised of different magnetic PBAs [19-26]. This is an area which is actively studied in the 

field of spintronics. Some have also been shown to exhibit photomagnetism, where 
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irradiation with light results in a change in the macroscopic magnetic properties observed 

[27-32]. This enables the fine control of magnetic properties through photoexcitation, which 

can occur for specific transitions which in turn can lead to different charge and spin 

dynamics.  

The combination of their strong colors and potential for photomagnetic behavior make PBAs 

an ideal candidate for study through magneto-optics [33-38], which could find applications 

in devices using irradiation with different colors of polarized light as a read/write scheme. 

However, one caveat is that this technique requires light to remain polarized upon 

transmission through a sample; this can be lost upon multiple scattering events when 

propagating through the film, which hinders observation of a measurable signal. 

Analogously, the field of molecular photovoltaics faces a similar issue: the stacking of 

different materials gives rise to unwanted reflection at each of their interfaces when the 

refractive index for each layer is poorly matched, thus decreasing the light harvesting 

potential of the device. The workaround to this is selection of materials that possess similar 

enough refractive indices whilst still retaining their primary functionality, such as charge 

transport properties [39]. This approach could equally be applied to thin films of PBAs: by 

selecting an encapsulating agent of appropriate optical properties and applying this to the 

surface of the film, any voids on the rough polycrystalline surface will be filled and the 

number of air-crystallite boundaries decreased, thus decreasing the propensity for 

scattering events to occur. The advantages are also two-fold, as encapsulation also affords a 

barrier to the external environment. This may be of benefit for some PBAs which have been 

shown to undergo rapid oxidation upon exposure to air [40] or have magnetic properties 

that change with humidity [41]. 
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In this paper, we have studied the encapsulation of thin films of Fe-Cr and Cr-Cr PBAs using 

two different optical coatings with the aim to increase the amount of transmitted light 

through the film. Our goal was to study different materials with known index of refraction, 

such as cyanoacrylate glue and an optical adhesive, to try to better match with the index of 

refraction of the PBA film. We subsequently cover the films with a thin cover slip to provide 

a smooth surface. We found that the transmittance across the visible spectrum is 

significantly increased as a result. 

2. Experimental details 

2.1. Electrodeposition 

Thin films of Cr-Cr and Fe-Cr PBAs were synthesized through potentiostatic 

electrodeposition in a manner akin to previous literature [6, 9, 11, 12, 26]. Films were 

deposited onto transparent conductive substrates using a potentiostat (Metrohm-Autolab 

μAUTOLAB III). The substrates comprised a 750 nm thick layer of fluorine-doped tin oxide 

(FTO) which coated a 1.1 mm thick soda-lime glass slide (Ossila S302). The electrochemical 

cell consisted of an FTO-coated substrate as a working electrode, and two Pt rods acting as 

counter and pseudo-reference electrodes. 

For the Cr-Cr PBA, the cell was charged with degassed solutions of K3Cr(CN)6 (40 mM) and 

CrCl3 (60 mM). For the Fe-Cr PBA, the cell was instead charged with aqueous solutions of 

K3Cr(CN)6 (50 mM) and FeCl3 (75 mM). In both syntheses, KCl (1 M) was also included in 

large excess as an electrolyte to facilitate passage of charge, and the relative molarities of 

the reagent solutions selected to match the expected stoichiometry of the products. Thin 

films were deposited at a constant potential (E = -0.8 V for Fe-Cr, E = -1.2 V for Cr-Cr), while 

varying either the deposition time or the amount of charge allowed to pass to control film 
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thickness. All reagents were purchased from Sigma-Aldrich and used without further 

purification. 

2.2. Coating application 

Between initial and final UV-visible measurements, multiple Cr-Cr and Fe-Cr PBA films were 

covered using one of two adhesives of known refractive index: cyanoacrylate glue (n = 1.49), 

and Norland Optical Adhesive 61 (NOA 61; n = 1.56). A few drops of the selected adhesive 

were applied to a 0.18 mm thick glass microscope coverslip and sandwiched between that 

and the film. NOA 61 underwent curing after exposure to 370 nm light (Intelligent LED 

Solutions N3535 1 PowerStar UV 365nm) for 5 minutes. 

2.3. Characterization 

Vibrational spectroscopy was performed using a Raman microscope (Renishaw inVia) with a 

514 nm laser line to verify the composition of selected films based on comparison of CN-

stretch peaks with those reported in literature. This was also performed before and after 

sealing films with NOA 61 to confirm that no chemical change occurred in the films due to 

irradiation with UV light used in curing. 

A selection of films synthesized for various deposition times were subject to atomic force 

microscopy (AFM) analysis using a scanning probe microscope (Veeco Nanoman VS) in 

tapping-mode configuration. To determine film thickness, a step was artificially created 

using a razor blade, and cross-sections of AFM images obtained along this step were 

analyzed. Images of the film surface were also taken to compare morphology between Cr-Cr 

and Fe-Cr PBAs and to gauge roughness. All images were assessed and exported using 

NanoScope Analysis 1.5 software package. 
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Optical clarity was assessed using UV-visible spectrophotometric data obtained before and 

after each film was encapsulated. Transmission spectra in the range 350-800 nm were 

recorded using a commercial spectrophotometer (Shimazdu UV-1800), with either a blank 

FTO substrate or FTO substrate coated with the respective adhesive and glass coverslip used 

as a reference. 

Faraday rotation measurements were performed on films to verify that the encapsulation 

process does not inhibit magneto-optical measurements. For this, a 450 nm diode laser 

(Thorlabs CPS450) was employed, with the beam attenuated to around 3 µW by use of 

neutral density filters. This was focused through the sample housed in a cryostat (Oxford 

Instruments MicrostatHE2) positioned between the poles of an electromagnet (GMW 3470). 

The transmitted beam was then split into two beams of orthogonal polarization using a 

Wollaston prism. Change in polarization of the transmitted beam was then measured as a 

function of applied magnetic field using a bridged photodiode detection scheme that 

measures relative intensity of the two split components. The CW laser was modulated at 

993 Hz and the signal from the bridged photodiode was measured using a Zurich 

Instruments MFLI lock-in amplifier synchronized to an optical chopper.  

3. Results and discussion 

3.1. Film deposition 

In total, 8 Cr-Cr and 9 Fe-Cr PBA films were made using variable deposition times, resulting 

in films of different thicknesses. In the Raman spectrum obtained for an exposed Fe-Cr film, 

shown in Fig. 1 a, we observe cyanide stretch bands at 2168 and 2108 cm-1 corresponding to 

FeII-NC-CrIII and FeIII-NC-CrII linkages, the latter likely arising from charge transfer between 

FeII and CrIII upon resonant photoexcitation [42]. In the Raman spectrum for an exposed Cr-
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Cr film, shown in Fig. 1 b, we observe a single peak at 2193 cm-1 which we attribute to the 

CrII-NC-CrIII linkage. These vibrational spectra coincide well with those reported in literature 

[6, 11, 12, 42, 43], thus indicating that the desired PBA films have been formed. The peaks 

shifted by <2 cm-1 following encapsulation with NOA 61 and the relative intensity of the two 

peaks in the Fe-Cr vibrational spectrum was unaffected, which suggests that there is no 

appreciable chemical change induced by the curing process with UV light. The UV-visible 

spectra were also similar to those previously published [8], with a series of peaks at 630, 

580, 515 and 375 nm for Cr-Cr and a strong metal-metal charge transfer (MMCT) transition 

at 450 nm for Fe-Cr. 

3.2. AFM 

AFM analyses on a selected number of films show some variation in film thickness. This is 

typical of PBAs given that several factors influence film deposition, including but not limited 

to: reagent concentrations depleting over time, drift in the potential of the pseudo-

reference electrode, inconsistent area of substrate exposed to solution for different films, 

coverage of the FTO-coating across the substrate, etc. Thus, we estimate that for the films 

investigated, thickness lies within the range of d = 800 – 1500 nm for both Cr-Cr and Fe-Cr 

PBAs. 

Probing the surface morphology of the two PBAs shows that they are both polycrystalline in 

nature, with large cubic-like crystallites observed in Cr-Cr that have dimensions up to 1 µm, 

while in Fe-Cr, the film has manifested as stacks of irregular crystalline sheets with much 

greater variation in dimensions, as shown in Fig. 1 c - d. From analysis of the two topological 

profiles, the root-mean-square roughness-value (Rq) was determined to be Rq = 207 nm for 

the Cr-Cr film of thickness d = 1110 ± 50 nm shown in Fig. 1 c, and Rq = 313 nm for the Fe-Cr 
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film of thickness d = 1100 ± 200 nm shown in Fig. 1 d. The calculated roughness for Fe-Cr 

omitted the large (presumably foreign) particle in the lower left corner of the image. These 

values correspond to relative roughness:thickness ratios (K=Rq/d) of K = 0.2 and 0.3 for the 

Cr-Cr and Fe-Cr films, respectively. We attribute this inherent roughness of the films as one 

of the primary causes for their opacity. 

 

Fig. 1. Raman spectra obtained using a 514 nm laser line showing the cyanide stretch region for Cr-Cr (a) and Fe-Cr PBA (b) 
films before and after encapsulation with NOA 61. AFM images showing typical surface morphology for Cr-Cr PBA (c) and 
Fe-Cr PBA (d). Notably, crystallites in the Cr-Cr film are more cubic in shape, while those in Fe-Cr appear to consist of 
multiple layered sheets. The root mean squared average roughness values for the two images are 207 and 313 nm, 
respectively, while film thicknesses were 1110 ± 50 nm and 1100 ± 200 nm.  

3.3. UV-visible transmission 

It was observed from UV-visible spectrophotometric data that there was a large increase in 

transmittance across the spectrum for both Cr-Cr and Fe-Cr PBA films upon encapsulation, 

irrespective of whether cyanoacrylate glue or NOA 61 was employed. This is illustrated in 

Fig. 2, which shows the spectra obtained for two films, one Cr-Cr and one Fe-Cr, before and 
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after being coated with NOA 61. It is notable that scattering in the Cr-Cr PBA films was 

suppressed sufficiently enough to resolve smaller spectral features that were previously 

undetectable with the uncoated films, such as the weaker ligand-field transitions observed 

from 500-700 nm. Likewise, reduced scattering in the Fe-Cr PBA allows the broad MMCT 

transition that spans from 400-575 nm to become much more prominent compared to the 

rest of the spectrum. 

 

Fig. 2. Transmittance spectra for Cr-Cr (a) and Fe-Cr (b) PBA films recorded before and after being covered with NOA 61 
and glass coverslip. Inset in each panel are photographs of films prior to and following encapsulation. 
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The increase in transparency of films upon encapsulation was quantified in terms of the 

transmittance ratio between covered and uncovered films, Tcovered/Tuncovered. This quantity 

was calculated across the whole spectrum, which is shown for selected films covered with 

NOA 61 or cyanoacrylate glue in Fig. 3. 

 

Fig. 3. Transmittance ratio for Cr-Cr (a) and Fe-Cr (b) PBA films upon encapsulation with two adhesives of known refractive 
index: cyanoacrylate glue (n = 1.49), shown in red, and NOA 61 (n = 1.56), shown in black. 

Transmittance was observed to at least quadruple across the visible spectrum for the Cr-Cr 

PBA films upon encapsulation, reaching >16 times that for uncovered films towards bluer 



11 
 

wavelengths for the two samples shown. For the Fe-Cr films, transmittance increased 

>threefold across the spectrum for all films, and the same general trend with greater 

transparency towards the UV is maintained, although there is a dip in improvement for most 

films in the region of the MMCT band. 

The increase in transmittance across the whole spectrum for both films, irrespective of the 

encapsulating adhesive used, can be ascribed to smoothing of surface and filling of voids 

between crystallites by cyanoacrylate glue or NOA 61, thereby reducing number of air/film 

interfaces which give rise to scattering. While scattering events would still occur due to the 

difference in refractive index between adhesive/film, the effect will be mitigated by better 

refractive-index matching compared to the air/film interface. 

The change in opacity is extremely sensitive to the topology of the film, which can vary 

considerably even across two different films deposited under the same conditions. It is 

therefore difficult to discern whether there is any greater benefit in using either 

cyanoacrylate glue or NOA 61 due to a better match of the refractive index to that of the 

film. As the refractive index for both cyanoacrylate glue and NOA 61 is very similar, it is 

unsurprising that one does not consistently perform better than the other when it comes to 

mitigating scattered light. Indeed, previous ellipsometric studies have concluded that the 

real refractive index for Prussian blue – analogous in crystal structure and morphology – to 

be between 1.51 [44] and 1.58 [45] at 632.8 nm. If this also applicable to the PBAs studied, 

there would be scope to using encapsulating substances with greater variation in refractive 

index to better gauge whether index-matching could be optimized further, although there 

always exists the difficulty of finding such a substance which is also transparent across the 

visible spectrum. 
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3.4. Faraday rotation 

In line with the overall aim to improve the optical clarity of the PBA films and suppress 

scattering to aid in magneto-optical measurements, magnetic hysteresis data were obtained 

for Cr-Cr via Faraday rotation measurements at T = 80 K. This is presented in Fig. 4, where 

dependence of Faraday rotation, θFR, on applied field, μ0H, is shown. Note that the substrate 

itself contributes to the signal, hence the linear background which is most apparent at 

applied fields |μ0H|>25 mT. The coercivity (Hc) for the film was determined to be 15 mT. 

While this diverges from the 2.5-6.7 mT reported in literature for similar films at T <5 K [6, 7, 

43], it should be noted it is still within the expected order of magnitude and is reported to 

vary strongly with compositional stoichiometry and morphology [7, 46]. This indicates 

encapsulation with NOA 61 does not influence the magnetic properties of these films. This, 

in conjunction with the ability to preserve the polarization of transmitted light, justifies the 

use of this adhesive to aid in magneto-optical studies. 
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Fig. 4. Magnetic hysteresis loop observed in Cr-Cr PBA encapsulated with NOA 61 through Faraday rotation. Measurements 
were performed at T = 80 K using a 450 nm diode laser. μ0Hc was determined to be 15 mT. 

 

4. Conclusions 

In summary, it was found that encapsulation of Cr-Cr and Fe-Cr PBA thin films with a 

suitable adhesive that is transparent in the visible spectrum increased their transmittance 

and reduced the prevalence of light scattering, which can be a hindrance when using optical 

techniques that are polarization-dependent. The transmittance ratio between 

covered/uncovered films is wavelength-dependent, and has been shown to exceed 10 in 

some regions of the spectrum. This enables the use of thicker films in transmission-based 

measurements, such as Faraday rotation, which affords greater signal magnitude while also 

acting to suppress noise. The process of encapsulating thin films in this way could be 

extended to other molecular-based systems, opening the door to study these by a variety of 

transmission-based spectroscopic techniques. 
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List of figure and table captions 

Fig. 1. Raman spectra obtained using a 514 nm laser line showing the cyanide stretch region 

for Cr-Cr (a) and Fe-Cr PBA (b) films before and after encapsulation with NOA 61. AFM 

images showing typical surface morphology for Cr-Cr PBA (c) and Fe-Cr PBA (d). Notably, 

crystallites in the Cr-Cr film are more cubic in shape, while those in Fe-Cr appear to consist 

of multiple layered sheets. The root mean squared average roughness values for the two 

images are 207 and 313 nm, respectively, while film thicknesses were 1110 ± 50 nm and 

1100 ± 200 nm.  

Fig. 2. Transmittance spectra for Cr-Cr (a) and Fe-Cr (b) PBA films recorded before and after 

being covered with NOA 61 and glass coverslip. Inset in each panel are photographs of films 

prior to and following encapsulation. 

Fig. 3. Transmittance ratio for Cr-Cr (a) and Fe-Cr (b) PBA films upon encapsulation with two 

adhesives of known refractive index: cyanoacrylate glue (n = 1.49), shown in red, and NOA 

61 (n = 1.56), shown in black. 

Fig. 4. Magnetic hysteresis loop observed in Cr-Cr PBA encapsulated with NOA 61 through 

Faraday rotation. Measurements were performed at T = 80 K using a 450 nm diode laser. 

μ0Hc was determined to be 15 mT. 
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