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Blocking temperature

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. The curves display the typical behavior of
superparamagnetic materials. The blocking temperature 7B, corresponding to the
maximum in the ZFC curve, falls in the temperature range between 120 and 160 K. At
temperature below 7B, the spins freeze and the system enter the blocked regime with
typical out-of-equilibrium behavior [1-5]. 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 nm?®)

and are attributed to a significantly higher value of magnetocrystalline anisotropy

[5-7].
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Figure S1. Field cooled (FC) and zero-field cooled (ZFC) curves for 8 ML Co/Ir(111).
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SPM cluster size

From the literature, the median magnetic diameter of superparamagnetic
nanoparticles can be calculated from the magnetic measurements [8-11]. 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 [9,10]. 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 [9,10]
0 H
MH,T) = J;" ul (£2) £ () dit + Xinear H (S1)

where flu) is the distribution function of magnetic moments x in a system of
superparamagnetic grains, kg is the Boltzmann constant. In Equation S1, the second
term 1is related to additional linear contribution to the magnetization and can be
originated from diamagnetic or paramagnetic components of the sample with
magnetic susceptibility Xji,eqr- By taking the unimodal log-normal distribution of the

magnetic moments y, the distribution function f{x) can be expressed as follows

1 lnz(uio) o2
f) = = exp (— 7) M = Hoexp — (S2)
where o is the distribution width, xo and um are the median and mean magnetic
moment, respectively. The distribution function f{u) can be obtained from the
refinement of the magnetization isotherm measured above 7B in the Octave software
using Equation S1 [9,10].

The fitting curve of the magnetization M(H,T) is shown in Figure S2. We may
consider ux=MvVx (x=0 or m) where the Mv is the magnetization per volume [11]. The
volume distribution function f{V}) of superparamagnetic clusters as shown in the inset
in Figure S2 was calculated from the f{«) by taking Vi=u/Mv into account. From the
volume distribution function f{V) 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 nm?, respectively. As compared to the STM
measurements (¥stm= 1.17£0.14 nm?) as discussed in Figure 2, a well consistence of

the determined volume is obtained.
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Figure S2. Magnetization isotherms for 8 ML Co/Ir(111) as measured at 300 K and

plotted in generalized Langevin scaling. The inset shows the volume distribution f{V})
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of superparamagnetic clusters.

Superparamagnetic film on a microchip (SFoM)

Based on the method reported herein for producing superparamagnetic films, we
propose a superparamagnetic film on a microchip (SFoM) in which the total magnetic
moment can be further enhanced by 500 times as compared to commercial MRI
contrast agents, which use superparamagnetic nanoparticles. The schematic plot in
Figure S3 shows a comparison of the total magnetic moments for MRI measurements
by estimating the total population of magnetic atoms [12,13] of commercial MRI
contrast agents and the SFoM. Because the amount of antigenic epitopes on the
surface of typical circulating tumor cell (CTC), the number of bonding MRI contrast
agents is limited to between several to a few hundred, depending on the size and
species of the antigen [14-16]. The sizes of the superparamagnetic nanoparticles in
commercial MRI contrast agents are typically between 20 and 400 nm? [17-19] which
correspond to 1800 and 36000 atoms, respectively. If we take the number of bonding
MRI contrast agents on the surface of a CTC to be one hundred, the total magnetic
moment for MRI measurements corresponds to contributions from 180 thousand to
3.6 million atoms on a CTC surface in the case of commercial MRI contrast agents.
Concerning SFoM based on the extreme chip technology in use today, the minimum
diameter of microchip can be as small as 10 um [20] and its volume is approximately
equivalent to that for a leukocyte [21]. For a nanocluster produced by strain
accumulation and relaxation in the specimens, the typical size is around one nm?, a
volume that could contain 90 atoms. Although the sizes of the nanoclusters are

smaller, the areal density is condensed on the substrate to a considerable extent. Based
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on our STM measurements, there are 125 nanoclusters in a 25x25 nm? image. For
SFoM, the total magnetic moment for MRI measurements corresponds to
contributions from 1.8 billion atoms on a single microchip. This makes the total
magnetic moment for SFoM to be 500 times larger than that of commercial MRI
contrast agents using superparamagnetic nanoparticles. Because of the larger total
magnetic moment, the SFoM would pave the way for further strategies for fabricating

biosensors on a microchip.
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Figure S3. The schematic plot showing a comparison of the total magnetic moments
for MRI measurements by estimating the total population of magnetic atoms in a

commercial MRI contrast agent and that for the SFoM.
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