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A practical method for fabricating superparamagnetic films and the mechanism 

involved
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3Department of Electronic Engineering, Minghsin University of Science and Technology, Hsinchu 30401, Taiwan

Abstract

Due to the widespread applications of biosensors, such as in magnetic resonance 

imaging, cancer detection and drug delivery, the use of superparamagnetic materials 

for preparing biosensors has increased greatly. We report herein on a strategy toward 

fabrication of a nanoscale biosensor comprised of superparamagnetic films. By 

increasing the film thickness of magnetic layers, a phase transition typically occurs 

from either a low-Curie-temperature state or a superparamagnetic state to a 

ferromagnetic state. A new finding is demonstrated wherein a phase transition of such 

a superparamagnetic phase can be induced by controlling the thickness of ultrathin 

ferromagnetic layers with perpendicular magnetic anisotropy. Both the M-H curve with 

zero coercive force at 300 K and deviations for the normalized hysteresis loop at 2 K 

confirm the superparamagnetic state for Co/Ir(111) at room temperature. An 

overstrained film transforming to clusters (OFTC) model based on the new finding and 

our experimental evidence is proposed for modeling this phenomenon. From the 

energetic point of view of the OFTC model, we propose a limited distortion mechanism 

that can be useful in determining the critical thickness for the phase transition. This 

mechanism considers the balance between interfacial strain energy and surface free 

energy. A method for producing superparamagnetic films by taking advantage of the 

accumulation of strain and relaxation is reported. 

Keywords: superparamagnetic film, cobalt, strain, biosensor, magneto-optical Kerr 
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In recent years, extensive explorations into biosensors composed of 

superparamagnetic materials have been carried out because of their widespread 

applications such as magnetic resonance image (MRI), cancer detection and target drug 

delivery [1-8]. For example, hydrophilic and surface-functionalized superparamagnetic 

iron oxide nanoparticles are promising heat-inducing agents for use in magnetic fluid 

hyperthermia-based thermotherapy and could be used as effective nanomedicines for 

cancer treatment [1]. By exploiting the superparamagnetic and plasmonic properties of 

core-shell nanomaterials, a label-free, high throughput cytokine immunoassay was 

realized on a large surface area with a remarkable degree of tunability and scalability 

[2]. Polymer coronas decorated with ultra-small superparamagnetic nanoparticles have 

shown significant contrast enhancement in in vivo MRI tests and efficient anticancer 

drug delivery characteristics, leading to the inhibition of tumor growth [6]. 

Biocompatible magnetite nanoparticles, prepared by post-coating magnetic nanocores 

with a synthetic polymer, could efficiently shield the particles from nonspecific 

interactions with cells [8].

To fabricate superparamagnetic materials, the magnetic anisotropy energy (MAE) 

of a system in achieving a superparamagnetic phase transition from a ferromagnetic 

phase, is a key issue. The MAE of a magnetic structure depends on the species, size, 

shape, crystalline form and strain of the ferromagnetic grains being used, and is related 

to the magnetic phase transition [9-15]. Ultrathin Co on Pt(111) exhibits a perpendicular 

magnetic anisotropy (PMA) at lower coverage and undergoes a spin reorientation 

transition (SRT) to an in-plane magnetic anisotropy at higher coverage owing to the 

strong spin-orbital coupling at the interface [14]. The magnetocrystalline effect 

overcomes the effect of roughness and strongly dominates the coercive force of 

Co/Si(100) films. By increasing the rubrene concentration, more Co/rubrene interfaces 

are introduced in composite films and the additional rubrene serves as a surfactant that 
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enhances the quality of the films [15]. For ferromagnetic particles below a critical size, 

the remanent magnetization is no longer fixed in the direction dictated by the MAE and 

the ambient thermal energy may cause a magnetic moment jump between two stable 

orientations of magnetization thus showing superparamagnetic behavior [11,12]. Below 

the superparamagnetic limit, a particle has no memory of its remanent state and shows 

no coercivity.

 Improving the sensitivity of biosensor is of importance for cancer detection in the 

early stage and in inhibiting tumor growth. From the literature, there are two classical 

methods for fabricating superparamagnetic materials [9,10]. One is producing 

nanoparticles using a solution process [9] while the other involves producing dispersed 

nanoparticles by evaporation on a solid substrate under a vacuum [10]. In both 

procedures, each superparamagnetic nanoparticle shows an isolated magnetic domain 

with a randomly oriented magnetization due to thermal agitation. By increasing the 

particle size, a magnetic phase transition typically occurs from a superparamagnetic 

phase to a ferromagnetic phase, resulting in magnetic domain evolution [11,12]. The 

preparation of superparamagnetic thin films or larger superparamagnetic nanoparticles, 

however, remains a challenge. In this contribution, we report on a new finding that a 

phase transition of a superparamagnetic phase can be induced by controlling the 

thickness of ultrathin ferromagnetic layers with PMA. An overstrained film 

transforming to clusters (OFTC) model based on the new finding and our experimental 

evidence is proposed for modeling this phenomenon. From the energetic point of view 

of the OFTC model, we propose a limited distortion mechanism that can be useful in 

determining the critical thickness for the phase transition. By taking advantage of strain 

accumulation and relaxation in the specimens, a method for producing 

superparamagnetic films is reported.

The preparations of the specimens were carried out in an ultrahigh vacuum (UHV) 
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chamber with a base pressure below 2×10−10 Torr, as measured using an ion gauge, and 

residual gases were checked using a quadrupole mass spectrometer. The surface of an 

iridium crystal was oriented within 0.5◦ of the (111) plane, as evidenced by x-ray Laue 

back reflection. The surface of the specimen was cleaned by cycles of Ar+ ion sputtering 

and annealing at 900 K until a well-ordered p(1×1) pattern of low-energy electron 

diffraction (LEED) with bright, sharp spots and a low background intensity was 

observed. The morphology of the Ir(111) surface was monitored using an in-house 

constructed scanning tunneling microscope (STM) operated at 80 K. The chemical 

purity of the surface was checked using Auger electron spectroscopy (AES). Auger 

electrons were collected using an OMICRON hemispherical analyzer with an angular 

resolution of 2o at distance of 30 mm. High-purity cobalt (99.997%) was deposited on 

the surface at room temperature from an in-house fabricated, well-collimated 

evaporator [16]. The cobalt coverage was determined from the Auger signal ratio and 

confirmed by STM. The surface of the iridium single crystal was cleaned after each 

cobalt overlayering. A He-Ne laser with a wavelength of 632.8 nm was used as the light 

source for the magneto-optical Kerr effect (MOKE) measurements. The magnetic field 

was applied in-plane and perpendicular to the surface of the specimen in the 

longitudinal and the polar configurations, respectively. The various components have 

been described in detail elsewhere [17-22]. The magnetic moments of Co/Ir(111) film 

was measured by a commercial SQUID magnetometer (Quantum Design, San Diego) 

in a sealed capsule at 300 K, 200 K, 100 K, and 2 K [23,24]. By applying a cyclic 

external magnetic field between 10 kOe and -10 kOe, a clear magnetic hysteresis cycle 

was observed (see results and discussion for Figure 3).

Co overlayers were deposited on the top of the Ir(111) surface to investigate the 

corresponding magnetic properties. Figure 1a shows Kerr signals versus the magnetic 

field for Co/Ir(111) up to 8 monolayers (ML) in both the longitudinal and polar 
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configurations. Hysteresis occurs only in the polar configuration with increasing Co 

thickness. No hysteresis was detected in the longitudinal configuration and therefore 

Co/Ir(111) films show PMA. The effective magnetic anisotropy energy Keff [13] can be 

expressed by 

 (1);𝐾eff = (𝐾UHV/Co
s + 𝐾Co/Ir

s )/𝑑Co + 𝐾Co
v

where  and  are the interfacial contributions from UHV/Co and Co/Ir, 𝐾UHV/Co
s 𝐾Co/Ir

s

respectively;  is the volume contribution; dCo is the Co thickness. From the  𝐾Co
v

literature, the interfacial magnetic anisotropies  and  are -0.17 mJ/m2 𝐾UHV/Co
s 𝐾Co/Ir

s

and +0.80 mJ/m2, respectively, while the volume contribution  is -0.74 MJ/m3 𝐾Co
v

[13,25,26]. Since interfacial contributions effectively exhibit a positive value (𝐾UHV/Co
s

=+0.63 mJ/m2), the PMA is preferred for ultrathin Co overlayers on Ir(111). + 𝐾Co/Ir
s

Considering the negative value of the volume contribution , the SRT from PMA to 𝐾Co
v

in-plane magnetic anisotropy should occur for thicker Co/Ir(111) films. However, by 

increasing the Co thickness, the hysteresis unexpectedly vanishes showing that 

ferromagnetism disappears in the case of 8 ML Co/Ir(111). Since only the polar Kerr 

intensity is detectable, Figure 1b shows Kerr intensity and coercive force (HC) versus 

Co thickness in the polar configuration. As the Co thickness increases below 6 ML, an 

increase in the polar Kerr intensity is observed. For magnetic films thinner than the skin 

depth of visible light, a proportional relation between the Kerr intensity and the film 

thickness would be expected [27,28]. However, below 6 ML, the Kerr intensity 

increases with different slopes. For Co/Ir(111) layers thicker than 8 ML, the Kerr 

intensity drops to a zero value. Both the changed slope for Kerr intensity (< 6 ML) and 

the disappearance of ferromagnetism (> 8 ML) could be related to a structural change 

in Co/Ir(111), which is discussed below.
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Figure 1. (a) Kerr signals versus magnetic field for Co/Ir(111) in both the longitudinal 

and polar configurations. The curves for x=0 corresponds to the Ir(111) substrate. (b) 

Kerr intensity and coercive force versus Co thickness in the polar configuration. (c) 

LEED patterns for 2, 4, and 6 ML. The lowered panel shows schematic LEED patterns 

for the strained and relaxed Co.

Because of the finite inelastic mean free path for low-energy electrons, LEED is 
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very surface sensitive [29,30]. For an Ir(111) surface, a hexagonal LEED pattern with 

a three-fold symmetry was observed. From the positions of the primary beams, the in-

plane lattice parameter was =2.72 Å and can be used in the further analyses [19,20]. 𝑎Ir

For a Co/Ir(111) layer thinner than 3 ML, a p(1×1) LEED pattern was observed and 

this shows that the Co overlayer undergoes pseudomorphic growth. Co layers are 

strained due to the lattice mismatch at the Co/Ir interface. From Figure 1c, the in-plane 

lattice parameter for the Co layers is =2.72 Å, essentially the same as that of the 𝑎Co

Ir(111) surface. As the thickness increases (> 4 ML), the full widths at half maximum 

(FWHM) of the LEED spots become larger (Figure 1c) while the in-plane lattice 

parameter increases to a value close to that of Co(0001). The schematic plots in Figure 

1c show that the topmost layer of the strained Co is relaxed to a structure close to that 

for bulk Co. This morphological evolution of Co/Ir(111) was further explored by 

applying an STM technique. 

Figure 2a shows the STM image of Co/Ir(111) at the initial stage of Co deposition. 

Co atoms are attached to the steps of Ir(111) terraces. As the Co coverage increases to 

around 2 ML (Figure 2b), a large amount of two-dimensional, hexagonally-shaped Co 

islands forms on the surface due to the condensation of Co atoms. The atomic heights 

of the islands are revealed from the line scan across the step edge. For 3 ML Co/Ir(111) 

(Figure 2c), the sizes of the hexagonal Co islands continue to grow and some smaller 

triangular islands start to form on the top of hexagonal islands. The observation of the 

atomic steps indicates layer-by-layer growth for Co/Ir(111) layers thinner than 3 ML. 

For thicker Co/Ir(111), the growth of small islands on the top of incomplete monolayers 

was observed as shown in Figures 2d and 2e. From the line scan across the step edge, 

the islands retain the characteristics of atomic heights. However, the surface 

morphology suggests that the growth behavior deviates from the layer-by-layer mode. 

As the Co thickness increases further up to 8 ML (Figure 2f), the surface morphology 
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changes to a cluster type. From the inset of the STM image in Figure 2f, uniform 

nanometer-sized clusters are distributed on the surface. No atomic step was detected 

from the line scan across the clusters. The Co clusters exhibit an oval shape and are 

isolated from each other. Further exploration shows that the characteristics of the 

isolated Co clusters with an oval shape remain unchanged at least up to 13 ML. When 

the size of a magnetic cluster shrinks, as a result of an amount of ambient thermal 

energy sufficient to cause magnetic moment jumping between two different stable 

orientations of magnetization, a phase transition from ferromagnetic to 

superparamagnetic behavior occurs. From the literature, the upper limit VSPM of the 

cluster size related to the superparamagnetic state can be calculated by

Ku∙VSPM =kB∙T         (2);

where Ku is the anisotropy energy; kB is the Boltzmann constant; T is the temperature 

[11]. Ku is 4.1×105 J/m3 for cobalt and kB∙T is 4.14×10-21 J at room temperature. The 

calculated upper limit for VSPM is around 10 nm3. From the STM images in Figure 2f, 

Co forms clusters for Co/Ir(111) layers thicker than 8 ML. The average size of the Co 

clusters for 8 ML Co/Ir(111) is 1.17±0.14 nm3, a value that is well below the upper 

limit VSPM of the cluster size related to the superparamagnetic state. From an energetic 

point of view, 8 ML Co/Ir(111) in a cluster type is therefore superparamagnetic. For 

superparamagnetic clusters, the anisotropy (saturation) field is typically larger than a 

few tesla [10,31,32]. In our MOKE measurements, the applied field (800 Oe) was 

determined to be much smaller and therefore no hysteresis is detectable for 8 ML 

Co/Ir(111). By increasing the thickness of the ferromagnetic layer supported on an 

iridium substrate, the transition from a ferromagnetic phase with PMA to a 

superparamagnetic phase was observed for the first time. When atoms are deposited on 

a substrate, the nucleation of adatoms usually causes the formation of small 

islands/clusters, large islands/clusters and then the formation of films. In case of 
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deposition of magnetic atoms such as Fe, Co, and Ni, the Curie temperature always 

increases as the film thickness increases [33,34]. This shows typically a transition of 

low-Curie-temperature state to ferromagnetic state by increasing the film thickness 

[33,34]. For Co deposited on an Au(111) surface, as the amount of Co increases, a 

transition from superparamagnetism to ferromagnetism was observed [35]. On some 

vicinal surfaces, the localized diffusion of atoms on the terrace may cause the formation 

of superparamagnetic clusters followed by the formation of ferromagnetic films [36,37]. 

This typically shows a phase transition from either a low-Curie-temperature state or a 

superparamagnetic state to a ferromagnetic state by increasing the film thickness of 

magnetic layers. It is a “new finding” for Co/Ir(111) that a phase transition of such a 

superparamagnetic phase occurs by increasing the thickness of ferromagnetic layers. 

Based on the new finding of a phase transition of a superparamagnetic phase, we 

propose a strategy for preparing a new design of biosensor that is comprised of 

superparamagnetic films.
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Figure 2. STM images for (a) 0.5 ML, (b) 2 ML, (c) 3 ML, (d) 4 ML, (e) 6 ML, and (f) 

8 ML Co/Ir(111). The image size is 200×200 nm2 for Figures 2a-2e and the image size 

is 100×100 nm2 for Figure 2f. The inset of STM image in Figure 2f shows the oval-

shaped Co clusters. (g) Line scans along the arrows in Figures 2b-2e showing the same 

step height of 2.03 Å.

In this study, the thickest Co/Ir(111) investigated is around 3 nm (13 ML). Since 

the skin depth of visible light in metal is in the order of a magnitude of 10 nm [38], the 

detection volume of MOKE covers the whole width range of Co/Ir(111). However, for 

superparamagnetic clusters, the anisotropy (saturation) field is typically larger than a 
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few tesla [10,31,32]. In our MOKE setup, the applied field (~800 Oe) is too small to 

assemble magnetization versus applied field (M-H) curve for 8 ML Co/Ir(111) at room 

temperature. We have performed the magnetization versus applied field (M-H) 

measurements using SQUID at low temperatures. Figure 3a shows the M-H curves for 

8 ML Co/Ir(111) film at 300 K, 200 K, 100 K and 2 K with 10 kOe field. 

Superparamagnetic demagnetization occurs without coercivity because it is not the 

result of the action of an applied field but rather the thermal energy [11]. The field 

dependent magnetization curve with zero coercive force at room temperature is the 

most important feature for superparamagnetic materials [39-41]. As shown in Figure 

3a, the M-H curve with zero coercive force at 300 K confirms that the sample is 

superparamagnetic. In additional, Figure 3b shows the normalized hysteresis loops 

(M/MS vs H/T). In case of non-interacting superparamagnetic nanoparticles, normalized 

hysteresis loops should superpose above blocking temperature [42,43]. The normalized 

hysteresis loops (Figure 3b) obtained above 100 K in fact superpose while a deviation 

is observed for the normalized hysteresis loop at 2 K. By considering interactions of 

particle moments through long-ranged dipolar random forces, the interacting 

superparamagnetic (ISP) model explains very well where the hysteresis loops by ISP 

scaling should superpose [43-45]. Figure 3c shows the M/MS vs H/MS plot with ISP 

scaling and m=M/MS becomes a homogeneous function of the ratio H/MS. Our SQUID 

measurements confirm the superparamagnetic state for 8 ML Co/Ir(111) film at room 

temperature.
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Figure 3 (a) Magnetization versus magnetic field (M-H) curves, (b) normalized 

hysteresis loops (M/MS vs H/T), and (c) hysteresis loops by ISP scaling recorded at 300, 

200, 100, 2 K for 8 ML Co/Ir(111).

Magnetic properties of Co/Ir(111) were investigated by employing SQUID 

magnetometry. As an example for 8 ML Co/Ir(111), ZFC and FC curves collected at H 

= 50 Oe are shown in Figure S1 (see the ESI† for details). The curves display the typical 
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behavior of superparamagnetic materials. The blocking temperature TB, corresponding 

to the maximum in the ZFC curve, falls in the temperature range between 120 and 160 

K. At temperature below TB, the spins freeze and the system enter the blocked regime 

with typical out-of-equilibrium behavior [40,46-49]. The measured blocking 

temperature of 8 ML Co/Ir(111) is much higher than what we expected. This 

phenomenon has been previously observed for superparamagnetic nanoparticles in this 

size range (~1 nm3) and are attributed to a significantly higher value of 

magnetocrystalline anisotropy [49-51]. From the literature, the median magnetic 

diameter of superparamagnetic nanoparticles can be calculated from the magnetic 

measurements [45,52-54]. As reported by Ferrari et al, the median magnetic moment 

of the particle can be calculated by refining the high temperature anhysteretic 

magnetization isotherms, using the Langevin function with a unimodal log-normal 

distribution [52,53]. For the real system of the superparamagnetic nanoparticles with a 

size distribution, the magnetization M of the nanoparticles in a magnetic field H can be 

written as a weighted sum of the Langevin functions [52,53]. From the volume 

distribution function f(Vμ) calculated from the M-H curve for 8 ML Co/Ir at 300 K, the 

median volume Vo and mean volume Vm of the superparamagnetic clusters are 

determined to be 1.236 and 1.242 nm3, respectively (see the ESI† for details). As 

compared to the STM measurements (VSTM= 1.17±0.14 nm3) as discussed in Figure 2, 

a well consistence of the determined volume is obtained.

From the literature, no alloy formation occurs after thermal annealing treatments 

for Co/Ir(111) below 773 K [55]. Figures 4a and 4b show STM images for 8 ML 

Co/Ir(111) before and after annealing at 550 K, respectively, which permitted the 

effects of a superparamagnetic phase to be explored after the thermal annealing 

treatments. The characteristics of isolated Co clusters were observed before the 

annealing treatment. Co clusters nucleate at a high temperature and are then 
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transformed into a continuous film with large terraces (Figure 4b). From the energetic 

point of view, the condition needed for the formation of the superparamagnetic phase 

is removed. Further MOKE measurements show that the hysteresis behavior is restored 

after a slight annealing at 400 K, as shown in Figure 4c. Both the saturation Kerr 

intensities and coercive forces increase after annealing at higher temperatures. This 

result unambiguously shows that the superparamagnetic phase is transformed to a 

ferromagnetic phase as the result of the nucleation of Co clusters to form Co films. We 

conclude that the unexpected disappearance of hysteresis behavior for 8 ML Co/Ir(111) 

in Figure 1 can be attributed to the formation of a superparamagnetic phase.

Figure 4. STM images of 8 ML Co/Ir(111) (a) before and (b) after annealing treatments. 

The image sizes are 100×100 nm2. (a) Kerr signals versus magnetic field for 8 ML 

Co/Ir(111) at elevated temperatures in both the longitudinal and polar configurations.

Based on the magnetic measurements shown in Figures 1, 3 and 4c and the related 
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morphological evolution in Figures 2, 4a and 4b, we propose an OFTC model based on 

the experimental evidence showing that a thin-film form is changed into a cluster form. 

The OFTC model is schematically illustrated in Figure 5. For Co/Ir(111) thinner than 

3 ML (Figure 5a), large two-dimensional islands form on the surface and the films are 

ferromagnetic with PMA. By increasing the Co thickness (Figure 5b), the growth 

behavior deviates from the layer-by-layer mode, while the ferromagnetic properties of 

the films persist. Further increasing the Co thickness above 8 ML (Figure 5c) results in 

the formation of nanometer-sized clusters because the Co films are no longer stable due 

to the great interfacial strain energy. As a result of the shrinking sizes of Co clusters, a 

phase transition from ferromagnetic to superparamagnetic behavior for Co/Ir(111) 

occurs and this is the core concept of the OFTC model. It is a new finding for Co/Ir(111) 

that a phase transition of such a superparamagnetic phase occurs by increasing the 

thickness of ferromagnetic layers. Based on the new finding of a phase transition of a 

superparamagnetic phase, we propose a strategy for preparing a new design of 

biosensor that is comprised of superparamagnetic films. Based on the OFTC model 

which describes a method for producing superparamagnetic films, we propose a 

superparamagnetic film on a microchip (SFoM) device in which the total magnetic 

moment can be further enhanced by 500 times as compared to commercial MRI contrast 

agents that use superparamagnetic nanoparticles (see the ESI† for details). After the 

thermal annealing treatments (Figures 5d), Co clusters nucleate and are transformed 

into a continuous film with large terraces and the superparamagnetic phase is restored 

to a ferromagnetic phase.
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Figure 5. A schematic plot showing the OFTC model for describing the morphological 

evolution and related magnetic phase transition for Co/Ir(111) with thickness (a) < 3 

ML, (b) 4~7 ML, (c) >8 ML, (d) after an annealing treatment.

In order to explain the driving force for the transformation of a ferromagnetic 

phase to a superparamagnetic phase, the OFTC model propose a limited distortion 

mechanism that takes the interfacial strain energy Ei and the surface free energy Es into 

consideration. As atoms are deposited on a substrate to form a heterogeneous interface, 

we start with the atomic interactions, consisting mainly of the cohesive force between 

adatoms, and the interfacial adhesive force between adatoms and the substrate. 

Cohesive force is an attractive force between adatoms with an electrical attraction that 

can maintain a microscopic structure. From the energetic point of view, the cohesive 

force is related to the surface free energy. For a heterogeneous interface with a lattice 

mismatch, lattice distortion causes the storage of stain energy as a result of the 

competition between the adhesive force of adatoms and the interfacial adhesive force 

[56,57]. As the thickness of the adlayer increases, interfacial strain energy Ei increases 

accordingly. The increasing Ei may reach the value of the surface free energy Es at a 

critical thickness. In order to release the lattice distortion, the strained layers are 
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transformed into loose clusters for Co/Ir(111) above the critical thickness. 

    Schematics of the original Co bulk unit cell (black) and the Co unit cell strained 

at the surface (red) are shown in Figure 6a; where a is the in-plane lattice parameter; c 

is out-of-plane lattice parameter equal to the layered distance; and V is the volume of 

unit cell. In the STM measurements, c is related to the height of the atomic steps. For a 

hexagonal structure, the strain energy density Eρ can be expressed as

  (3);𝐸𝜌 =
𝑐11

2 (𝜀1 + 𝜀2)2 +
𝑐33

2 𝜀2
3 +

𝑐44

2 (𝜀2
4 + 𝜀2

5) + 𝑐66(𝜀2
6

4 ― 𝜀1𝜀2) + 𝑐13(𝜀1 + 𝜀2)𝜀3

where the εi, i=1-6, are the components of the strain tensor in the crystal axes (unit 

vectors in the [100], [010], [001] directions) [58,59]. The variations of a, c and V for a 

distorted lattice as compared to the original lattice are defined as δa, δc and δV. In 

Figure 6a, the  and  represent lattice parameter changes of  and , 𝛿𝑎 𝛿𝑐 𝑎′ ― 𝑎 𝑐′ ― 𝑐

respectively. The distortion ratio of the Co lattice (𝛿𝑉/𝑉) can be expressed in terms of 

strain components as

,              (4) [59,60].
𝛿𝑉
𝑉 = 2

𝛿𝑎
𝑎 +

𝛿𝑐
𝑐

δ(c/a)
(c/a) =

𝛿𝑐
𝑐 ―

𝛿𝑎
𝑎

In materials science, the bulk modulus B describes the compressibility of a substance 

and the shear modulus G describes the relation between shear stress and shear strain. 

From the literature [59], the bulk modulus B and shear modulus G can be expressed as 

B=(c33+2c13)/3 and G=(c33−c13)/2, respectively. Equation (3) can be written as

Eρ=                     (5).B
2(δV

V )2
+

2G
3 [δ(c/a)

(c/a) ]2

V and c/a are orthogonal coordinated for the description of hexagonal distortion. The 

strain energy density Eρ associated with the distortion of the Co lattice can be derived 

as Equation (5). Considering the thickness of the strained layer, the interfacial strain 

energy Ei can be expressed as 

Ei= Eρ∙tCo                     (6) 
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where tCo is the layered distance of deposited Co layers. Based on the lattice constants 

of bulk Ir(111) and Co(0001), the distortion ratio of the Co lattice (𝛿𝑉/𝑉) and interfacial 

strain energy Ei can be calculated. In Figure 6b, the layered distances and the in-plane 

lattice parameters can be evaluated from the structural data shown in Figures 1c and 2. 

For a Co/Ir(111) layer thinner than 3 ML, the in-plane lattice parameter of a Co layer 

is 2.72±0.01 Å which is the same as that of the Ir(111) lattice. In addition, the layered 

distance is 2.03±0.01 Å which is the same as half of the c-axis of hcp-Co for strained 

layers. For a Co/Ir(111) layer with a thickness between 4 and 6 ML, a reduced in-plane 

lattice parameter for a Co layer of 2.59±0.01 Å for loose clusters is observed while the 

layered distance remains nearly unchanged. Because of the strain, at thicknesses above 

8 ML, the layers are completely transformed into loose clusters. The diffraction peak is 

broadened too much to permit the in-plane parameter and layered distance to be 

accurately estimated. By substituting the values for the in-plane lattice parameter a, the 

layered distance c, the bulk modulus B (=1.28), and the shear modulus G (=1.87) for 

Co/Ir(111) into Equations (4), (5) and (6), the interfacial strain energy Ei versus the Co 

thickness can be evaluated, as shown in Figure 6c (black line). For 4 ML Co/Ir(111) as 

an example, the interfacial strain energy is 2.84 J/m2 by substituting the values a=2.72 

(Å), c=2.03 (Å), =0.167, =-0.0837 into Equations (4), (5) and (6). By comparing δV
V

δ(c/a)
(c/a)

the stain energy and surface free energy, a critical thickness occurs at 4 ML estimated 

for Co/Ir(111). The good agreement between the measured results and the calculated 

energy results suggests that the limited distortion mechanism is useful for correlating 

the increasing of the interfacial strain energy Ei and the surface free energy Es.
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Figure 6. (a) Schematics showing the original Co bulk unit cell (black) and Co unit cell 

strained at the surface (red). (b) Layered distances (red) and the in-plane lattice 

parameters (black) versus Co thickness for Co/Ir(111). The black and red dashed lines 

show the in-plane lattice parameter and layered distance of Co(0001), respectively. (c) 

The interfacial strain energy Ei versus the Co thickness for Co/Ir(111) (black) and 

Co/Pt(111) (blue). The black and red dashed lines show the extrapolations of the linear 

parts of the interfacial strain energy Ei for Co/Ir(111) and Co/Pt(111) respectively. The 
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solid red line corresponds to the surface free energy of Co [61].

The limited distortion mechanism can be further applied to other systems. As an 

example of Co grown on a Pt(111) surface, the Co nucleates spatially in a homogeneous 

manner and quasi layer-by-layer growth occurs up to 3 ML followed by three-

dimension island growth for thicker films [62]. From a detailed analysis of the STM 

images, the first-layer islands consist of locally coherent regions about 5 nm in diameter 

decorated by second-layer Co clusters, while these coherent regions are interrupted by 

localized defects [62]. The phenomenon of the formation of coherent regions followed 

by island growth for Co/Pt(111) is similar to the growth behavior of Co/Ir(111). Our 

previously reported LEED data for 2 ML Co/Pt(111) shows that the in-plane lattice 

parameter and layered distance are 2.78 Å and 2.03 Å, respectively [63]. Following the 

above discussions and substituting the values for the in-plane lattice parameter and 

layered distance into Equations (5) and (6), the interfacial strain energy Ei versus the 

thickness of the Co for Co/Pt(111) can be evaluated as shown in Figure 6c (blue line). 

By increasing the Co thickness, the calculated interfacial strain energy increases and 

then approaches the value for the surface free energy of Co(0001) at around 2 ML 

Co/Pt(111). A smaller critical thickness of 2 ML for Co/Pt(111) can be explained by a 

larger lattice misfit for Co/Pt(111) as compared to a Co/Ir(111) system.

In conclusion, for Co/Ir(111) layers thinner than 3 ML, the pseudomorphic growth 

of a Co overlayer shows that the Co layers are strained due to lattice mismatch at the 

Co/Ir interface. For thicker Co/Ir(111) layers, the growth of small islands on the top of 

the incomplete monolayers is observed while the in-plane lattice parameter increases to 

a value close to that of Co(0001). As the Co thickness increases further up to 8 ML, the 

surface morphology changes to a cluster type. By increasing the thickness of the 

ferromagnetic layer supported on an iridium substrate, magnetic measurements 
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demonstrate that a phase transition exists from a ferromagnetic phase with PMA to a 

superparamagnetic phase for the first time. SQUID measurements of both the M-H 

curve with zero coercive force at 300 K and deviations for the normalized hysteresis 

loop (M/MS vs H/T) at 2 K confirm the superparamagnetic state for Co/Ir(111) at room 

temperature. From the volume distribution function f(Vμ) calculated from the M-H 

curve for 8 ML Co/Ir at 300 K, the median volume Vo and mean volume Vm of the 

superparamagnetic clusters are determined to be 1.236 and 1.242 nm3, respectively, that 

are well consistent with the STM measurements (VSTM= 1.17±0.14 nm3). After an 

annealing treatment for Co/Ir(111) in the superparamagnetic phase, the Co clusters 

nucleate to form a continuous film and therefore the superparamagnetic phase is 

transformed back to ferromagnetic phase. In order to explain the driving force for the 

transformation of a ferromagnetic phase to a superparamagnetic phase, the OFTC 

model proposes a limited distortion mechanism that takes the interfacial strain energy 

and the surface free energy into account. To release lattice distortion, the strained layers 

are transformed into loose clusters for Co/Ir(111) layers above the critical thickness.
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A schematic plot showing the OFTC model for describing the morphological
evolution and magnetic phase transition to form a superparamagnetic state.
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