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S.1 Dipolar interactions 

The strength of dipolar interactions in our system can be estimated using the following 

expression: 

Edip =  
μ0μ

2

4πL3
.                                                                (1) 

The magnetic moment μ can be estimated from the fitting of the room temperature hysteresis loop 

to a Langevin function (see Fig. S.1), yielding a magnetic moment of μ ~ 1.03×10-20 Am2/particle.  

Since the nanoparticles in our study are packed together, L can be approximated as the diameter 

of the particle (14.7 nm). This yields a corresponding dipolar temperature Tdip = Edip/kB ~ 0.24 K, 

indicating that dipolar interparticle interactions are negligible. 

Alternatively, since we note that the above argument does not take into account the hollow 

polycrystalline geometry of the particles, we can estimate the maximum interaction between two 

grains in adjacent particles. In this case we take the separation to be equal to the shell thickness (L 

= 3.25 nm) and μ to be 25% of the total particle moment based on the number of grains (~4-6) 

visible in the HRTEM images of Fig. 1. The resulting dipolar temperature of Tdip = 1.4 K in this 

approach is still insignificant compared to the experimentally observed onset of slow dynamics.  
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Fig. S.1 Room temperature magnetization curve of 15 nm γ-Fe2O3 

hollow particles. Solid line represents best fit to a Langevin function. 

Finally, dispersion of the particles in a wax medium to systematically control particle 

concentration showed no significant effect on the peak location in the zero-field-cooled M (T) 

curves within experimental error. The curves for the packed powder sample and a 15 wt.% 



dispersion are shown in Fig. S.2. This observation confirms that interparticle interactions in our 

system can be neglected and the behavior of the system is dominated by intraparticle effects.  
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Fig. S.2 Zero-field-cooled magnetization curves for the powder sample and a 

dispersion of the same particles in wax, collected under a field of Hdc = 100 Oe and 

normalized to peak height.  

 

S.2 Aging effects 

A common feature of spin glasses is the aging effect of thermoremanent magnetization, i.e. 

the dependence of MTRM on the wait time tw at the setpoint temperature below Tg before switching 

the field off. To establish the aging behavior of the hollow nanoparticle sample, the system was 

rapidly cooled in a small field of 50 Oe down to 10 K. After imposing a wait time of tw= 600s or 

1800s, the field was turned off and the magnetization was recorded as a function of time.  

Figure S.3(a) shows the decay of the remanent magnetization MTRM normalized by the 

initial value M0=MTRM (t = 0). It can be seen that there is a pronounced dependence of the 

magnetization on tw, with a slower decrease in the sample aged for 1800s. The slow relaxation of  
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Fig. S.3 (a) Decay of normalized remanent magnetization at 10 K after a field cooling procedure and wait 

time tw. (b) Best fit of MTRM to Eqn. 2 (solid lines). (c) Magnetic viscosity plot for the sample aged for 

1800s.  

 

the magnetization can be roughly modeled by the expected logarithmic term superimposed on a 

stretched exponential function [1],  

 

MTRM= SH ln(t) + M1 + M2exp[−(t τ⁄ )1−n]                                             (2) 

with stretching exponent n ~ 0.53 consistent with spin glass behavior. From Fig. S.3(c) an 

inflection point at t ~ tw is also visible in the magnetic viscosity S = dMTRM d ln t⁄ , a characteristic 

feature of spin glass aging.  
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