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Spin glass, spin freezing at T = Tg

Definition: Local static order 〈Si〉 6= 0 for T < Tg but no
long-range order

Examples of spin-glass kagome compounds

SrCr9pGa12−9pO19

(H3O)Fe3(SO4)2(OH)6

volborthite Cu3V2O7(OH)2.2H2O (<2012, see Hiroi)

vesigneite BaCu3V2O8(OH)2 (<2012, see Hiroi)

Examples of pyrochlore compounds

Y2Mo2O7

Dy2Ti2O7



How do they differ from standard spin glasses?

1 Dense compounds (up to p ∼ 100% coverage for the Fe
compound); is the chemical disorder really the main source of
freezing?

2 Tg depends weakly on p

3 Weak frozen moment, persistent dynamics for T < Tg

Can we have a glassy phase in the parent disorder-free
compounds (although there is always chemical disorder in real
samples)? (as in structural glasses)



Geometrical Frustration : extensive classical degeneracy

Suppose some “order” takes place (T � JS2)

Minimize the classical energy

Frustration: many possible “orders”, 1.135...N (exact) [Baxter (1970)]

with Ei = − 1
2
NJS2



Special collective excitations: “chains” or “loops”

Constrained Motion: consider only special excitations

Swap colors along two-colored loops (respects the constraint)

κL

ex. L = 6

Activated dynamics of loops

τL = τ0 exp

(
κL

kBT

)
L = 6, 10, . . .∞

Is the local dynamics ergodic?



A guess for the dynamics at long times...

Two ingredients:

Analogous to “spin-ice” (local constraints) → assume
long-distance height model
Huse and Rutenberg PRB 1992, Read (unpublished).

Assume Langevin dynamics as in dimer models
Henley, J. Phys. Stat. 1997.

This predicts algebraic decay:

〈Si(t).Si(0)〉 ∼
1

t2/3
(1)



Correct at large T, indeed...



But some configurations are jammed at low T...

In gray: frozen spins = no loop of length 6 can unjam the
configuration, at low T , jammed forever (till t ∼ τ10)

Are these configurations statistically representative?

* How many such regions? what is their typical size?
* What is the frozen moment?



How does the system return to equilibrium?

Compute autocorrelation C(t) = 1
N

∑N
i=1 〈Si(t).Si(0)〉 (Monte Carlo simul.)

T < T ∗ ≈ κ (crossover): two-step relaxation with time-scales: τα, τβ .

Quasi stationary state : C(t)→ 〈Si〉2 ≈ 0.3 for τβ < t < τα.

Glass transition (crossover) temperature at Tg, τα = tobs.



T � T ∗ Description of the active degrees of freedom

Liquid of strongly correlated loops (active degrees of freedom)

Black = Regions of averaged size
〈s〉 = 42 sites frozen for t� τα.
(self-induced disorder)

Density of smallest loops
n = 0.22

Radial distribution function of
loop-loop distance: attraction

The weak frozen moment originates in the small frozen regions



Dynamical Heterogeneities

Map and histogram of local frequencies
[standard analysis in model of glasses, see e.g. Dynamical heterogeneities in glasses...,
Oxford University Press 2011.]

T > T ∗ Homogeneous (gaussian) distribution

T < T ∗ Skewed (heterogeneous) distribution + frozen fraction T < Tg (f= 0
delta peak)



“What sets the scale?”

Glass temperature Tg ≈ 0.3κ is determined by the smallest barrier

Microscopic origin:

* Anisotropy (spin-orbit): rotate the spins out-of-plane costs
κ ∼ DS2. prevails if DS2 & ηJS (e.g. Fe3+).

* Spontaneously-generated anisotropy: selection of a plane (broken
symmetry) by fluctuations (order-by-disorder)
Energy scale κ ∼ 0.14JS. if DS2 . 0.14JS (e.g. Cr3+, Cu2+).

D ∼ λ2

εd
, with λ, spin-orbit coupling and εd = ε0d + α∆, d-orbital energies and

∆ the octahedron distortion, hence Tg = T 0
g + α′∆, as observed Bisson and

Wills, J. Phys.: Condens. Matt., 2008 & 2011:
J. Phys.: Condens. Matter 20 (2008) 452204 Fast Track Communication

jarosite is quite different from the non-hydronium jarosites as
it displays a critical spin glass transition at Tg ∼ 17 K [45].
The short-ranged spin correlations increase only slowly upon
cooling through this transition [53] and μ SR indicates that the
maximum static moment at low temperature is 3.4 μB [54].

The hydronium jarosites were synthesized under standard
hydrothermal synthesis conditions [51]. 2 g of Fe2(SO4)3 were
dissolved in 15 ml of water/methanol [55] solutions and heated
at different temperatures between 120 and 150 ◦C for 21 h
in Pyrex tubes with PTFE screw caps. The non-hydronium
jarosites were synthesized using redox methods where iron
wire is oxidized. [36, 56] The following K2(SO4)2 (2.44 g,
0.28 mol), and (NH4)2(SO4)2 (1.85 g, 0.28 mol) were each
dissolved and made up to 25 cm3 with distilled water, to
which 1.1 cm3 of concentrated H2SO4 was added. For each
reaction 0.336 g of iron wire, 2 mm diameter, 99.9% were
put with the relevant A-site sulfate solution into a Pyrex tube
(38 cm3 total capacity). The reaction took place at 170 ◦C
over 48 h. Magnetic susceptibility data were collected using
a SQUID magnetometer in a field of 100 G. Single crystal
x-ray diffraction data were taken at 80(2) K using an Oxford
Cryostream and Mo Kα1 radiation (0.710 73 Å). The data for
the potassium jarosite was taken at the Daresbury SRS facility
with x-rays of wavelength 0.6893 Å at 85(2) K. Position
and peak intensities were extracted from the raw data using
DENZO SMN and scaled using SCALEPACK; SADABS was
used for adsorption correction. SHELX-97 [57] was used for
structure solution and refinement. While the stoichiometry
differences between these samples were too small to be
resolved by chemical analysis or crystal structure refinement,
the latter confirm that the Fe occupancy was >94% for all
samples studied. This insensitivity of the magnetic properties
to Fe occupancy [58] leads us to suggest that the following
crystallographic changes are the result of a dependency of the
A-site hydration number with synthesis conditions [56] that
affects the distribution of protons between the A-site and the
bridging hydroxide during jarosite formation. The connectivity
of the lattice causes these changes at the A-site to compress or
elongate the Fe-coordination octahedron.

Our studies of the single crystal diffraction data reveal
small changes in the geometry of the Fe-coordination
octahedra that correlate with the spin glass freezing
temperature, Tg. The Fe3+ ions occupy the 9d positions of
R3̄m and have point symmetry 2/m. They are coordinated by 4
hydroxyl oxygen atoms in the equatorial (eq) plane and 2 apical
(ap) oxygen atoms from the sulfate groups as shown in figure 2.
The apical Fe–O bond is slightly longer than the equatorial
bond and the distortion away from octahedral symmetry may
be characterized by deviation of the ratio of bond lengths from
unity: � = 1 − [R(Fe–O)eq/R(Fe–O)ap]. Figure 3 shows an
apparent linear dependence of Tg with the ratio �: the samples
that have more distorted Fe-octahedra display larger values of
Tg. As � is derived from Bragg diffraction, it represents an
ordered crystallographic distortion. The spin glass transition in
hydronium jarosite is therefore the result of an ordered energy
scale associated with � and it is not the simple result of random
disorder, as has been suggested [59, 60].

It should be noted that concomitant with an increase in the
crystallographic c-axis as the kagome layers are pushed apart

Figure 3. (a) The relation between the critical spin glass freezing
transition in hydronium jarosite, Tg, and the distortion parameter,
� = 1 − R(Fe–O)eq/R(Fe–O)ap. The more distorted the
Fe-octahedra, the higher the transition temperature. The
approximately linear correlation suggests that the anisotropy
responsible for the spin glass transition is proportional to the extent
of the distortion. The inset shows that the same linear function fitted
for hydronium jarosite can be extended to the antiferromagnetic Néel
ordering temperatures of (NH4)Fe3(SO4)2(OH)6 (grey triangles) and
KFe3(SO4)2(OH)6 (grey circles). (b) and (c) show that the distortion
largely relates to changes in the c-lattice parameter. The expansion
along c caused by increasing distortion corresponds to a pushing
apart of the kagome layers. The concomitant increase in Tg indicates
that the interlayer exchange is not responsible for the spin glass
transition.

(figure 3(c)), reducing interlayer coupling. The related increase
in Tg proves that the interlayer interactions are not responsible
for the spin glass phase, stressing the quasi-2D nature of this
KAFM.

This relationship between the local distortion of the Fe3+
and the magnetic ordering is reinforced by studies of the
non-hydronium jarosites which show Néel order. All these
jarosites possess far greater distortions away from octahedral
symmetry than the hydronium member, and correspondingly
higher antiferromagnetic transition temperatures. The inset of
figure 3(a) shows an extrapolation of the linear dependence
of Tg with R(Fe–O)eq/ap observed in hydronium jarosite.
Excellent agreement between this trend and the lower
temperature transitions of (NH4)Fe3(SO4)2(OH)6 (TN2 =

3

Is it possible to measure D directly for these compounds?



Conclusion

The present model is an example of “constrained/gauge” model, with a
classical dynamics that spontaneously generates two time scales τα and
τβ (a feature absent from long wavelength Coulomb phase description).

Glass phase T < Tg, (τα > texp): the phase has a small frozen moment
and microscopic frozen regions (self-induced disorder). The phase space
breaks into eaN pockets (non ergodicity).

Note a competition with order-by-disorder which lifts the degeneracy of the 3-color
states. At T = 0 and large-S:

√
3×
√
3 Néel order

Cépas and Ralko, Phys. Rev. B 84, 020413 (2011)
Chern and Moessner, arXiv:1207.4752

Experimental test?

Excitations are characterized by neutron form factors (e.g. dimers, here
L = 6 ≡ hexagonal form factor)

Spatial heterogeneities of the dynamics?


