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S.I AMR DATA 25 

Fig. S1 shows the AMR values measured at 80K for the Co(5nm)/Al(4nm) and for 26 

Co(5nm)/Gaq3(25nm) in both transverse (H in plane and perpendicular to I) and longitudinal (H in 27 

plane and parallel to I), with an applied voltage of 100 mV. The coercivity is extracted from the data 28 

by locating the H value corresponding to the AMR peaks. The Co/Gaq3 sample has a value of (130 ± 29 

1) mT while a value of (5 ± 1) mT is found for the reference Co/Al, in agreement with MOKE 30 

measurements performed at the same temperature.  31 

  32 

Fig. S1 AMR data for Co/Gaq3 sample (left) and reference Co/Al (right) obtained at 80 K in both 33 

transverse (black lines) and longitudinal (red lines). 34 



S.II MINOR LOOPS CHARACTERIZATION 35 

The minor loops obtained by MOKE magnetometry at 150K are reported in Fig. S2, while the ones 36 

obtained by SQUID magnetometry are reported in Fig. S3. Note that the loops clearly indicate the 37 

absence of any detectable second magnetic phase. The non-normalized plot of coercive field vs 38 

maximum applied field (data used for Fig. 2b in the man article) is displayed in Fig. S4, with added 39 

data for Co/CoOx for completeness. It is worth noting that the values extracted from Co/Gaq3 and 40 

Co/C60 by SQUID measurements are lower in absolute value with respect to the ones obtained by 41 

MOKE measurements. This mismatch is attributed to SQUID measurements not being done with the 42 

applied field along the samples easy axis, thus resulting in a lowering of the measured coercivity.  43 

44 

 45 

Fig. S2 Minor loops at 150K for reference Co/Al (top-left) Co/CoOx (top-right). Co/C60 (bottom-left) 46 

and Co/Gaq3 (bottom-right). The x-scale is varied for each sample for better evidence of the smaller 47 

loops. 48 

 49 



 50 

Fig. S3 Minor loops for the Co/C60, Co/Gaq3 and reference Co/Al obtained by SQUID magnetometry 51 

at T=150K. Insets show the zoomed-in central part of the graphs for better evidence of the smaller 52 

loops (quantities and units of x and y axis are the corresponding of the non-zoomed graph). 53 

 54 

Fig. S4 Absolute values of the coercivity as a function of the minimum applied field in each loop. 55 

Error bars indicate the resolution of the magnetic field sweep. 56 

S.III DFT CALCULATIONS, CALCULATED ATOM RESOLVED ANISOTROPY 57 

We demonstrate here that the enhancement of EMCA predicted by DFT in Co/Gaq3 is an interface 58 

effect induced by the molecule. We resolve the contribution of each atom i to 𝐸𝑀𝐶𝐴 by computing the 59 

difference of the SOC energy per atom, 𝐸𝑀𝐶𝐴(𝑖) ∝ ∆𝐸𝑆𝑂𝐶(𝑖) = 𝐸𝑆𝑂𝐶(𝑖, 𝜃𝐸𝐴𝑆𝑌) − 𝐸𝑆𝑂𝐶(𝑖, 𝜃𝐻𝐴𝑅𝐷). 60 

Negative (positive) values of ∆𝐸𝑆𝑂𝐶(𝑖) indicate contributions that increase (reduce) the slab’s MCA.  61 

As shown in Fig. S5, ∆𝐸𝑆𝑂𝐶(𝑖) fluctuates. Nevertheless, it has the largest value for a few surface 62 

atoms, which are mostly those forming a covalent bond with the molecule. Hence, these atoms 63 

contribute the most to the MCA. This result can be highlighted by carrying out a partial summation 64 

𝑆(𝑁′) = ∑ ∆𝐸𝑆𝑂𝐶(𝑖)𝑁′

𝑖=1  with 𝑁′ ≤ 𝑁 . 𝑆(𝑁′) is rather small when considering only the atoms in the 65 

bottom layers of the slab, while it jumps of an order of magnitude when reaching interface layer.  66 

 67 



 68 

Fig S.5 SOC energy difference ∆ESOC(i) = ESOC(i, θEASY) − ESOC(i, θHARD) per atom i=1, …,180. 69 

Red and Black points are respectively for the clean Co slab and the Co/Gaq3 slab. Atoms labelled 70 

from 96 to 128 are at top surface layer, where the molecule is adsorbed, whereas atoms from 0 to 32 71 

are at the bottom surface. Atoms labelled from 128 to 180 are the atoms of the molecule. The green 72 

curve is the cumulative sum S(N′) = ∑ ∆ESOC(i)N′

i=1  used to highlight that the largest contribution to 73 

the MCA comes from the interface atoms. 74 

S.IV MACROSCOPIC-SCALE CALCULATIONS 75 

To study the model described by Eq. (1) in the main text, we introduce the discrete lattice that can be 76 

considered as its mapping to the “classical spin glass” model1,2. It allows us to use a variety of 77 

conventional numerical methods for its study. However, the mapping implies that the anisotropies on 78 

neighbour sites are strongly correlated. The step of the lattice should be small compared to Δ, while 79 

the size of the whole lattice should be large compared to the features of magnetic state. It limits the 80 

values of rc that are possible to simulate with our methods. All the results present in the article 81 

correspond to 128x128 lattice with size L=60Δ. They are checked to be robust against modification 82 

of lattice size and step.  83 

The calculations start with the generation of random but correlated anisotropy field that was achieved 84 

with NAG library. First, we generate two random fields ax and ay with the Gaussian variogram using 85 

the NAG routine g05zrf with correlation length rc. The distribution of the random angle  was 86 

calculated as: 87 

                                                                𝜙 = arctan(
𝑎𝑦

𝑎𝑥
).  (S1) 88 

As a result, the random field  is correlated with the radius rc A typical distribution of the anisotropy 89 

angles is presented in Fig. S6 (b). The correlation function of the anisotropy angles is plotted in Fig. 90 

S6(a). It is clear that the spatial distribution of the anisotropy angles is not Gaussian but the correlation 91 

function is decreasing on the scale of rc.  92 



 93 

Fig. S6 (a) Dependence of the angle correlation function on distance.  (b) Distribution of the 94 

anisotropy field over the sample for rC/∆= 4. 95 

The magnetic states are found by the minimization of the free energy integrated over the sample 96 

surface. 97 

∫ ℱ𝑑3𝑟 → 𝑚𝑖𝑛      (𝑆2) 98 

that is done numerically with the conjugate gradient method.  99 

The ferromagnetic material described with Eq. (1) in the main text has many local minima of free 100 

energy at small magnetic fields. Therefore, the local minimum found with the numeric procedure 101 

depends on the initial state of the system. When the external field H is changed adiabatically by the 102 

small value (𝐇 → 𝐇 + δ𝐇) the minimum for previous field H can be used as an initial state to the 103 

modified field 𝐇 + δ𝐇. For the calculation of the full hysteresis loops the procedure starts from a 104 

high magnetic field 𝐻 ≳ 𝐾𝑅𝑀0 and the uniform saturated magnetic state, 𝐌 = 𝑀0𝐞𝑥.  105 

 106 

Fig. S7 Demagnetized states for different parameters rc/Δ and KU/KR. 107 

However, the calculations of minor loops should start with a demagnetized state of the film that is 108 

not known a priori. To find it we apply a “numerical cooling” procedure to our system. It is the 109 

solution of Landau-Lifshitz-Gilbert (LLG) equation with additional noise.  110 



d𝜑(𝐫)

d𝑡
= −𝛾𝜆|𝐡̃| sin(𝜑(𝐫) − 𝜑ℎ) + 𝜁(𝐫, 𝑡)         (S3) 111 

Here 𝜑(𝐫) is the polar angle describing the direction of magnetization. 𝒉̃ is the dimensionless 112 

effective field 𝐡̃ = (𝜕ℱ/𝜕𝐌)/𝑀0 and 𝜑ℎ is its polar angle. 𝛾 is the gyromagnetic ratio and 𝜆 is 113 

damping parameter. 𝜁(𝒓, 𝑡) is the random force with the correlation function 114 

〈𝜁(𝐫, 𝑡)𝜁(𝐫′, 𝑡′)〉 = 𝛾𝜆𝑇𝑁𝛿(𝑡 − 𝑡′)𝛿(𝐫 − 𝐫′)      (𝑆4) 115 

where 𝑇𝑁 = 𝑇/𝑀0𝜇𝐶𝑜 is the dimensionless “numerical temperature’, T is temperature and 𝜇𝐶𝑜 is the 116 

magnetic moment of a single Co atom. We simulate the stochastic equation (eq4) with the temperature 117 

gradually decreasing from the value 𝑇𝑁 = 3𝐾𝑅 to zero. The resulting “pseudo-ground” states are 118 

shown in Fig. S7 for different parameters. It shows the crossover from magnetic domains and domain 119 

walls to CFG. They are used as the initial states for calculations of minor loops.  120 

Although the general picture of zero-magnetization states (domains or spin glass) is robust against 121 

modification of the cooling procedure, the typical sizes of domains or of the spin-glass features 122 

depend on the time of the numerical cooling 𝜏𝑐0. In Fig. S8 we show how the calculated state depends 123 

on this parameter. The value 𝛾𝜆𝜏𝑐0 = 103 is used for the calculation of the minor loops. 124 

To calculate the minor loops the adiabatic modification of field H starts from the demagnetized state. 125 

The magnetic field then is changed from zero to some value Hmax. Three loops between Hmax and 126 

−Hmax are made to saturate the magnetization dependence on the magnetic field and then the minor 127 

loop is recorded. The result is averaged over 500 disordered numerical samples. Then the minor loop 128 

is centered and coercive field 𝐻𝐶
∗ and remnant magnetization 𝑀𝑅

∗  are recorded. This procedure is 129 

shown in Fig. S9. Eqs. (S3) and (S4) allow to calculate the xy-magnetization properties. However, 130 

these equations do not allow magnetization to have z-component. Therefore, a vortex in this model 131 

are just a singularity in 2D energy density. To study the vortex structure, we apply the vector form of 132 

LLG equations.  133 

d𝐌

d𝑡
= −𝛾[𝐌 × 𝐇̃] −

𝛾𝜆

𝑀0
[𝐌 × [𝐌 × 𝐇̃]].         (𝑆5) 134 

Here the Langevin forces are included in the effective magnetic field 𝐇̃ = 𝜕ℱ/𝜕𝐌 + 𝐇𝜉, where the 135 

cartesian components 𝐻𝜉
(𝛼)

of 𝐇𝜉 have the following correlation function  136 

〈𝐻𝜉
(𝛼)(𝐫, 𝑡)𝐻𝜉

(𝛽)(𝐫′, 𝑡′)〉 =
2𝑇

𝛾𝜆𝑀0
𝛿𝛼𝛽𝛿(𝑡 − 𝑡′)𝛿(𝐫 − 𝐫′).      (𝑆6) 137 

 138 



 139 

Fig. S8: dependence of the demagnetized state on the time of numerical cooling. All the states are 140 

calculated for rc = 2Δ and KU = 0.02KR. 141 

 142 

Fig. S9 Minor loop calculation. 143 

To verify the validity of our model we have quantitatively compared the hysteresis loops at 150 K for 144 

Co/Al and Co/C60 with the micromagnetic model loops. Such comparison is reported in Fig. S10. For 145 

the experimental values of both samples we have rescaled the applied field by the anisotropy field 75 146 

mT, estimated by looking at the closure field of the Co/C60 loop (i.e. the field for which the forward 147 

and backward branches are splitting). As can be seen from Fig. S10, The Co/C60 hysteresis loops is 148 

reasonably well reproduced by a KR/KU ratio of 50 and a correlation radius  rc=4Δ. Noteworthily, the 149 

Co/Al hysteresis loop is reproduced by the theoretical loops considering rc=0.2Δ, that is a correlation 150 

radius that is 5 times less than the re-normalized magnetic length. 151 



 152 

Fig. S10 Comparison between experimental hysteresis loops for Co/C60 (black points) and Co/Al (red 153 

points) and micromagnetic simulations considering an anisotropy ratio KU/KR=0.02 and magnetic 154 

length ratios rc/Δ=4 (black line) and rc/Δ=0.2. Experimental data measured at T=150K. Applied field 155 

is rescaled for both Co/Al and Co/C60 by the closure field of the latter. 156 

S. V MAGNETIC FORCE MICROSCOPY CHARACTERIZATION 157 

MFM measurements were taken at RT in an applied field of +2 and -2 mT, applied after a full 158 

magnetization reversal cycle with an opposite field of -60 mT and + 60 mT, respectively. Fig. S11 159 

shows both the topographic and the magnetic signal map on the Co(5nm)/C60(25nm), highlighting 160 

how the magnetic signal is not affected by any morphological defect. For completeness we also report 161 

the enlarged area from which the data reported in Fig.5 e of the main text are taken. We also add 5 162 

other profiles along 5 different vortexes to highlight the magnetic signal depth. The MFM magnetic 163 

signal image taken at -2mT is reported in Fig. S12, where peaks of opposite magnetic contrasts (w.r.t. 164 

the +2 mT case) but equivalent lateral dimensions are visible. For a better visualization we selected 165 

4 of them and plotted their height profiles. 166 



 167 

Fig. S11 a Topographic and b Magnetic signal maps of the Co/C60 sample. The area around Profile 168 

1 (the one reported in  Fig.5 e of the main text) is reported in c and d respectively. e-j report the 6 169 

profiles of the magnetic signal taken along different magnetic vortexes. e also reports the 170 

corresponding topography profile with y-axis adjusted to highlight the 50 nm height (w.r.t. the 171 

surface) at which the Magnetic signal was taken. 172 



 173 

Fig. S12 a, Magnetic signal maps of the Co/C60 sample obtained with an applied field of -2 mT 174 

(opposite to the one in Fig. S11), along with 4 height profiles (b-e) each of which include a vortex-175 

like defect (located above the white numbers in the image a). 176 

 177 

S. VI RT and raw T=150 K hysteresis loops  178 

In Fig. S12 a we report the hysteresis loops of Co(5nm) samples at RT, showing an increase in 179 

coercivity accompanied by enlarged loop area. For completeness, we report also the non-symmetrized 180 

version of the loops shown in Fig. 1a of the main article in Fig. S13 b, along with the other Co/C60 181 

and Co/Gaq3 loops used to extract the coercivities reported in Fig. 5 of the main text. Of particular 182 

interest are the Co/Gaq3 loops, showing (for the loop reported in Fig. 1a) no clear double jump but a 183 

“peak” at µ0H=0 mT that is attributed to an artifact of the measurement. In fact, by inspecting the raw 184 

hysteresis loops (Fig. S14) used for the averaged Co/Gaq3 loop at 150 reported in Fig. 1a of the main 185 

article, a spurious oscillating signal is present in the voltage measured by the MOKE photodetector. 186 

Its presence affected the average loop resulting in an artificial kink around H=0. Note moreover that 187 

the other loop obtained for a different Co/Gaq3 sample does not show any double phase behaviour of 188 

the magnetization reversal 189 

  190 



Fig. S13 a RT hysteresis loops of Co(5nm) samples. b non-symmetrized, normalized hysteresis loops 191 

of Co(5nm) samples measured at T=150K (same data shown in Fig. 1). 192 

 193 

Fig S14 raw data of the Photodetector output voltage vs applied magnetic field for each averaged 194 

loops in the final Co/Gaq3 loop measured at 150 K. A clear oscillating spurious signal is present, 195 

affecting the true shape of the hysteresis loop of the sample. Its inclusion in the average process gave 196 

rise to the kink appearing in the return branch (H+ to H-)of the hysteresis loop reported in Fig. S12 197 

b. 198 

S. VII GRAIN SIZE and RT, 100 K coercivity for 3,5 and 7 nm thick Co layers 199 

We report in Table S1 the valiues of the mean grain size for 3, 5 an 7 nm thick Co layers. They were 200 

extracted by the procedure reported in Rasigni et al.3, by fitting the 1D fast-axis autocorrelation 201 

function of 1 µm Co surfaces, obtained by ex-situ AFM at RT. The estimated grain sizes are 202 

compatible, for different thicknesses, within the error bars. We also report in Table S1 the values of 203 

the coercivity of Co/C60 samples at RT and 80 K. 204 

Co thickness t (nm) 3 5 7 

Mean grain size (nm) 9 ± 1 11 ± 1 11 ± 1 

RT Co(t)/C60 µ0HC (mT) 6.5 ± 0.4 4.7 ± 0.3 3.2 ± 0.4 

RT Co(t)/Al µ0HC (mT) 4.6 ± 0.4 3.6 ± 0.3 3.1± 0.4 

80K Co(t)/C60 µ0HC (mT) 227 ± 25 84 ± 5 9.6 ± 0.4 

80K Co(t)/Al µ0HC (mT) 9.5 ± 0.5 4.8 ± 0.4 5.0 ± 0.3 

Table S1: Mean Grain size of Co layer and coercivities of Co/C60 samples as a function of the Co 205 

thickness. Coercivity errors: magnetic field sweep stepsize. Mean grain size error bars obtained by 206 

nonlinear fitting. 207 
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