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Abstract 

 Spin transition heterostructures have shown promise for inducing large switchable stresses at the 

nanoscale with a volumetric work density similar to piezoelectrics, but before practical applications are 

feasible, how heterostructure interfaces and geometry influence the transmission of stress and, in return, 

how they affect the spin transition actuator itself, must be better understood. Here, four series of cubic spin-

transition Prussian blue analogue (PBA) core-shell heterostructures were developed in order to probe the 

scaling behavior of the strain induced in the shell by the spin transition of the core. Cubic 

RbxCo[Fe(CN)6]y·nH2O (RbCoFe-PBA) particles ranging from 100-600 nm were used to prepare separate 

series of RbxCo[Fe(CN)6]y·nH2O@KjNi[Cr(CN)6]k·mH2O (RbCoFe@KNiCr-PBA) core-shell particles 

with magnetic KNiCr-PBA shells ranging from 15 nm to 130 nm. A model fit to the strain-modified 

magnetization extracts the “strained volume” of the shell, and the results are compared to structural changes 

observed with PXRD. A linear relationship is found between the strained volume of the shell and the volume 

of the core for thicker shells, where the magnetic KNiCr-PBA shell is influenced to depths greater than 100 

nm in response to the spin transition of the RbCoFe-PBA core. For thin shells the relationship is more 

complicated, as the volume change in the actuating core and the strain it induces in the shell become 

interdependent and a function of shell thickness. 
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Introduction 

 

Recent research applying controlled strain to materials has illuminated a large parameter space for 

tuning the structural and electronic properties of materials, allowing access to topological phases,1-8 

modification of magnetic anisotropy9,10, ferroelectric ordering,11 phonon engineering,12,13 and development 

of engineered bandgap gradients to modify transport and magnetization.14-19 Strain tuning of behavior is 

particularly fertile in the realm of 2D materials.5-12,14-16  The large volume changes, sometimes as high as 

10-15%, associated with magnetic spin transition materials make them attractive candidates for actuating 

strain, as they can be incorporated into nanoscale or mesoscale heterostructures and switched using external 

stimuli such as light, temperature, or pressure.20-27 In fact, the volumetric work density of these spin 

transition actuators can be as high as that of piezoelectric or magnetostrictive devices.20,28  

The elastic response of dynamic heterostructures depends on a number of factors beyond the simple 

choice of materials, including the structural dimensions/geometry of the system and the specific nature of 

the interface. At present, detailed understanding of these factors is lacking at small length scales.  Previous 

work using core-shell heterostructures explored how interfacial strain can be used to modify electronic and 

phase transition behavior24,29-34 in either the core or the shell, often with dramatic results. However, these 

studies have largely focused on the strain induced in one of the components, rather than taking a holistic 

view of the strained heterostructure, and therefore neglected the factors controlling the partitioning of elastic 

strain between the components.35 For the significant stresses encountered in many spin transition 

heterostructures, the strain induced in one component is determined in large part by the stiffness of the 

other, but the stiffnesses of both are determined not only by their chemical nature but also by the 

heterostructure geometry. In core-shell heterostructures, for example, the stiffness of the shell depends 

strongly on its thickness,32,35 so the geometric influences on strain propagation need to be understood. To 

probe this issue, a range of  chemically similar core-shell particle samples were synthesized, where the size 

of the core is varied over a moderate range allowing heterostructures with the same core:shell molar ratios, 

but different shell thicknesses, to be studied so the effect of shell stiffness can be isolated. 
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Prussian blue analogue (PBA) heterostructure nanoparticles offer an ideal platform with which to 

study the scaling behavior.  Spin transition materials are known to be sensitive to particle size36-41 and 

interface quality,42-44 variables that can be well controlled using the PBA platform.  PBAs are coordination 

polymers which form extended networks of metal ions bridged by cyanide ligands, and core@shell 

heterostructures of PBAs can routinely be synthesized with polydispersities of 5-6% without the use of 

surfactants, which might compromise the heterostructure interface.29,45-47 Charge-stabilized colloidal 

suspensions of PBA particles allow for the controlled addition of a shell,45 composed of another structurally 

similar but chemically different PBA, with epitaxy determined by the lattice mismatch between the core 

and shell.44 In this study, RbxCo[Fe(CN)6]y·nH2O (RbCoFe-PBA) is used as the spin-transition-active core, 

capable of undergoing a charge-transfer induced spin transition (CTIST) in response to light, temperature, 

or pressure changes. Specifically, the metal ions which make up the framework nodes, Co and Fe, can exist 

as either CoII(4T1g)-NC-FeIII(2T2g) pairs or as CoIII(1A1g)-NC-FeII(1A1g) pairs, referred to as high-spin (HS) 

and low-spin (LS), respectively, with the HS pairs transitioning to LS upon cooling just below room 

temperature. Additionally, at temperatures below 150 K, although the LS state is the low-temperature 

ground state, RbCoFe-PBA can be photoexcited to a metastable HS state, analogous to the LIESST effect 

in spin crossover compounds.48-50 This transition from LS to HS involves a reduction in the Co-N bond 

order, resulting in an increase in the RbCoFe-PBA cubic lattice parameter (a) from 9.96 Å to 10.3 Å and a 

substantial (~10%) increase in the unit cell volume. 

The PBA used as the shell in this study is KjNi[Cr(CN)6]k·mH2O (KNiCr-PBA), which, with a 

lattice parameter of 10.45 Å, grows epitaxially on the surface of the HS RbCoFe-PBA particles. Zentková 

et al.51 showed that several PBAs, including KNiCr-PBA, exhibit a dramatic pressure-induced change in 

the magnetization process. In the case of KNiCr-PBA, the magnetization under pressure saturates at a higher 

applied field than it does under ambient pressure. In low magnetic fields, this difference manifests as a 

pronounced change in the magnetization of the KNiCr-PBA as a function of pressure or strain, which is 

exploited here to allow the structural strain in the KNiCr-PBA shell to be measured with the high sensitivity 

characteristic of SQUID magnetometers. In this study, three different RbCoFe-PBA core sizes ranging 
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between 100 and 600 nm were synthesized, each with three KNiCr-PBA shell thicknesses between 15 and 

130 nm. SQUID magnetometry and synchrotron PXRD were then used to characterize the scaling behavior 

of these spin transition heterostructures. A model was developed and fit to the magnetic data, which was 

then tested for consistency using structural strain data, obtained by fitting the positions and linewidths of 

the PXRD diffraction peaks.  

The results indicate that the volume of the shell strained by the spin transition of the core (the 

‘strained region,’ see Figure 1) is linearly dependent on the core volume for thick shells. For thin shells, 

the situation is more complex. Whereas the volume change of the core during the spin transition is constant 

for thick shells, for the thinner, less-rigid shells, the volume change in the core becomes dependent on the 

thickness of the shell. Here, the ‘strain depth’ (the distance from the interface beyond which the shell is 

unaffected by the spin transition of the core) acts as the transition point from thin-shell to thick-shell 

behavior. The consequence of this non-linear behavior is that for a given shell material, the maximum shell 

volume which can be affected by each core is determined exclusively by the core size, but the approach to 

this maximum is determined by the properties of both the core and the shell. These results also have 

interesting implications for heterostructures composed of spin transition particles dispersed in a solid 

matrix. 

 

Figure 1. Schematic depicting the RbCoFe@KNiCr-PBA heterostructure and the strain induced in the KNiCr-PBA 

shell as a result of the RbCoFe-PBA CTIST, left. On the right, the components of the three-component model, used 

for interpretation of the magnetic data, are sketched. 
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Experimental Methods 

 

Synthesis 

 All reactions were performed at ambient temperature and pressure, open to air. Three different sizes 

of RbCoFe-PBA cores were synthesized (details in Supporting Information), characterized by their mean 

side length: 124 nm (Sample 1), 325 nm (Sample 2), and 544 nm (Sample 3). One additional set of 122-nm 

particles was used for the synchrotron PXRD study (Sample 4). Sample details of cores and core-shell 

particles (represented as “RbCoFe-PBA core sample@KNiCr-PBA shell-thickness,” e.g. 1@19-nm) are 

provided in Table 1. Chemical reagents were purchased from Sigma-Aldrich and used as received, with 

exception of the potassium hexacyanochromate, which was synthesized using standard methods.52 

Deionized water was used as solvent for all syntheses. 

 

Characterization 

 Fourier transform infrared spectroscopy (FTIR) was performed on a Nicolet 6700 Thermo 

Scientific spectrophotometer taking 32 scans per spectrum between 400 cm−1 and 4000 cm-1 with a 

resolution of 1 cm−1. Samples were drop-casted onto the face of a pressed KBr pellet by dispersing 1 mg of 

powder in acetone using an ultrasonic bath and dropping the dispersion onto the preformed pellet.53 The 

spectrum of the pure KBr pellet before drop-casting is taken as a background reference. Transmission 

electron microscopy (TEM) was performed on either a JEOL-2010F high-resolution TEM at 200 kV or a 

Hitachi H-7000 TEM operating at 110 kV. The TEM samples were prepared by dropping 120 μL of an 

acetone suspension containing 0.25 mg of powder onto the grid (carbon film on a holey carbon support 

film, 400 mesh, Cu, from Ted-Pella, Inc.). Energy-dispersive X-ray spectroscopy (EDS) was performed 

with an Oxford Instruments EDS X-ray Microanalysis System coupled to the high-resolution TEM 

(HRTEM) microscope. EDS linescan mode was used to determine the composition profile of the core-shell 
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particles. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was performed on a 

Agilent Technologies VARIAN VISTA RL simultaneous spectrometer with a CCD-detector. Standard 

solutions of 100, 10, 1, and 0 ppm concentrations for each element being measured were prepared from 

1000 ppm standard solutions obtained from Fluka Analytical. Details on the method used to produce 

solutions for compositional analysis with ICP-AES can be found in the Supporting Information. TGA was 

performed on a TA Instruments Q5000 TGA using a Pt pan and 10 mL/min N2 purge gas flow. The 

temperature was scanned from ≈ 20°C to 600°C at 10°C/min. Chemical formulas are based on the metal 

compositions from ICP-AES as well as the mass fraction lost in the first thermal event observed via TGA. 

Alkali cation content was determined based on electroneutrality. The particle size distribution is determined 

from the size measurements of a minimum of 150 particles from TEM images taken from multiple regions 

of the grid. The side length measurements were made using ImageJ imaging software.54 The particle size is 

reported as either the average particle side length or the root-mean-cube (RMC) side length, along with the 

respective standard deviation. To calculate the RMC particle size, the measured side length of each particle 

was cubed, then the average of these values was taken, and the RMC is the cube-root of this average. The 

average shell thickness is defined as half of the difference between the arithmetic mean of the core-shell 

particles and that of the cores. Magnetometry was performed using a commercial superconducting quantum 

interference device (SQUID) magnetometer (Quantum Design MPMS-XL7). The optical measurements 

were performed with 2 tape disks: one disk consists of approximately 0.5 mg of the powder sample 

sandwiched between two pieces of Scotch Magic tape. These two disks were mounted in a homemade 

quartz-glass optic sample rod connected to a Quartzline tungsten halogen lamp (400−2200 nm). The mass 

of sample was determined by normalizing the dark field-cooled magnetization in the disks to a larger 

amount of the same sample in a gel cap inside a drinking straw in a commercial sample rod. The dark field-

cooled temperature dependence of the magnetization was measured while warming from 2 K to 300 K in 

an applied field of 100 G, after cooling from 300 K in 100 G at 1 K/min. The sample was then field cooled 

the exact same way to 5 K, where isothermal light irradiation in 100 G was performed for 4 h. After 4 h, 

irradiation was ceased, and the light state established. The field-cooled magnetization of the light state was 
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measured after waiting one hour in the dark at 5 K using the same method described for the dark field-

cooled measurements. Synchrotron powder X-ray diffraction (PXRD) data were collected at beamline 17-

BM at the Advanced Photon Source at Argonne National Laboratory. A flat-panel amorphous-Si area 

detector was positioned 500 mm from the sample. Calibration was performed using Na2Al2Ca3F14 (NAC). 

Samples were loaded into borosilicate capillaries (0.1-mm i.d.) and exposed to X-rays of λ = 0.72768 Å for 

no less than 5 s while the capillary was rocked a total of 5°. Temperature was regulated using an Oxford 

Cryosystems Cryostream nitrogen blower. Data were collected as temperature was ramped from 300 to 

100 K at 2 K/min. After allowing 30 min for equilibration at 100 K, samples were irradiated using a MEIJI 

FL-150 dual fiber optic source (21 V, 150 W) for at least 30 min and up to 3 h. Irradiation was continued 

until the transition completed. Data was then collected while ramping temperature back to 300 K at 2 K/min, 

except for samples 4@15-nm and 4@52-nm, where the temperature was held at 135 K and 125 K, 

respectively, before warming to 300 K at 2 K/min. Diffraction images were integrated using GSAS-II, 

based on the NAC standard.55 Williamson-Hall linewidth analysis was performed within FullProf Suite56 

by fitting a pseudo-Voigt function to each peak, constraining η to physically meaningful values and using 

the NAC profile to find the instrumental broadening. 

Results 

 

Sample Composition 

Table 1 summarizes the sample compositions and dimensions for the four series of 

RbCoFe@KNiCr-PBA particles, determined using ICP-AES, TGA, and TEM. The seed-particle growth 

method45 ensures that the core composition and core-shell interface for all particles in a series is identical.  
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Figure 2. TEM images of RbCoFe@KNiCr-PBA samples 1@19-nm, 1@33-nm, and 1@51-nm. The contrast 

between core and shell can be seen clearly. 
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Figure 3. Field-cooled magnetization as a function of temperature for 1@19-nm, in the dark and after white-light 

irradiation. Data for the light state is taken with the lamp turned off, following a four-hour irradiation at 5 K. Dark and 

light datasets were collected while warming. 

 

The core-shell particles are abbreviated using the core@shell nomenclature, representing the core by the 

RbxCo[Fe(CN)6]y·nH2O sample numbers, 1-4, and the shell by the thickness, in nm, of the 

KjNi[Cr(CN)6]l·mH2O shell, for example 1@19-nm. Table 1 also displays the shell thickness for each 

sample and the 95% confidence interval for the shell thickness (see Supporting Information). The 

dimensions of the “small cores” used for the magnetometry (Sample 1) are similar to those for the 

synchrotron PXRD sample (Sample 4) within uncertainty limits, and generally the sample compositions are 

all quite similar. Characteristic TEM images as well as core-size histograms for Samples 1, 2, and 3 are 

shown in Figure S1, and the images show that the shape of the cores is nearly cubic. TEM images also 

show a clear contrast between core and shell for the heterostructure nanoparticles, as seen in Figure 2. EDS 

linescans were used to analyze the core-shell morphology for each series, and the linescan profiles for  
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Figure 4. Detail plot of (400) and (420) reflections for 2@27-nm.  The KCoFe-PBA peaks are the more intense in 

each pair. The peak shift due to the thermal CTIST in the core upon cooling to 100 K is clearly evident, as is the effect 

of the strain of the thin-shell KNiCr-PBA reflection profiles. This strain is largely relieved and the peaks return to 

their original position after irradiation at 100 K. 

 

Samples 1@19-nm, 2@27-nm, and 3@63-nm are shown in Figure S2. The EDS elemental profiles for 

each series are characteristic of core-shell particles (see Supporting Information). 

 

Magnetometry 

Magnetometry was performed on each series, 1@(19, 33, 51-nm), 2@(27, 69, 108-nm), and 3@(63, 94, 

129-nm), as well as the bare-cores 1, 2, and 3. Figure 3 shows the molar magnetization for 1@19-nm, 

before and after white-light irradiation, with plots for the other core-shell samples shown in Figure S3. The 

field-cooled dark data (before irradiation) show the ferromagnetic ordering of the KNiCr-PBA at 

approximately 70 K, and for some of the samples, the ferrimagnetic ordering at 15 K of the HS CoII-NC-

FeIII pairs, if present (see Supporting Information for determination of CTIST-active fraction in RbCoFe-

PBA cores as well as the field-cooled molar magnetization plots for the uncoated cores, Figure S4). After 
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irradiation, there is a substantial increase in the magnetization of the core in all samples, as well as an 

increase in the  magnetic ordering temperature of the core, as seen previously in similar samples.57 The 

KNiCr-PBA, however, exhibits a decrease of magnetization as a result of the irradiation, which has been 

previously correlated with relief of structural strain in the shell as the core undergoes its photoinduced 

CTIST.58 

 

Structural Characterization 

In order to study the change in structural strain associated with the photoinduced CTIST, 

synchrotron PXRD was used to study the series 2@(27, 69, 108-nm) and 4@(15, 29, 52-nm). The high 

brilliance associated with synchrotron radiation results in peak widths determined primarily by the sample 

crystallinity rather than by the X-ray optics, as is common when using laboratory sources. Each sample was 

measured while cooling from 300 K to 100 K, and the thermal CTIST can be observed in the diffraction 

data as a shift in the RbCoFe-PBA peaks to higher values of 2θ between 250 K and 200 K (Figure S4) as 

the core contracts. The reflections, in addition to shifting, became significantly broader as a result of the 

structural distortion in the heterostructure (Figure 4). The peak positions and profiles are largely restored 

to the room-temperature values upon irradiation with white light at 100 K, which establishes the metastable 

photoexcited HS state of the RbCoFe-PBA. 

 

Discussion 

  

 The field-cooled magnetization versus temperature plots show a substantial difference between the 

dark and light-induced response, not just in the magnitude of the KNiCr-PBA magnetization, but in its 

temperature dependence as well. The dark-state and photoexcited-state data bear striking resemblance to 

the field-cooled magnetization of thin NiCr-PBA films oriented parallel and perpendicular to the field.59 In 

the earlier thin-film study, the differences in magnetization are driven by the shape anisotropy, which 

produces a hard axis normal to the plane of the film and an easy plane contained within the film. Similarly, 
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for the photoinduced magnetization studied here, there is an accompanying change in the anisotropy, which 

has been identified as the source of the magnetization decrease in KNiCr-PBA heterostructures.60 However, 

in order to extract further information about the strain behavior in the shell, a model is needed to fit the 

magnetic response to the strain, which is introduced next. A guide to the terms and abbreviations used in 

discussing this model is provided in Table S1. 

 

Magnetic Determination of the Strained Region Volume 

The finite strain propagation length in the shell allowed Risset et al.47 to treat the RbCoFe-PBA 

core, the strained region of the shell adjacent to the core-shell interface, and the unstrained (bulk-like) 

region of the shell as separate components of a three-component model (Figure 1). Within the framework 

of this early model, the change in magnetization per-mol-core (PMC) between the dark-state (dark) and the 

photoexcited-state (PX) is attributed exclusively to the core and strained regions (SR) of the shell, since the 

unstrained region of the shell behaves like single-phase KNiCr-PBA and shows no photomagnetism, 

yielding:  

𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑃𝑃𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃 −𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑃𝑃𝑃𝑃𝑃𝑃  =  ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃 = ∆𝑀𝑀𝑆𝑆𝑆𝑆

𝑃𝑃𝑃𝑃𝑃𝑃   ,  and (1) 

∆𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  =  ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒

𝑃𝑃𝑃𝑃𝑃𝑃 + ∆𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑃𝑃𝑃𝑃𝑃𝑃      . (2) 

 

If the photoinduced changes in the magnetization of the RbCoFe-PBA core are unaltered by the presence 

of a shell, then the last term in Equation 2 can be calculated from the known stoichiometry of the core-

shell particles, and the change in the magnetization of the strained region upon exposure to light can be 

determined by subtracting the measured photoresponse of the uncoated cores:  

 

 

 

∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  =  ∆𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒

𝑃𝑃𝑃𝑃𝑃𝑃 − ∆𝑀𝑀𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑃𝑃𝑃𝑃𝑃𝑃      . (3) 
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Figure 5. ΔMshell, per-mol-RbCoFe-PBA, for the 325-nm core series (2@27, 69, 108-nm) and the 544-nm core series 

(3@63, 94, 129-nm). For the 325-nm core series (left), the ΔMshell values for the 69-nm thick shell lie on top of those 

for the 108-nm shell, indicating a strained region thickness between 27 and 69 nm. For the 544-nm core series (right), 

the ΔMshell data for the 94-nm and 129-nm thick shells differ, signifying a strained region thickness more than 94 nm.    

 

The utility of Equation 3 lies in its ability to qualitatively distinguish between the strained region and bulk-

like region of the shell. If plots of ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  vs. temperature, T, for two different shell thicknesses are 

compared, a difference indicates additional strained-region material was added when going from one shell 

thickness to the next, but if no strained-region material was added, the two plots of ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  vs T will lie on 

top of each other. Figures 5 and S5 show the ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝐶𝐶  vs. T plots for each of the samples. For Samples 

2@(27, 69, 108-nm) in Figure 5, the measurements for the two thickest shells lie on top of one another, 

indicating a strained region thickness between 27 and 69 nm, in good agreement with earlier estimates of 

43 nm for a 347-nm core.58 For the other samples, however, none of the plots are coincident, so only lower 

bounds on the strained region thickness can be obtained. For the smaller cores series, 1@(19, 33, 51-nm), 

this bound is 33 nm, and for the largest cores, 3@(63, 94, 129-nm), it is 94 nm. 

An interesting feature seen in several of the ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  vs. T plots is a sharp dip near the KNiCr-PBA 

ordering temperature of ≈ 72 K. This feature is due to a reduction in the Tc of the KNiCr-PBA shell after 
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light irradiation, which Knowles et al.61 attributed to a strain-induced change in the superexchange. That 

this feature is much more pronounced in the thinnest shells indicates the strain in the KNiCr-PBA shell at 

the interface is decreasing with increasing shell thickness (noting that ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  is normalized per-mol-core, 

so differences between the dark and photoexcited state are not diluted upon addition of more shell material). 

This dependence of the strain on the shell thickness is explored in greater detail in the structural analysis 

section. Finally, the ∆𝑀𝑀𝑆𝑆𝑆𝑆
𝑃𝑃𝑃𝑃𝑃𝑃 vs. T plots, which should have no contribution from the core, display features 

at temperatures characteristic of the RbCoFe-PBA ordering temperature, below which the confidence 

intervals for the data values become quite large. These features are likely reflective of the breakdown of the 

assumption made in Equation 3, as the structural stress at the interface has non-negligible effects on the 

photomagnetism of the core. However, since the analysis is complicated by the uncertainty in this region, 

only data above the RbCoFe-PBA ordering temperature (≈ 20 K) are used in the quantitative analysis which 

follows, where the shell is magnetically ordered but the core is not, so contributions from the core to the 

magnetization are minor. 

Further extensions of the three-component model by Felts et al.58 allowed a quantitative estimate 

of the volume of the strained region from the depth profile for the magnetization of the photoexcited state 

per mol of core-shell, 𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝑃𝑃𝑃𝑃
𝑝𝑝𝑝𝑝𝑝𝑝 𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒. However, because the strain is largely relieved in the 

photoexcited state, this approach was later found to be a relatively insensitive probe of the strained region. 

A new approach is described here, based on ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
 . In contrast to the treatment above and in Figures 5 

and S5, the value of ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
  is normalized per-mol-shell (PMS) rather than to the moles of core. This 

treatment allows a more sensitive determination of the strained region volume, by fitting the effective 

dilution of the photoactive strained region while unstrained and non-photoactive bulk-like material is added 

when the shell is made thicker. More restrictive constraints can be placed on the fits because simple dilution 

is such a well-defined relationship. Whereas ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  can be thought of as the total photoinduced change in 

the magnetization of the KNiCr-PBA shell, ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  provides the average molar change in magnetization 

for the KNiCr-PBA material. 
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Figure 6. ΔMshell, per-mol-KNiCr-PBA, as a function of temperature (left), and as a function of temperature and shell 

volume (right) for the 544-nm cores series (3@63, 94, 129-nm). Also depicted on the right is application of the 

piecewise model to the 30 K data as described in the text, and the estimate of the strained region volume (VSR). The 

values of Vshell were calculated as the difference between the average volume of the core-shell particle and the average 

volume of the uncoated core using the RMC particle sizes, which for Samples 1, 2, and 3 are 125 nm, 328 nm, and 

575 nm. 

 

The plots for ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  as a function of temperature are presented in Figure 6 and S6. Neglecting 

the temperature region associated with the magnetically ordered RbCoFe-PBA (T < 20 K), all the plots now 

show the data in the opposite order as in Figure 5 (∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃 vs. T ), with the thinnest shells showing the 

greatest decrease in magnetization per-mol-shell. Using the three-component model, and the rationale 

developed above, ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  is expected to be represented by a piecewise function that depends on shell 

thickness, t:  

∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃 = �

∆𝑀𝑀𝑆𝑆𝑆𝑆
𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡), 𝑡𝑡 < 𝑙𝑙𝑆𝑆𝑆𝑆

∆𝑀𝑀𝑆𝑆𝑆𝑆
𝑃𝑃𝑃𝑃𝑃𝑃(𝑙𝑙𝑆𝑆𝑆𝑆) ×

𝑉𝑉𝑆𝑆𝑆𝑆
𝑉𝑉𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒

, 𝑡𝑡 ≥ 𝑙𝑙𝑆𝑆𝑆𝑆
 (4) 

In Equation 4, lSR is the strained region thickness, VSR is the volume of the strained region, and Vshell is the 

volume of the shell. The explicit dependence of ∆𝑀𝑀𝑆𝑆𝑆𝑆
𝑃𝑃𝑃𝑃𝑃𝑃 on t for shells with t < lSR is reflected in the data  
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Figure 7. Strained region volume, VSR, as determined from fits to ΔMshell per-mol-KNiCr-PBA plots, for each of the 

three core sizes in the study (samples 1, 2, & 3). Linear regression yields an excellent fit to the observed trend (R2 > 

0.99), suggesting the volume of the strained region is directly proportional to the core volume in the heterostructure. 

Along the top, the corresponding core size is indicated, which allows the strain depth (lSR) to be calculated, shown 

along the right-hand axis. 

 

plotted in Figure 6, where none of the plots are coincident, despite the two thinnest shells for the largest 

core series (Figure 5) being composed exclusively of strained-region material. A similar situation arises 

for the smallest core series (Figure S5). In other words, for heterostructures in which the entire shell 

becomes strained, the change in magnetization per mole of strained shell changes as the thickness changes. 

A dependence on t also explains the observation that the perturbation of the superexchange disappears for 

thick shells. However, ∆𝑀𝑀𝑆𝑆𝑆𝑆
𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) for t < lSR was not modelled here, as not enough thin-shell data is available 

to quantitatively determine the relationship between the strain and the decrease in magnetization. Logically, 

though, the shell strain profile must remain constant for all shell thicknesses greater than the strain depth, 

and so the piece of Equation 4 corresponding to t > lSR can still be used to solve for the volume of the 
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strained region by estimating ∆𝑀𝑀𝑆𝑆𝑆𝑆
𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) at lSR. The value of ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒

𝑃𝑃𝑃𝑃𝑃𝑃  for the medium-shell sample is used 

as this estimate, justified by the sharp reduction in volumetric change in ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  with increasing shell 

thickness for each of the series, represented in Figure 5 as coincident plots for 2@69-nm and 2@108-nm, 

and supported by the structural strain profiles described later. 

The values of ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  measured for the three shell thicknesses in each series were used to calculate 

VSR using Equation 4, as depicted graphically on the right-hand side of Figure 6. Specifically, the volume 

of the strained region is identified as the volume at which the value of ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  from the medium-shell 

sample can be diluted with bulk material to give the observed value for the thickest-shell sample. The values 

of VSR obtained in this way for each series are plotted against core volume in Figure 7. The excellent linear 

correlation indicates the strained region volume is directly proportional to the core volume, with the 

proportionality constant VSR/Vcore equal to 1.70. The linearity of this relationship implies the entire three-

component system scales in this size regime, and the proportionality constant is expected to be characteristic 

of the relative elastic properties of the core and shell, with softer shells yielding a smaller value.62 While 

the value of the vertical intercept is not significantly different from zero, extrapolating to smaller core sizes 

can yield unphysical conclusions, since the plot becomes increasingly insensitive at small core volumes. 

The results in Figure 7 were obtained using the 30 K data points for each of the samples, but Figure S7 

shows the near-independence of the strain depth/strained volume determination on temperature, if analyzed 

between the magnetic ordering temperatures of the core and the shell. A better appreciation for the scaling 

behavior of the strain comes from conversion of the strained region volume into a strain depth, and these 

strain depths are indicated along the right-hand side of Figure 7. These strain depths are roughly 40 nm, 70 

nm, and 110 nm for the small, medium, and large core series studied here. An important result is the 

realization that the magnetization of the KNiCr-PBA can be affected to a depth of 110 nm or beyond by 

interfacial strain, a significant distance from the interface, which is attributable to the flexibility of the 

KNiCr-PBA shell and the strength of the interfacial coupling.  
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Figure 8. Reduction in the cubic lattice parameter determined from PXRD upon cooling from 300 K to 100 K for core 

and shell components of (left) the 122-nm cores series (4@15, 29, 52-nm), and (right) the 325-nm cores series (2@27, 

69, 108-nm). 

 

Structural Evidence in Support of the Magnetic Model 

The variable-temperature synchrotron PXRD results were analyzed to verify that the depth of 

changes in the magnetization of the shell correlates with the structural strain depth. Two series were 

analyzed, the medium-sized cores from above, 2@(27, 69, 108-nm), and a new series, 4@(15, 29, 52-nm), 

analogous to the small-cores series studied in the magnetometer. Sequential refinement of the cubic lattice 

parameters for core and shell was performed after an initial Pawley refinement to fit the reflection profiles. 

The fitted lattice parameters are plotted versus temperature for both series in Figures S8 and S9. The plots 

show the photoexcitation process is not strictly reversible,63 so analysis of the structural strain is restricted 

to the dark-state data. 

The strain is quantified first by analyzing the change in the cubic lattice parameters (∆a) of both 

the core and the shell resulting from the thermal CTIST, which are plotted as a function of shell thickness 

in Figure 8. This ∆a value is proportional to the canonical strain, ∆l/l. The decrease in ∆a for the core with 

increasing shell thickness matches what was seen previously in similar heterostructures47,58 and arises from 

the increasingly-restricted contraction of the core as the shell thickness increases. Recalling the model 

developed for the magnetic data, the shell strain induced by the core is shell-thickness dependent for shells 
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thinner than the strain depth. Similarly, the results from the ∆a vs. shell thickness plots in Figure 8 show 

that for t < lSR, the degree of structural strain does indeed change with shell thickness. Further, the linewidth 

of the PXRD diffraction peaks can be used to construct a Williamson-Hall plot for each sample, which uses 

the different scattering angle dependences of localized (e.g. grain boundaries) and delocalized (e.g strain 

gradients) defects to deconvolute their effects on the peak width:64-67 

 

𝐻𝐻 cos𝜃𝜃
𝜆𝜆

= ε ∗
2 sin𝜃𝜃
𝜆𝜆

+
1
𝐿𝐿𝑐𝑐

     , (5) 

 

where H is the full-width at half-maximum for the (hkl) reflection peak, θ is the scattering angle, λ is the 

wavelength of the scattered radiation, 𝐿𝐿𝑐𝑐 is the real-space crystallite size along the (hkl) reciprocal lattice 

vector, and ε is the microstrain, also along the (hkl) reciprocal lattice vector. Microstrain refers to the 

distribution of the d-spacings present in the sample. This microstrain is plotted vs. shell thickness in Figure 

S15 for each of the series (details and fits to Eq. 5 in Supporting Information). Both the small- and medium-

core series have data points for shell thicknesses near 30 nm which can be compared. For the smaller cores 

this point is near the baseline, while for the medium cores this point is well above the baseline, showing the 

structural strain, like the decrease in magnetization, propagates through the shell to greater depths with 

larger cores. 

The data plots for the two thinnest shells in Figure 6 showed that the value of ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  changes 

with shell thickness, even within the strained region, reducing in magnitude for thicker shells. As discussed 

earlier, for ∆a of the shell in Figure 8, the degree of strain in the shell is also reduced in the thicker shells. 

To establish that these changes in ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  are caused by the changing degree of strain in the shell, the rate 

of changes in ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  and ∆a with increasing shell thickness for the two core sizes shown in Figure 8 were 

compared. A quantitative basis for this comparison comes from defining ‘characteristic volumes,’ 

describing the strain decay in terms of the rate that ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  and ∆a approach their “thick-shell” limit for 

each of the core sizes, depicted graphically and explained in Figure S10. For the magnetic data, the 
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characteristic volume is determined from the normalized rate at which ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  changes with increasing 

shell volume within the strained region, |ΔV/Δ(ΔM/ΔM2)|.  Here, the strain gradient is estimated from the 

two thinnest shells from each series, using the nomenclature ΔM = ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  for the thinnest shell and ΔM2 

= ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  for the medium-shell. This medium shell thickness serves to approximate the strain depth. The 

same approach can be used to determine a characteristic volume for the structural strain, |ΔV/Δ(Δa/Δa2)|, 

using the medium shell value for Δa2. 

Comparisons of these characteristic volumes, |ΔV/Δ(ΔM/ΔM2)| and |ΔV/Δ(Δa/Δa2)|, are presented 

for the small- and medium-cores series in Table 2.  Both quantities describe how quickly the respective 

phenomena asymptote to their constant thick-shell values and thus measure the correlation between the 

changing degree of strain and the variation in ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  with increasing shell thickness. Table 2 shows that 

the characteristic volume in terms of ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑙𝑙𝑙𝑙
𝑃𝑃𝑃𝑃𝑃𝑃  is twenty times larger in the medium cores relative to the 

small cores. The medium-cores series also exhibits a characteristic volume in terms of Δa which is 40 times 

that for the small cores, providing strong support that the gradient in ∆𝑀𝑀𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑃𝑃𝑃𝑃𝑃𝑃  directly results from a 

structural strain gradient. This result is not entirely unexpected: for the small cores, a given change in shell 

volume increases the thickness of the shell much more than for the medium cores, resulting in a more rapid 

stiffening of the shell, and therefore a smaller characteristic volume. It is important to note that the cores 

are transitioning completely in all cases (see Supporting Information), but the stiffening of the shell leads 
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to a smaller degree of strain for thick shells. For the thin-shell samples, the presence of a free surface within 

the strained region leads to contributions from the image field68,69 that do not exist in the thickest shells, 

which explains why VSR scales with Vcore for thick-shell samples, despite the demonstrated difference in 

thin-shell strain profiles. 

These observations of a core-shell system with a changing degree of strain in the shell due to 

increasing shell thickness, approaching a constant value at and beyond the strain depth, also agree well with 

the results of theoretical modeling of core-shell spin transition nanoparticles using continuum mechanics.32 

Since continuum mechanics does not take into consideration the discrete nature of the interface which leads 

to lattice-mismatch effects, the agreement between the observations made in the present study and the strain 

depth behavior modelled by Félix et al.32 suggests that the most important consideration for determining 

the strain depth in these heterostructures is the ‘negative pressure’ created by the volume mismatch of the 

core after the HS-to-LS transition. This pressure is directly proportional to the volume of the core in our 

case,68 and explains the linearity of VSR with respect to Vcore. This demonstrated applicability of continuum 

mechanics also shows one advantage of working at the mesoscale, where both classical and quantum 

phenomena can coexist.44,70,71  

Implications for Related Systems 

The finite range for the dependence of the strain depth on shell thickness likely has consequences 

for an important spin-transition heterostructure morphology, spin transition particles dispersed in a 

matrix.72-75 The results indicate that such a heterostructure cannot be expected to act as a simple sum of 

single particles in a matrix when local or global particle loading concentrations make the interparticle 

distances smaller than the sum of the strain depths. This result agrees with the findings of Raza et al.,73 who 

studied interparticle interactions in SCO platelets with thin silica shells, but left questions about the role of 

the chemical bonding at the surface. Our results utilizing a system with a constant interface support the 

conclusion that in the case of short interparticle distances, the particles are expected to show cooperative 

effects, mediated by the strain induced in the matrix, likely altering the nature of the spin transition.32 
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Conclusions 

 

 The response of core-shell particles with a strain-actuating spin-transition core and a magnetic 

shell can be reasonably described by considering the heterostructure as comprised of three components, 

the switchable core, a strained region in the shell at the interface with the core, and shell material 

unaffected by expansion and contraction of the core.  By applying this model to a series of chemically 

similar core shell particles covering a range of dimensions and core:shell ratios, a linear relationship 

between the volume of the switchable core and the maximum volume of the strained region in the shell is 

clearly revealed in magnetic and structural properties.  In the examples studied here, it is striking that the 

magnetic KNiCr-PBA shell is influenced to depths greater than 100 nm in response to the spin transition 

of the RbCoFe-PBA core.  For thin shells, the behavior is more interesting.  The extent of strain in the 

shell depends on the shell thickness, with maximum strain for the thinnest shells that decreases as the 

shell approaches the limiting strained region thickness.  The nonlinear response in this region is a 

consequence of feedback between the shell and the actuating core.  The stiffness of the shell increases as 

it becomes thicker, so thin shells are more compressible than thick shells. At the same time, the volume 

change of the spin-transition core is altered by the elastic characteristics of the shell, decreasing as the 

shell becomes stiffer. The results have implications for using spin-transitions materials to dynamically 

induce strain in overlayers and in heterostructures, or as components in composite matrices, for example 

as elements for converting light to work. 
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