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Supplementary Note 1: dc magnetic susceptibility 

 

Supplementary Figure 1: Temperature dependence of the inverse dc magnetic susceptibility 

1/χdc(T). The solid line represents a fit to the reciprocal Curie-Weiss law in the temperature 

range of T = 120 – 300 K. 

 

Supplementary Figure 1 exhibits the inverse dc magnetic susceptibility of LiGa0.2In0.8Cr4O8. 

Fitting to the inverse Curie-Weiss law yields the Curie-Weiss temperature ΘCW=-386(1) K and 

the Curie constant C=1.876(2) emu·K·mol-1·Oe-1·Cr-1. The obtained values are well consistent 

with the previous result.1 The effective magnetic moment is evaluated to be μeff=3.873(4) μB, 

which is nearly identical to the expected value (μeff =3.873 μB.) for the free s=3/2 spin. This 

suggests the negligible orbital contribution to the magnetic moment in the bond-disordered 

breathing pyrochlore LiGa0.2In0.8Cr4O8. The deviation of 1/χdc(T) from the inverse Curie-Weiss 

law below 100 K indicates the development of short-range correlations between the Cr 

moments. The sharp drop of 1/χdc(T) originates from orphan spin contributions below 10 K. 

 

  



Supplementary Note 2: ac magnetic susceptibility 

 

Supplementary Figure 2: Temperature dependence of the real component of the ac magnetic 

susceptibility for LiGa0.2In0.8Cr4O8 measured at various frequencies ν=2 – 1000 Hz.  

 

 The occurrence of spin glass or spin freezing can be examined by using ac magnetic 

susceptibility measurements. In general, the real component of the ac magnetic susceptibility 

χ'ac(T) shows frequency-dependent behaviors, when the system forms a glassy state. To detect 

the possible spin-glass-like transition, we performed the ac magnetic susceptibility 

measurements with the frequencies of ν=2 – 1000 Hz. As shown in Supplementary Fig. 2, χ'ac(T) 

displays no frequency dependence in the measured temperature range. Therefore, we conclude 

that a bond disorder does not lead to spin glass or spin freezing at least down to 2 K. 

 

  



Supplementary Note 3: Heat capacity 

 

Supplementary Figure 3: a Temperature dependence of the total heat capacity Ctot/T for 

LiGa0.2In0.8Cr4O8 in various external magnetic fields. The black dashed lines represent the 

estimation of the nuclear Schottky contribution. b Magnetic heat capacity Cm as a function of 

1/T. The magnetic heat capacity divided by temperature Cm/T is obtained by subtracting the 

nuclear Schottky contribution CNS/T ~ T -3 and the lattice contribution Clat/T from Ctot/T. The 

red dashed line indicates the fit to the zero-field magnetic heat capacity using the Arrhenius 

function. 

 

As exhibited in Supplementary Fig. 3a, the raw heat capacity Ctot/T displays a steep T -3 

increase at low temperatures, expected for a nuclear Schottky contribution CNS/T. We estimated 

the nuclear Schottky contribution using the relation CNS/T ~ T -3. On the other hand, the lattice 

contribution to the heat capacity Clat is calculated with the Debye model, well reproducing the 

high-T Ctot with the Debye temperature ΘD=669 K (see Fig. 2a of the main text). After 

subtracting both Clat and CNS from Ctot, we single out the magnetic heat capacity Cm(T), as 

shown in Fig. 2a and 2b of the main text. 

To examine the formation of a spin gap, we tried to fit the low-T heat capacity data with a 

gapped spectral function Cm ~ exp[-Δ/kBT]. The calculated spin gap Δ/kB = 0.289(5) K is two 

orders of magnitude smaller than the value of Δ/kB = 20 – 35 K obtained from the high-field 

magnetization and NMR results. This discrepancy suggests that a large number of magnetic 

states fill the excitation gap formed by tetramer singlets, giving rise to the negligible energy 

gap at low temperatures. The presence of the abundant in-gap states is consistent with our 

observation of the constant magnetic susceptibility below 5 K (see main text, Fig. 1c).  



Supplementary Note 4: ZF-μSR 

 

Supplementary Figure 4: ZF-μSR results of LiGa0.2In0.8Cr4O8. a The fast relaxing fraction as 

a function of temperature afast(T). b Temperature dependence of the exponent β for the fast 

relaxing component. c Slow muon spin relaxation rate as a function of temperature λs(T). λs(T) 

is nearly temperature-independent in the entire temperature range. The shaded region denotes 

the characteristic temperature T*=10 K. 

 

As the temperature decreases, the slow relaxation component suddenly shows up below 10 K. 

At the respective temperature, the appearance of orphan spin contributions in χdc(T) and χ'ac(T), 

the switching of dominant relaxation mechanism in 1/T1, and the change of power-law 

exponent in ΔHpp(T) take place. Furthermore, the slow muon spin relaxation rate λs(T) shows 

a temperature-independent behavior below 10 K (~ 0.042 μs-1). This is in sharp contrast to the 

fast muon spin relaxation rate λf(T) (see Fig. 3f of the main text). This result reveals the 

presence of two distinct spin dynamics with different time scales at low temperatures.  

  



Supplementary Note 5: Electron spin resonance 

 

Supplementary Figure 5: The resonance field as a function of temperature Hres(T) together 

with the dc magnetic susceptibility χdc(T) for comparison. The slight deviation at high 

temperatures is due to the predominant singlet fluctuations. The divergence between χdc(T) and 

Hres(T) below 10 K is due to the orphan spin contributions to the dc magnetic susceptibility χorp 

(T), coinciding with the change of the power-law exponent n in ΔHpp(T) (see Fig. 2h of the 

main text). 

 

The temperature dependence of the resonance field Hres(T) reflects the development of an 

internal magnetic field. Therefore, the comparison between the resonance field Hres(T) and the 

dc magnetic susceptibility χdc(T) provides information on the build-up of the internal magnetic 

field. In Supplementary Fig. 5, both Hres(T) and χdc(T) are plotted on a semi-log scale. At high 

temperatures, Hres(T) resembles χdc(T). Remarkably, for temperatures below 10 K, Hres(T) 

diverges substantially from χdc(T). This is because the orphan spin contributions are not 

detectable in the high-frequency ESR experiments, unlike the dc magnetic susceptibility. The 

decreasing Hres(T) below 10 K means that antiferromagnetically correlated spins dominate the 

ESR signal. 
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