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ABSTRACT We report the compressibility of two Prussian blue analogues (PBA) under hydrostatic pressure, one with small and one 

with relatively large cubic unit cell among PBAs, and investigate the modification of their elastic properties when the two lattices are 

coupled within a heteroepitaxial core-shell structure. Bulk modulus (K0) values are derived from x-ray powder diffraction experiments 

using a diamond anvil cell with silicone oil as pressure-transmitting medium. The pressure-volume curves fitted to Murnaghan equations 

of states show that K0 inversely scales with the crystal packing for the rubidium cobalt hexacyanoferrate and rubidium nickel 

hexacyanochromate samples (K0  29 GPa for Co-Fe PBA, a0 = 9.95 Å and  20 GPa for Ni-Cr PBA, a0 = 10.48 Å with a0 the lattice 

constant at ambient pressure). The two single-phase samples undergo a cubic-to-rhombohedral phase transition above ~ 0.8 GPa, which 

correlates fairly well with the build-up of nonhydrostatic pressure contributions in the cell. Within the core-shell structure, the volume 

change observed for the core scales with that of the shell because of the configuration close to the case of a solid pressure-transmitting 

medium. The Ni-Cr PBA shell layer exhibits an increased rhombohedral distortion with respect to the single-phase reference possibly 

associated with shearing at the core-shell interface. Its bulk modulus is not significantly modified with respect to that of the single-phase 

sample despite the presence of defects associated with the growth mode, whereas the P-V curve of the core suggests a stiffening of the 

Co-Fe PBA lattice. 

 

 

 

INTRODUCTION 

Large photo-induced magnetic changes under visible light in 

Prussian blue derivatives and other cyanometallate network 

solids 1 - 4  have extended the possibility of remote and wireless 

magnetization control to molecular-based materials. An important 

issue is that these photo-effects are restricted to very few examples 

and low temperatures in magnetically-ordered structures.5 Until 

now, rationalized approaches to develop single-phase molecular 

materials that exhibit a persistent magnetization change at, or close 

to, room temperature in response to light have failed. Efforts 

undertaken over the last ten years to overcome this issue rely on 

the design of artificial structures coupling photostrictive and 

magnetostrictive properties.6-11 In that sense, these architectures 

mimic metamaterials or extrinsic magnetoelectrics based on 

laminates or epitaxial layers. 12,13 The magnetic properties of these 

composite materials can be controlled by light irradiation making 

use of the deformation of the photoactive compound to generate 

mechanical stresses onto the piezomagnetic subsystem. 

Several works have detailed these strategies using Prussian blue 

analogues (PBAs) in layered structures6 or core-shell particles 

combining a photoactive cobalt hexacyanoferrate (Co-Fe PBA) 

core embedded into a ferromagnetic nickel hexacyanochromate 

(Ni-Cr PBA) shell.7,9,11 The active component, of general formula 

AxCo[Fe(CN)6]y. zH2O (A: alkali metal ion), undergoes a charge 

transfer coupled to a spin transition (termed CTIST throughout 

earlier literature) triggered by light irradiation in the visible range. 

This charge transfer between Fe and Co nearest neighbors, 

Co3+(LS) - Fe2+(LS)  →  Co2+(HS) - Fe3+(LS) (HS/LS: high/low 

spin) causes an elongation of the unit cell parameter by 3.4% for 

several compositions.8, 14 , 15   In core-shell architectures, the 

photoexpansion of the core lattice was shown to produce relatively 

large static strains, 𝜖~0.8%, in the Ni-Cr PBA shell layer.16,17 This 

approach was extended to other ferro or ferrimagnetic compounds, 

Co-Cr PBA8a and Cr-Cr PBA with photomagnetic effects that 

persist up to 125 K and which are now limited by the decay 

temperature of the photoactive compound.8b 

Experimental studies have explored optimal configurations for 

such strain-mediated magnetic switching, mostly focusing on the 

impact of the shell thickness or of the core size that were shown to 

control the mechanical counter-action of the shell on the photo-

expansion of the core lattice10,16 and the length scale over which 

the deformation propagates in the magnetic layer8a,16,18. Several 

requirements could be considered as mandatory for an efficient 

elastic coupling within the heterostructure, among them the quality 

of the interface6a,16 in terms of roughness, chemical intermixing or 

defect density such as misfit dislocations formed to accommodate 

different lattice constants across the interface. Differences of 

thermal expansion for the two subsystems is generally not a key 

issue as illustrated by several studies, in which the photoactive core 

actually undergoes a CTIST upon cooling inducing large strains in 

the shell layer that are relieved under illumination.8,16,19 Finally, the 

magnetostrictive subsystem should exhibit larger or at least 

comparable compressibility than the photostrictive compound. 

This latter issue is addressed in the current study from high-

pressure experiments carried out for cobalt hexacyanoferrate and 

nickel hexacyanochromate compounds by means of in situ powder 

x-ray diffraction (PXRD), investigating the extent to which these 

elastic properties are modified in core-shell architectures. 
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II. EXPERIMENTAL SECTION 

Three PBA samples were synthesized using standard 

coprecipitation methods. Sample 1 is composed of 
Rb0.6Co[Fe(CN)6]0.8. zH2O particles (abbreviated as RbCoFe) that 

were obtained in two steps by reacting aqueous solutions of 

RbNO3, Co(NO3)2 and K3Fe(CN)6 as detailed in ref 16. After 

removal of unreacted species, these particles were used as seeds 

for the growth of a Rb0.2Ni[Cr(CN)6]0.8. z’H2O shell following 

well-established procedures, 10,17,20 that lead to  RbCoFe@RbNiCr 

core-shell particles (sample 2) without side nucleation of extra 

RbNiCr particles in the reaction bath. A RbNiCr reference sample 

made of Rb0.2Ni[Cr(CN)6]0.8. z’H2O particles (3) was also prepared 

as detailed in the supporting information of ref 10. This protocol, 

adapted from the work of Catala et al.,21 allows the formation of 

particles with a reduced size dispersion by comparison to standard 

coprecipitation involving drop-by-drop mixing of the NiCl2, RbCl 

and  K3Cr(CN)6 precursors.  

The dimension of the core particles and the shell thickness were 

derived from size histograms obtained by Scanning Electron 

Microscopy using a Hitachi S4800 FEG-SEM equipped for x-ray 

Energy Dispersive Spectrometry (EDS). Transmission electron 

microscopy provided complementary images (Philips CM30 

microscope operating at 300 kV). The composition of the bare core 

particles and that of the RbNiCr reference sample were determined 

from atomic ratios between the metal cations using EDS K lines 

(Cr, Fe, Co, Ni) and/or L lines (Rb element). These analyses yield 

Fe/Co = 0.85 ± 0.02 and Rb/Co = 0.60 ± 0.06 for sample 1 and 

Cr/Ni = 0.75 ± 0.01 and Rb/Ni = 0.16 ± 0.02 for 3. In the case of 

core-shell particles (2), the overall composition was first obtained 

by EDS and the chemical formula of the shell layer was derived 

assuming no intermixing: Fe/Co = 0.82 ± 0.01, Cr/Ni = 

0.76 ± 0.02 and Ni/Co = 1.14 ± 0.04. As the two PBAs exhibit 

different fractions of metallocyanide vacancies and alkali metal 

ions, we expect that their respective water contents, z and z’, differ, 

with water molecules present both in the sub-octants of the face-

centered cubic structure or coordinated to the Co and Ni ions when 

adjacent to cyanometallate vacancies.22Powder x-ray diffraction 

(PXRD) patterns were collected at room temperature using a 

PANalytical X’Pert diffractometer equipped with a rear-side 

graphite monochromator (Cu Kα radiation, λ= 1.5419 Å). Unit-

cell analysis was systematically performed from single peak fitting 

to Pseudo-Voigt (PV) functions and least-square refinement of the 

interspacing distances. The instrumental resolution function was 

obtained from a LaB6 NIST standard (SRM 660a). 

PXRD measurements under variable pressure were carried out at 

the PSICHE workstation (SOLEIL synchrotron facility, France) 

using a same membrane-diamond anvil cell (DAC, LeToullec-

type23) for the three samples. 200 µm-diameter holes were drilled 

in pre-indented stainless steel gaskets of  45 µm initial thickness 

to load the powder samples. Chemically-inert silicone oil (Prolabo, 

Rhodorsil  47V1000) was used as pressure-transmitting medium to 

prevent a dehydration of the samples as the hydration level of 

PBAs was recently shown to have an influence on their elastic 

properties.24,25 Data were collected in transmission geometry at 

room temperature and constant wavelength (λ= 0.4523 Å, beam 

size: HV = 10040 µm2 full width at half maximum). We used a 

345 mm-diameter Mar Research image plate with 2 to 5 min 

exposure time and ± 5° rocking of the DAC. One-dimensional 

diffraction patterns were extracted by integration using the GSAS-

2 software. 26  A CeO2 powder NIST standard (SRM 674a, a = 

5.41165 Å) was used to calibrate the sample-to-detector distance 

(ca. 265 mm), beam center and tilt angle of the 2D detector. 

Integrated files were corrected from an adhoc 4th order polynomial 

function determined from the CeO2 NIST calibrant, see Fig. S1 of 

supplementary material. To improve correction at low 2θ angles, 

this dataset was completed using laboratory PXRD measurements 

for the Ni-Cr PBA reference (3). For RbNiCr (sample 3), pressure 

changes were monitored from the fluorescence of Cr3+-doped 

Al2O3 (ruby) spheres and the shift of the R1 spectral line (at ~ 

693.2 nm). 27  The typical error on the pressure values is ± 0.1 

GPa.28 An alternative pressure gauge was used for samples 1 and 

2 that are both composed of Rb0.6Co[Fe(CN)6]0.8. zH2O particles. 

For these two samples, we observed an irreversible structural 

transformation of the RbCoFe lattice when the powder was 

illuminated by the laser used for the excitation of the ruby 

luminescence (530 nm, 10 mW), that may be associated with large 

photo-thermal effects. For samples 1 and 2, additional sets of 

PXRD measurements were thus collected using gold as an internal 

pressure calibrant and the tabulated Au compressibility determined 

by Heinz and Jeanloz.29 

III. RESULTS AND DISCUSSION 

Pressure changes within coupled Rb0.6Co[Fe(CN)6]0.8. zH2O 

(RbCoFe) and Rb0.2Ni[Cr(CN)6]0.8. z’H2O (RbNiCr) lattices were 

investigated by comparing the pressure-response of a 

RbCoFe@RbNiCr core-shell structure to those of RbCoFe and 

RbNiCr single-phase samples. The RbCoFe core particles were 

synthesized in two steps, through a first coprecipitation yielding 

about 95-100 nm particles followed by a second growth step to 

increase their size to  140 nm (Fig. 1(a)). After purification, a 

portion of these particles were recovered as powder and used as the 

RbCoFe reference material, while the rest was redispersed and 

used as primary seeds to grow RbCoFe@RbNiCr particles with a 

17 nm thick shell (see Fig. 1(b) and Fig. S2(a) for size 

distributions). The RbNiCr reference sample (3) was synthesized, 

with a mean particle size of  35 nm, i.e. close to the shell 

thickness in the RbCoFe@RbNiCr heterostructure (Fig. 1(c) and 

S2(b)). Relative size can be important in this regard as was shown 

for structurally related Ni-Fe PBA particles, where a stiffening of 

the lattice when decreasing particle size was attributed to a change 

of the valence state of surface metallocyanide entities. 30 

Representative TEM images of the three samples are presented in 

Fig. 1, along with PXRD patterns at ambient pressure. The 

procedure used for the core synthesis typically yields 

monocrystalline RbCoFe particles of cubo-octahedral shape with 

(100) planes as terminal facets.17 Earlier work showed that the 

RbNiCr shell grows in epitaxy over these cores with the 

[001](001)RbNiCr//[001](001)RbCoFe relationships.10 

 

 
FIG 1. (a-c) TEM images representative of RbCoFe primary particles (1), 

RbCoFe@RbNiCr core-shell particles (2) and the RbNiCr reference 

sample (3) ; (d-f) Synchrotron x-ray diffraction profiles recorded at ambient 
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pressure for these three samples. Note that the peaks marked by asterisks 

in (f) comes from an insufficient erase of the image plate.  They are absent 

from consecutive images and also from PXRD data collected for the 

characterization of the raw powders after synthesis. The broad band at 

12.8° corresponds to a contribution of the gasket. 

 

The two reference samples adopt the face centered cubic 

structure known for the parent Prussian blue compound 

Fe[Fe(CN)6]0.75. 3H2O, with Bragg reflections that can be indexed 

in the 𝐹𝑚3̅𝑚 space group. Lattice constants were derived from a 

least-square refinement of the interspacing distances. We found 

10.486(5) Å for the Ni-Cr PBA sample and 9.944(5) Å for the Co-

Fe PBA. These values are only slightly modified in the core-shell 

architecture, eg. 10.487(5) Å and 9.933(5) Å, respectively. 

Determination of the coherence length through whole-profile 

fitting31 yields values close to the mean dimension of the particles 

in the case of the single-phase samples. For the core-shell particles, 

the lateral size of the shell crystallites was evaluated as 30 nm 

from the width of the (200) Bragg reflection assuming platelet-like 

grains with a height equal to the shell thickness (see ref 10 for 

details). 

 

A. Pressure-dependence for the single-phase samples 

PXRD patterns of samples 1 and 3 were recorded at room 

temperature while increasing the pressure up to 5 GPa. The 

evolution of selected diffraction peaks is displayed in Fig. 2(a) and 

2(b) for the Co-Fe and Ni-Cr PBAs, respectively. All Bragg 

reflections shift to higher 2𝜃, indicating a gradual contraction of 

the lattice for the two samples. Fig. 3 shows the pressure 

dependence of the lattice constant, a, which was evaluated 

assuming a cubic unit cell and taking the average of all a-values 

calculated from single peaks, each one fitted to a PV function. 

 

 
FIG 2. Evolution of selected Bragg reflections under pressure for the 

140 nm Co-Fe PBA particles (sample 1, a) and the 35 nm Ni-Cr PBA 

particles (3, b) indexed in the 𝐹𝑚3̅𝑚 space group. The PXRD peak marked 

as Au corresponds to the pressure gauge. 

 

For the two PBA samples, there is a significant discrepancy 

above 0.8 GPa when a-values determined from individual peaks 

are compared, with a standard deviation that increases with 

pressure. Fig. S3 shows that differences are largest when 

calculations involve (h00) reflections, with values that differ by 

0.022 Å from those obtained using all other (hkl) peaks at 1.8 GPa. 

Part of this dispersion in the measured a-values is explained by 

nonhydrostatic pressure conditions and the existence of a uniaxial 

stress component. Under these conditions, Singh and coworkers 

have shown that the measured d-spacing deviates from the 

hydrostatic value with a (hkl) dependence:32,33 

𝑑𝑚(ℎ𝑘𝑙) = 𝑑𝑝(ℎ𝑘𝑙)[1 + (1 − 3𝑠𝑖𝑛2𝜃)𝑄(ℎ𝑘𝑙)]                    eq. (1) 

dp represents the d-spacing value corresponding to the hydrostatic 

component of the stress field, and 

𝑄(ℎ𝑘𝑙) = (𝑡/3)⌈2𝐺𝑋(ℎ𝑘𝑙)⌉−1                                                 eq. (2) 

where 𝑡 quantifies the uniaxial stress.  𝑡 = (𝜎3 − 𝜎1) is expected to 

be positive, with 𝜎3 and 𝜎1 the stress components in the axial and 

radial directions, respectively. 𝐺𝑋(ℎ𝑘𝑙)  denotes the diffraction 

shear modulus34 for the (hkl) set of planes. It can be described as a 

weighted sum of the shear modulus values under the two extreme 

assumptions of stress continuity ( = 1, Reuss-limit, 𝐺𝑅
𝑋(ℎ𝑘𝑙)) or 

strain continuity ( = 0, Voigt-limit, 𝐺(𝑉)) across grain boundaries 

in aggregates or polycrystalline powders: 
⌈2𝐺𝑋(ℎ𝑘𝑙)⌉−1 =  𝛼⌈2𝐺𝑅

𝑋(ℎ𝑘𝑙)⌉−1 + (1 − 𝛼)⌈2𝐺(𝑉)⌉−1        eq. (3) 

A full description of the parameters and their dependence with 

the compliance coefficients is given as Supplementary material in 

the case of cubic symmetry. Note that eq. (1) is only valid for the 

configuration used, where the load axis coincides with that of the 

incident x-ray beam. 

As ⌈2𝐺𝑅
𝑋(ℎ𝑘𝑙)⌉−1 can be written as a constant times Γℎ𝑘𝑙 , with  

Γ(ℎ𝑘𝑙) =  [ℎ2𝑘2 + 𝑘2𝑙2 + 𝑙2ℎ2]/ [ℎ2 + 𝑘2 + 𝑙2]2                  eq. (4) 

the dm-value is expected to vary linearly with (1 − 3𝑠𝑖𝑛2𝜃)Γ(ℎ𝑘𝑙). 
Extraction of the 𝑑𝑝(ℎ𝑘𝑙) values requires either measurements by 

varying the angle between the load axis and the direction of the 

incident x-rays32 or else a preliminary knowledge of the 

compliance tensor for the compound under study. 

For the two PBA samples and the gold calibrant, -plots, i.e. 

𝑎𝑚(ℎ𝑘𝑙) vs. 3(1 − 3𝑠𝑖𝑛2𝜃)Γℎ𝑘𝑙 plots, are displayed in Fig. S4 for a 

direct comparison with Fig. S3.  They show a decreased dispersion 

around a straight line, even for the Au gauge. Analysis in the frame 

of the Reuss (iso-stress, 𝛼 = 1) model35 provides an estimate of the 

uniaxial stress component and its variation as a function of the 

nominal pressure. Note that this model, which assumes the 

continuity of the stress field across grain boundaries is presumably 

valid for weakly bounded monocrystalline PBA particles, but will 

only provide a lower bound of t in the case of gold. Following a 

procedure identical to that described in ref  36, which is based on 

the use of tabulated Cij values for gold and their pressure 

dependence,37,38 we estimated the uniaxial stress t to be  0.10(1) 

GPa at 1.8 GPa nominal pressure, see Table S1 for a complete set 

of t-values during a compressive run. This uniaxial stress may 

result from pressure-induced structural modifications of silicone 

oil or from bridging effects (i.e. grain to grain contacts from an 

anvil to the other). Nevertheless, one should bear in mind that this 

uniaxial component was calculated from the gauge and not at the 

sample location in DAC, so that it should be considered as an 

approximate of the stress gradient experienced by the PBA samples. 

 

 
FIG 3. Pressure dependence of the pseudocubic lattice parameter evaluated 

from the most intense peaks, i.e. 12 at low pressures and 7 peaks at 5 GPa 

for the Co-Fe PBA (sample 1, a), and from 12 to 5 peaks for the Ni-Cr PBA 

(sample 3, b). Error bars correspond to the standard deviation between a-

values. For comparison, this standard deviation reaches a maximum of 

0.002 Å for the gold gauge. On the right-hand side, schematics used to 
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define the radial (𝜎1) and axial (𝜎3) components of the applied stress and 

2D illustration of the distortion along the load axis. With these notations, 

the uniaxial stress writes as 𝑡 = (𝜎3 − 𝜎1) while the hydrostatic pressure 

component is 𝜎𝑝 = (𝜎1 + 𝑡/3). 

 

The striking feature is the positive slope of the -plots in the case 

of the two PBAs, which either suggests a more complex stress field 

in the experimental volume leading to large differential stress even 

along the radial direction of the DAC or else a specific response of 

the PBA lattices, similar to that of auxetic materials, with a positive 

strain along specific directions when the sample is compressed. 

Note that auxetic behaviors are usually observed when several 

deformation modes compete like in the case of solids with strongly 

directional bondings, such as silicates and aluminosilicates39 ,40 

with a hinge-like structure susceptible to flex.    

Prussian blue analogues exhibit a double perovskite structure 

based on alternate octahedral units connected by vertices in 3D. In 

these compounds, octahedra tilts under compressive stress have 

been suggested from several spectroscopic studies,41 ,42 ,43  and a 

phase transition driven by cooperative tilting was recently 

evidenced from single-crystal structure determination for 

Mn[Co(CN)6]0.67. zH2O.24 For this compound, Boström et al. 

reported a pressure-induced structural transition with symmetry 

lowering from 𝐹𝑚3̅𝑚 to 𝑅3̅ space group. A similar rhombohedral 

distortion was observed upon alkali ion exchange in cobalt 

hexacyanoferrates, 44  with a slight deviation from 90° of the 

dihedral angles between unit cell vectors, that was associated to the 

difference in ionic radii of the Na+ and K+ ions with respect to sub-

octants voids. This symmetry lowering led to a well-resolved line 

splitting of the non (h00) reflections also mentioned in ref 24. This 

distortion will also shift non (h00) peaks from their 2𝜃  position 

with respect to cubic symmetry as depicted in Fig. S5 for the {220} 

family of lattice planes. This shift can be used to evaluate the αR
* 

angle, while the position of the unsplit (200) peaks allows a direct 

measure of aR
* and a complete description of the rhombohedral 

lattice in reciprocal space 45  (see the Supplementary material 

section for details). However in the present geometry, only one of 

the (22 )  or (22̅ )  peak is observed as a result of the uniaxial 

stress component that tend to compress the planes perpendicular to 

the load axis, here the direction of the incident x-rays, for which 

the diffraction conditions are not fulfilled, whereas the planes in 

expansion lying quasi parallel to the load axis contribute to the 

diffracted signal. This distortion is schematized in Fig. 3. Note that 

the absence of a significant decrease of the relative intensity of the 
(2  ) and (22 )/(22̅ ) peaks strongly suggest the development of 

preferred orientation (texture) that is frequently observed for 

specimens compressed between opposed anvils. The auxetic-like 

behavior suggested by the positive slope of the -plots in Fig. S4 

could thus be an artifact due to the observation of the only lattice 

planes in expansion. 

Using these rhombohedral settings, we have determined the 

evolution of the a and R-parameters, along with the volume 

change as a function of pressure for the two PBAs, see Fig. 4. For 

rhombohedral systems, the volume is expressed as: 

𝑉𝑅 = 𝑎𝑅
3√(1 + 2𝑐𝑜𝑠3𝛼𝑅 − 3𝑐𝑜𝑠2𝛼𝑅)                                   eq. (5) 

and will mostly mimic the evolution of aR for small deviations to 

cubic symmetry. 

We found that αR decreases linearly with pressure, with nearly 

superimposable behavior for the two PBAs despite the fact that 

they exhibit different compositions and cell volume. Fig. 4(b) 

suggests a correlation between the amplitude of the rhombic 

distortion quantified here by αR and the onset of pressure gradients 

in the DAC. This could also explain why the cubic-to-

rhombohedral distortion occurs at similar nominal pressure for the 

two PBAs, presumably as a result of shearing forces. 

While linearity is observed over a large pressure range for the 

Co-Fe PBA sample, the αR variation shows a cusp at about 2.5 GPa 

in the case of Ni-Cr PBA. This threshold pressure was already 

pointed out by Klotz and coworkers when they tried to assess the 

hydrostaticity of various pressure-transmitting media using ruby 

chips dispersed over the area of the gasket aperture. 46  They 

detected substantial gradients above 3 GPa for Rhodorsil  47V1000, 

eg 0.25 GPa differences at 5 GPa nominal pressure, which were 

assigned to differential and/or shear stresses due to pressure-

induced solidification. In the present datasets, an asymmetry of the 

peak shape is observed for unsplit (h00) Bragg reflections above 

2.5 GPa, which confirms the presence of significant pressure 

gradients in the gasket.47 Comparison of the αR changes for the two 

PBAs suggest that the nickel hexacyanochromate network is more 

sensitive to these differential stresses. Above 2.5 GPa, plastic 

deformation mechanisms may be favored and explain the non 

reversible behavior of the Ni-Cr PBA particles, as we observe the 

persistence of a large line broadening and a decrease of the lattice 

parameter after relieving the pressure from 7 GPa to ambient. In 

contrast, the Co-Fe PBA sample exhibits a quasi-reversible 

behavior in the same pressure range. 

 

 
FIG 4. (a,b) Pressure dependence of the a and αR-parameters estimated 

from the (200) and (220) Bragg reflections for the Co-Fe (1) and Ni-Cr (3) 

PBAs. The red line in (b) is a linear fit in the [0.8-5 GPa] range. The 

evolution of the uniaxial stress determined from the Au calibrant is shown 

for comparison.  The gray area marks the hydrostaticity limit of Rhodorsil  

47V1000 according to ref 46. Volume changes are displayed in (c), with 

fits to Murnaghan EoS (solid black lines) both in pressure ranges I and II. 

The fit related to the rhombohedral polymorph is visualized up to 5 GPa. 

Here, acute αR angles were assumed to be comparable to ref 24 and 45 ; this 

corresponds to the stretching of the cubic cell along the [111] 3-fold axis. 

Note that for such small deviations to cubic symmetry, the choice of obtuse 

or acute angle for αR (or αR
*) does not impact the evaluation of a and V (less 

than 210-6 relative change in the two cases). 

 

Because of this hydrostaticity limit, we restricted the analyses of 

the isothermal pressure-volume curves to 2.5 GPa, and use a 

Murnaghan equation of state to obtain bulk modulus (K0) 

parameters with the first pressure derivative, K0’ fixed to 4 

(common values ranging between 3 and 5 for halides, oxides, 

carbides including molecular solids45). The solid lines in Fig. 4(c) 

correspond to fits of the unit cell volume using EosFit7-GUI,48 that 

include uncertainty estimates for the volume and the pressure. 

Table 1 shows that similar K0 values are derived for the cubic and 

the rhombohedral polymorphs in the pressure range [0-0.8 GPa] 

and [0.8-2.5 GPa], as already observed in the case of 

Mn[Co(CN)6]0.67. zH2O.24 For pressure range II representative of 

rhombohedral lattices, we found V0 = 972.2(8) Å3 and K0 = 29.0(5) 

GPa for the Co-Fe PBA sample and V0 = 1153(4) Å3, K0 = 20(1) 

GPa for Ni-Cr PBA, where V0 is the volume per formula unit at 

atmospheric pressure. Note that given the particle sizes, greater 

than tens of nanometers, we are in a regime well beyond where 

small particle size was shown to cause lattice stiffening in 

structurally similar Ni-Fe PBA compositions.30  

As already discussed by Boström et al., correlating these results 

to literature data is challenging because of differences in the 

experimental set-ups including pressure-transmitting media and 

pressure ranges, differences in the analytical method used to 

evaluate K0 and sample variability.24 As the magnitude of the 

cubic rhombohedral

0 1 2 3 4 5

88.75

89.00

89.25

89.50

89.75

90.00

9.4

9.6

9.8

10.0

10.2

10.4

  Co-Fe PBA

  Ni-Cr PBA

a
-p

a
ra

m
e
te

r 
(Å

)

(a)

(b)

 Co-Fe PBA

 Ni-Cr PBA

 linear fit


R
 (

d
e
g

re
e
)

Pressure (GPa)

U
n

ia
x
ia

l s
tre

s
s
, t (G

P
a
)

0.00

0.05

0.10

0.15

0.20
0 1 2 3 4 5

850

900

950

1000

1050

1100

1150

V
o

lu
m

e
 (

Å
3
)

Pressure (GPa)

 Co-Fe PBA

 Ni-Cr PBA

(c)

I II III

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

00
49

22
3



5 

 

uniaxial stress should largely depend on experiments, we could 

also wonder whether the distribution of strain states due to 

nonhydrostatic stress conditions is another source of discrepancy. 

For instance, an inverse isothermal compressibility -(𝑑𝑉/𝑉𝑑𝑃)−1 

of 31 GPa was derived from high-pressure neutron diffraction for 

a potassium nickel hexacyanochromate. 49  In the case of 

hexacyanoferrates, a large range of K0 values, from 18 to 71 GPa, 

have been reported from different techniques.30,42,45,50 Bleuzen et 

al. found K0  43 GPa with K0’ = 3.6 for Cs0.5Co[Fe(CN)6]0.8. zH2O 

from energy dispersive x-ray diffraction in DAC using silicone 

oil.45 This sample shows a majority of Co3+-NC-Fe2+ linkages like 

the RbCoFe particles of the present study, and a same fraction of 

[Fe(CN)6] vacancies. The substitution of Cs by Rb presumably 

accounts for the large difference in K0 values for the two Co-Fe 

PBAs as these studies used close PXRD set-ups and a same 

Murnaghan EoS for fitting. This conclusion is in good agreement 

with a recent investigation comparing rubidium and cesium Mn-

Co PBA,25 but the impact of specific arrangements of the 

metallocyanide vacancies51 as well as variations in the hydration 

level25 between the two Co-Fe PBA samples cannot be discarded. 

Besides, the alkali ion and its relative content could play a crucial 

role in the rhombohedral distortion according to former studies 

based on alkali-ion exchange44 or phase transformations involving 

a large volume change.52  

 
 Mean size 

(nm) 

Standard 

deviation 

(nm) 

K0
I 

(GPa) 

K0
II 

(GPa) 

Co-Fe PBA (1) 142 24 25(1) 29.0(5) 

Ni-Cr PBA (3) 33 4 19(2) 20(1) 

RbCoFe@RbNiCr (2) 176 29   

RbCoFe core in (2)   - 45.0(8) 

RbNiCr shell in (2)   - 20.8(7) 

TABLE 1. Mean size and standard deviation of the size distributions (from 

SEM images for 1 and 2, and TEM for 3). Bulk modulus values, K0
I and 

K0
II, obtained from fits of P-V curves to Murnaghan EoS in the pressure 

range I [0-0.8 GPa] and II [0.8-2.5 GPa]. Take note of the large 

uncertainties on K0
I due to the limited pressure range over which the fit is 

performed, and the low number of data points. As a result, these latter 

values should be taken with caution. 

 

Nevertheless, from this self-consistent study, we can conclude to 

a significantly larger compressibility of the rubidium 

hexacyanochromate compound with respect the rubidium 

hexacyanoferrate used as core in the heterostructure sample. This 

corresponds to a configuration favorable to the elastic coupling, as 

we can anticipate a decreased mechanical counteraction of the shell 

on the volume changes experienced by the core lattice during 

CTIST from numerical simulations.53 

 

B. Comparison with the core-shell architecture 

Core-shell heterostructures can be considered as an experimental 

platform to rationalize how differences in bulk moduli influences 

the transfer of strain across the interface by varying the chemical 

composition of the shell and/or core components. In the context of 

this study, they can also be used to address the question of the 

impact of epitaxial growth on the elastic properties of layered 

materials, and on the amplitude of the rhombohedral distortions. 

For RbCoFe@RbNiCr particles (sample 2), PXRD data indicate 

the coexistence of two well separated fcc lattices, with patterns 

close to those of the single-phase compounds (see Fig. 1). The 

rather large mismatch of 5.3% between the two nominal lattices 

favors the absence of pseudomorphic overlay and a 3D growth 

mode of the shell layer with a misfit accommodated through the 

formation of both dislocations and grain boundaries (see ref 10 for 

a description of the growth of these heterostructures). The 

evolution of selected diffraction peaks during a compressive run is 

displayed in Fig. 5(a). The overall volume change and the αR-

pressure dependence are reported in Fig. 5(b) and 5(c) respectively, 

together with the variations found for the single-phase samples.  

Analyses were performed in the [0.8-2.5 GPa] range for a direct 

comparison with the single-phase materials, see Table 1 for the K0-

parameters extracted for the core and shell contributions. The 

reduced number of pressure points below 1 GPa impedes any 

reliable analyses. 

In the core-shell structure, the RbNiCr shell layer contracts as in 

the reference materials despite the presence of a stiffer RbCoFe 

inner core lattice. For a rather large volume ratio between the core 

and the shell (of the order of 0.75), no strain hardening is observed 

as a result of epitaxial growth, nor a largely increased 

compressibility because of a network of misfit and threading 

dislocations acting as an additional source of structural flexibility. 

However, Fig. 5(c) shows a large αR decrease upon compression 

that could be explained by reinforced shearing forces due to the 

interaction with the less compressible core lattice. Deviations to 

cubic symmetry fall off above 2.5 GPa, with comparable a-values 

determined from (200) and (220) reflections, suggesting that the 

large defect densities associated with the growth mode of the shell 

favor plastic mechanisms and/or suppress the long-range 

correlations required for a cooperative tilting of the polyhedral 

units if associated with the rhombohedral distortion. 

 

 
FIG 5. (a) X-ray diffraction profiles of the RbCoFe@RbNiCr particles 

(sample 2) at variable pressures. The PXRD peak marked as Au 

corresponds to the pressure gauge. (b-c) Volume changes calculated from 

a and αR-values for the different lattices as single-phase materials or within 

the core-shell structure, red and blue symbols. Lines are just guide to the 

eye. (d) The ratio VCo-Fe/ VNi-Cr in the composite is compared to the 

behavior as separate constituents. 

 

For the RbCoFe core lattice, the striking feature is a significantly 

decreased volume change, associated with a weaker amplitude of 

αR variation, see Fig. 5(c). However, the apparent K0 value of 

45 GPa is partly explained by the fact that the core is surrounded 

by a softer shell matrix, that deforms first, in analogy with 

pyrophillite-based pressure cells associated to cubic anvils. Indeed, 

when plotting the ratio VCo-Fe/ VNi-Cr as a function of the nominal 

pressure, we find a constant (0.49 ± 0.01) as opposed to the 

variation observed when comparing the single-phase materials 

(Fig. 5(d)). We can thus estimate the real K0-value for the core part 

in the [0.8-2.5 GPa] range: 

(∆𝑉
𝑐𝑜𝑟𝑒

𝑉0
𝑐𝑜𝑟𝑒⁄ ) =

  .49 (∆𝑉
𝑠ℎ𝑒𝑙𝑙

𝑉0
𝑠ℎ𝑒𝑙𝑙⁄ )(

𝑉0
𝑠ℎ𝑒𝑙𝑙

𝑉0
𝑐𝑜𝑟𝑒⁄ ) ~ .49 (1

𝐾0
𝑠ℎ𝑒𝑙𝑙⁄ ) (

𝑉0
𝑠ℎ𝑒𝑙𝑙

𝑉0
𝑐𝑜𝑟𝑒⁄ )𝑃  

By assimilating the last term to (1 𝐾0
𝑐𝑜𝑟𝑒⁄ )𝑃 , we obtain 𝐾0

𝑐𝑜𝑟𝑒   

35(2) GPa, which is larger than the value found for the bare 

particles and suggests some stiffening of the core lattice in the 

presence of the shell. This would further increase the difference in 

compressibility of the two lattices, but also affect the cooperative 

character of the spin transition for the core component according 

to simulations,53 pressure studies related to spin-crossover (SCO) 

solids54 or experiments related to SCO particles embedded in shells 

of variable stiffness.55 

This study provides quantitative values of the elastic constants and 

how much they get modified in core-shell architectures. It should 
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now be extended to core-shell structures with reduced lattice 

mismatch, where we anticipate (i) pseudomorphic growth closer to 

the case study of numerical simulations, and (ii) stronger 

mechanical coupling. At present, most theoretical investigations 

treat separately the influence of the lattice misfit and differences in 

stiffness on the thermal, mechanical and even temporal-response 

of such heteroepitaxial layers,53,56 while these two parameters may 

be coupled. At last, note that for the RbCoFe cores the nearly 

constant αR-evolution after setting up the first pressure value 

mimics again the evolution of the uniaxial stress component 

determined from the gold gauge (see the Supplementary material). 
 

C. Impact of inhomogeneous stress fields 

These measurements suggest that PBA network solids are 

sensitive to the build-up of small stress gradients in the DAC that 

can be difficult to detect from alternative probes, such as ruby 

fluorescence lines that remain sharp in the presence of uniaxial 

stress 57  or the evolution of crystalline pressure gauges. A fair 

indicator for the maximum tolerable pressure gradient for an 

accurate determination of lattice parameters is ∆𝑃 < 𝐾0𝜖,46 with  K0 

the bulk modulus of the sample and 𝜖  the relative error on d-

spacings. 𝜖  is typically of the order of 10-3 for high-pressure 

synchrotron diffraction measurements. Considering the range of 

K0-values given in the literature for PBAs and other cyanometallate 

network solids,24,25,30,45,49 pressure gradients should not exceed 

0.02 GPa while this criteria relaxes to 0.17 GPa for gold.  

However, comparison between the single-phase Ni-Cr PBA 

particles and the same compound grown as a shell layer indicates 

that small rhombic distortion of the cubic cell has little influence 

on bulk modulus values, so that discrepancies observed in the 

literature rather reflect sample variability or fitting procedures. 

Definite conclusions would require systematic studies performed 

on a same sample batch using different pressure-transmitting 

media and/or powder amount to investigate the impact of bridging 

and tune the uniaxial stress on a wider range. 

The fact that the elastic properties of PBAs exhibit a significant 

anisotropy, which makes them prone to rhombohedral distortion 

and sensitive to inhomogeneous stress fields, may have a large 

impact on the switching properties of cobalt hexacyanoferrates 

because of the build-up of internal pressure gradients associated 

with the large volume change during CTIST. This effect should be 

emphasized when the optically or thermally-activated transition 

proceeds through the nucleation and growth of domains within a 

monocrystalline particle, that is close to the configuration of 

epitaxially coupled layers even though the crystalline orientation 

of the interface may differ from that of the core-shell structures. 

This aspect was recently pointed out in spin-crossover (SCO) 

solids, as such gradients could be a major ingredient to describe the 

hysteretic properties of these materials.58   In the case of PBAs, 

these distortions may involve correlated tilts of the metallocyanide 

units, presumably at medium distances due to the inherent 

structural disorder, and have a large counteraction on the charge 

transfer processes because of a decrease of the transfer integral. 

Understanding the mechanical response of SCO and PBA lattices 

under non uniform stress is thus important to interpret the results 

on mechanically-coupled core-shell particles based on 

photostrictive/magnetostrictive architectures which are assumed to 

exhibit complex strain/stress fields based on microscopic 

investigations involving both theoretical and experimental 

approaches.17,59  These aspects should also be of importance for 

matrix crystallization effects that were shown to control the 

cooperativity of SCO particles,60 or structure reinforcement upon 

(de)lithiation in PBA-based cathode materials.61 

IV. CONCLUSIONS 

The large photostriction reported in Prussian blue analogues has 

been used to design artificial structures coupling photostrictive and 

magnetostrictive properties and could be further exploited to 

develop alternative opto-mechanical devices and sensors. For these 

compounds, most of the phenomena including photophysical 

properties relies on the elastic properties of the PBA network, but 

reports on their piezomagnetic properties or of their elastic 

constants are still limited despite recent efforts24,25 to rationalize 

the apparent variability in the literature results. 

This study provides new estimates of bulk modulus values under 

ambient conditions for specific rubidium cobalt hexacyanoferrate 

and rubidium nickel hexacyanochromate compositions. This work 

highlights the fact that PBA networks are likely prone to structural 

distortion under slight deviations to hydrostatic conditions. The 

core-shell heterostructures are even more susceptible to distortion, 

possibly because of shearing associated with the core-shell 

interface. These distortions may have a large impact on the 

switching properties of photoactive PBA derivatives, even in the 

absence of external pressure, as the transition involve charge-

transfer processes through the CN bridges. This study also suggests 

a relative stiffening of the core lattice even in the presence of a 

deformable shell. This last finding as well as the open question of 

the driving force of the rhombohedral transformation, shearing 

forces or uniaxial stress, could be further addressed from core-shell 

structures made of a same core by changing the composition of the 

shell to tune the lattice mismatch and the mechanical strength 

between the two solids. 

SUPPLEMENTARY MATERIAL 

See supplementary material for the correction applied to the 

integrated PXRD data; 𝑎𝑚(ℎ𝑘𝑙)  vs. 2𝜃  or  3(1 − 3𝑠𝑖𝑛2𝜃)Γℎ𝑘𝑙 
plots; estimation of the uniaxial pressure component from the gold 

gauge; analyses of the experimental PXRD patterns in terms of 

rhombohedral distortion. 

 

The data that support the findings of this study are available from 

the corresponding author upon reasonable request. 
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