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Chemistry
Essentially non-interacting nano-magnets
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Crystals from few 
micron to >mm size

 17

 

 

 

 

 

 

 

 

 

 

Fig. 2.1.  Mn12-ac crystallizes as black rectangular rods.  Crystals of Fe8Br8 form as dark 
brown orthorhombic plates. Typical crystals of each are shown next to a dime for size 
comparison.  

Mn12-ac Fe8Br8 

Source: Florida State University Thesis, Jeremy North, 2004
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Very recent chemistry explosion



Tuning magnetic bubble chamber
Three intrinsic parameters important

U J

and external mag. field B
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FIG. 2. Left: Potential felt by individual molecular magnets in the crystal. Right: Lifting of

degenerate ground states in an external magnetic field.

energy barrier, U , and the ralaxation time constant, ⌧0.

A molecule in a SMM crystal typically consists of a central core of metallic ions (e.g.

manganese) that feel a strong (super)exchange interaction causing their spins to act as one

e↵ective rigid large spin, J , at low (TM: <⇠100K?how low?) temperatures. This core

is then surrounded by organic ligands (e.g. acetate) which, when the molecules crystallize,

act to separate the magnetic cores from each other such that the exchange interactions

between the core spins are anomalously weak. This system is well described by an e↵ective

Hamiltonian,

H =
X

i

�aJ2
z,i � bJ4

z,i � µBgJJz,iBz , (1)

where the sum is over all molecules (i.e. spins) in the crystal, a and b are parameters

dependent on the underlying chemistry of the particular SMM, and gJ is the Landé g-factor

of the ion. The first term in Eq. (1) dominates and gives rise to an energy barrier, the second

is a small anisotropy term (i.e. b ⌧ a), and the third gives the behaviour in an applied

external magnetic field, B. The lack of interactions between spins in this Hamiltonian is a

defining feature of SMMs. The potential felt by each spin in the crystal is shown in Fig. 2.

The energy barrier which separates the states | + Ji and | � Ji is denoted U (⇠ aJ2), and

the Zeeman splitting in the presence of the external field is 2µBgJJBz. TM: something

about anisotropy of gJ? TM: something about terms which do not commute

with Jz?

[Processes that act at high and low temperatures. State phonon interaction move between

levels one at a time, and leads to aArhenius. At very low temperatures what takes over is

... and why n 4-6? ] The relaxation time, ⌧ , for spins to flip such that thermal equilibrium
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Tuning magnetic bubble chamber
Three intrinsic parameters important

U J
Energy barrier Relaxation time Spin

⌧0

few� 800 K 10�6 � 10�14s few� 50
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Synthesis—how easy (and 
cheap) is it to make them?

& it doesn't have to 
be done pristinely! 

(see later)

Typical synthesis:
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FIG. 1. DM detector concept based on magnetic deflagration in molecular nanomagnet crystals.

A DM event that deposits energy in the form of heat ignites a spin-flip avalanche in the crystal

which is detected by the change in magnetic flux through a pick-up loop.

chamber that can be tuned to be sensitive to ⇠ 10�3 eV - 10 eV energy deposits relevant

for sub-GeV DM detection. For other recent proposals to probe this energy regime see

Refs. [14–18].

SMMs are molecular crystals in which the molecules act as tiny, essentially non-interacting

magnets [19–21]. Their study is currently a rapidly developing field of chemistry —many 100s

of new SMMs have been created since their discovery in the 90s80s?— and, importantly,

SMMs are easily and cheaply synthesized. Most SMMs are optically thin, and some are

scintillators, [scintillators or fluorescent? GG] further enhancing their potential as particle

detectors.

The basic idea for using SMMs as magnetic bubble chambers is as follows (see also Fig. 1).

The crystal is prepared such that most of the nano-magnets are anti-aligned with an external

magnetic field, and so exist in a meta-stable state. This can be achieved simply by cooling the

crystal before reversing the magnetic field; at low temperatures (⇠ 0.1K�2K) the magnetic

relaxation (spin flip to the ground state) time can be of order years. We then exploit the

key fact that the magnetic relaxation time is exponentially sensitive to temperature and the

applied external field. Upon a deposit of energy, which can be of any form such that it results

in a local heating of the crystal (⇠ 0.01 eV�10 eV for the dark matter application considered

here), the local magnetic relaxation time can drop below ⇠ 10�11 s, which is comparable to

the timescale of thermal di↵usion. The spins within this initial hot region will have time
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energy barrier, U , and the ralaxation time constant, ⌧0.

A molecule in a SMM crystal typically consists of a central core of metallic ions (e.g.

manganese) that feel a strong (super)exchange interaction causing their spins to act as one

e↵ective rigid large spin, J , at low (TM: <⇠100K?how low?) temperatures. This core

is then surrounded by organic ligands (e.g. acetate) which, when the molecules crystallize,

act to separate the magnetic cores from each other such that the exchange interactions

between the core spins are anomalously weak. This system is well described by an e↵ective

Hamiltonian,

H =
X

i

�aJ2
z,i � bJ4

z,i � µBgJJz,iBz , (1)

where the sum is over all molecules (i.e. spins) in the crystal, a and b are parameters

dependent on the underlying chemistry of the particular SMM, and gJ is the Landé g-factor

of the ion. The first term in Eq. (1) dominates and gives rise to an energy barrier, the second

is a small anisotropy term (i.e. b ⌧ a), and the third gives the behaviour in an applied

external magnetic field, B. The lack of interactions between spins in this Hamiltonian is a

defining feature of SMMs. The potential felt by each spin in the crystal is shown in Fig. 2.
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e↵ective rigid large spin, J , at low (TM: <⇠100K?how low?) temperatures. This core

is then surrounded by organic ligands (e.g. acetate) which, when the molecules crystallize,

act to separate the magnetic cores from each other such that the exchange interactions

between the core spins are anomalously weak. This system is well described by an e↵ective
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dependent on the underlying chemistry of the particular SMM, and gJ is the Landé g-factor

of the ion. The first term in Eq. (1) dominates and gives rise to an energy barrier, the second

is a small anisotropy term (i.e. b ⌧ a), and the third gives the behaviour in an applied

external magnetic field, B. The lack of interactions between spins in this Hamiltonian is a
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the Zeeman splitting in the presence of the external field is 2µBgJJBz. TM: something
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energy barrier, U , and the ralaxation time constant, ⌧0.

A molecule in a SMM crystal typically consists of a central core of metallic ions (e.g.

manganese) that feel a strong (super)exchange interaction causing their spins to act as one

e↵ective rigid large spin, J , at low (TM: <⇠100K?how low?) temperatures. This core

is then surrounded by organic ligands (e.g. acetate) which, when the molecules crystallize,

act to separate the magnetic cores from each other such that the exchange interactions

between the core spins are anomalously weak. This system is well described by an e↵ective

Hamiltonian,

H =
X

i

�aJ2
z,i � bJ4

z,i � µBgJJz,iBz , (1)

where the sum is over all molecules (i.e. spins) in the crystal, a and b are parameters

dependent on the underlying chemistry of the particular SMM, and gJ is the Landé g-factor

of the ion. The first term in Eq. (1) dominates and gives rise to an energy barrier, the second

is a small anisotropy term (i.e. b ⌧ a), and the third gives the behaviour in an applied

external magnetic field, B. The lack of interactions between spins in this Hamiltonian is a

defining feature of SMMs. The potential felt by each spin in the crystal is shown in Fig. 2.

The energy barrier which separates the states | + Ji and | � Ji is denoted U (⇠ aJ2), and

the Zeeman splitting in the presence of the external field is 2µBgJJBz. TM: something

about anisotropy of gJ? TM: something about terms which do not commute

with Jz?

[Processes that act at high and low temperatures. State phonon interaction move between

levels one at a time, and leads to aArhenius. At very low temperatures what takes over is

... and why n 4-6? ] The relaxation time, ⌧ , for spins to flip such that thermal equilibrium
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FIG. 4. Tuning curves for a SMM with U = 50K (' 4.3 meV), ⌧0 = 5 ⇥ 10�12 s, and for �EZee =

(0, 0.001, 0.01, 0.1) meV ( (blue solid, green dot-dash, yellow dash, red dot).

Substituting for �T using eq. (3), this implies that the energy deposit in this region must

satisfy

E0 &
c0R

3(U � 1
2�EZee)4

ln
h

R2

⌧0↵

i4 . (7)

The solid blue curve in Fig. 4 illustrates this inequality for an SMM with parameters U =

50K (' 4.3meV), ⌧0 = 5 ⇥ 10�12 s, ↵ = 10�7m2/s, and �EZee = 0 (zero field case). We

see the presence of an energy gap ⇠ U4(⌧0↵)3/2c0; the threshold would be higher/lower if we

pick a SMM whose with larger/smaller values of U or ⌧0.

We can gain a conservative estimate how much Zeeman energy is needed to fuel an

avalanche by asking what E0 would be required to satisfy ⌧ . ⌧D if we allow that the

Zeeman energy inside the region has already been released and has all converted to heat

in this region; if we find that progressively less input energy is needed, we find that an

avalanche will occur. We set E0 ! E0+⇢sR
3�EZee, where ⇢s is the density of nanomagnets

(⇠ 1/nm3). This modifies eq. (7),

E0 &
c0R

3(U � 1
2�EZee)4

ln
h

R2

⌧0↵

i4 � ⇢sR
3�EZee , (8)

which is plotted as the broken lines in Fig. 4, for di↵erent values of �EZee. The Zeeman

energy pulls the ‘tuning’ curve over, eventually to negative values of E0, indicating the onset

of the avalanche.
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FIG. 1. DM detector concept based on magnetic deflagration in molecular nanomagnet crystals.

A DM event that deposits energy in the form of heat ignites a spin-flip avalanche in the crystal

which is detected by the change in magnetic flux through a pick-up loop.

chamber that can be tuned to be sensitive to ⇠ 10�3 eV - 10 eV energy deposits relevant

for sub-GeV DM detection. For other recent proposals to probe this energy regime see

Refs. [14–18].

SMMs are molecular crystals in which the molecules act as tiny, essentially non-interacting

magnets [19–21]. Their study is currently a rapidly developing field of chemistry —many 100s

of new SMMs have been created since their discovery in the 90s80s?— and, importantly,

SMMs are easily and cheaply synthesized. Most SMMs are optically thin, and some are

scintillators, [scintillators or fluorescent? GG] further enhancing their potential as particle

detectors.

The basic idea for using SMMs as magnetic bubble chambers is as follows (see also Fig. 1).

The crystal is prepared such that most of the nano-magnets are anti-aligned with an external

magnetic field, and so exist in a meta-stable state. This can be achieved simply by cooling the

crystal before reversing the magnetic field; at low temperatures (⇠ 0.1K�2K) the magnetic

relaxation (spin flip to the ground state) time can be of order years. We then exploit the

key fact that the magnetic relaxation time is exponentially sensitive to temperature and the

applied external field. Upon a deposit of energy, which can be of any form such that it results

in a local heating of the crystal (⇠ 0.01 eV�10 eV for the dark matter application considered

here), the local magnetic relaxation time can drop below ⇠ 10�11 s, which is comparable to

the timescale of thermal di↵usion. The spins within this initial hot region will have time

3
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FIG. 1. DM detector concept based on magnetic deflagration in molecular nanomagnet crystals.

A DM event that deposits energy in the form of heat ignites a spin-flip avalanche in the crystal

which is detected by the change in magnetic flux through a pick-up loop.

chamber that can be tuned to be sensitive to ⇠ 10�3 eV - 10 eV energy deposits relevant

for sub-GeV DM detection. For other recent proposals to probe this energy regime see

Refs. [14–18].

SMMs are molecular crystals in which the molecules act as tiny, essentially non-interacting

magnets [19–21]. Their study is currently a rapidly developing field of chemistry —many 100s

of new SMMs have been created since their discovery in the 90s80s?— and, importantly,

SMMs are easily and cheaply synthesized. Most SMMs are optically thin, and some are

scintillators, [scintillators or fluorescent? GG] further enhancing their potential as particle

detectors.

The basic idea for using SMMs as magnetic bubble chambers is as follows (see also Fig. 1).

The crystal is prepared such that most of the nano-magnets are anti-aligned with an external

magnetic field, and so exist in a meta-stable state. This can be achieved simply by cooling the

crystal before reversing the magnetic field; at low temperatures (⇠ 0.1K�2K) the magnetic

relaxation (spin flip to the ground state) time can be of order years. We then exploit the

key fact that the magnetic relaxation time is exponentially sensitive to temperature and the

applied external field. Upon a deposit of energy, which can be of any form such that it results

in a local heating of the crystal (⇠ 0.01 eV�10 eV for the dark matter application considered

here), the local magnetic relaxation time can drop below ⇠ 10�11 s, which is comparable to

the timescale of thermal di↵usion. The spins within this initial hot region will have time
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chamber that can be tuned to be sensitive to ⇠ 10�3 eV - 10 eV energy deposits relevant

for sub-GeV DM detection. For other recent proposals to probe this energy regime see

Refs. [14–18].

SMMs are molecular crystals in which the molecules act as tiny, essentially non-interacting

magnets [19–21]. Their study is currently a rapidly developing field of chemistry —many 100s

of new SMMs have been created since their discovery in the 90s80s?— and, importantly,

SMMs are easily and cheaply synthesized. Most SMMs are optically thin, and some are

scintillators, [scintillators or fluorescent? GG] further enhancing their potential as particle

detectors.

The basic idea for using SMMs as magnetic bubble chambers is as follows (see also Fig. 1).

The crystal is prepared such that most of the nano-magnets are anti-aligned with an external

magnetic field, and so exist in a meta-stable state. This can be achieved simply by cooling the

crystal before reversing the magnetic field; at low temperatures (⇠ 0.1K�2K) the magnetic

relaxation (spin flip to the ground state) time can be of order years. We then exploit the

key fact that the magnetic relaxation time is exponentially sensitive to temperature and the

applied external field. Upon a deposit of energy, which can be of any form such that it results

in a local heating of the crystal (⇠ 0.01 eV�10 eV for the dark matter application considered

here), the local magnetic relaxation time can drop below ⇠ 10�11 s, which is comparable to

the timescale of thermal di↵usion. The spins within this initial hot region will have time
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FIG. 6. Transmittance data for a Mn12-ac power, reproduced from Ref. [30].
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FIG. 7. Absorption spectrum for Mn12-ac, reproduced from Ref. [27].
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Mn-O crown 
vibrations

C=O 
vibrations

intra-molecular 
electronic shifts

Absorption of dark photons



incl. keff

Mn12-ac

10-3 10-2 10-1 100 101
10-18

10-16

10-14

10-12

10-10

10-8

mV @eVD

k

Stellar

Xenon10

Absorption of dark photons
L � �1

2
Fµ⌫F 0

µ⌫ +
1

2
m2

V A
0
µA

0µ

prelim1 kg-yr, no bkg



incl. keff

Mn12-ac

10-3 10-2 10-1 100 101
10-18

10-16

10-14

10-12

10-10

10-8

mV @eVD

k

Stellar

Xenon10

Absorption of dark photons
L � �1

2
Fµ⌫F 0

µ⌫ +
1

2
m2

V A
0
µA

0µ

prelim

In medium 
effects small

1 kg-yr, no bkg



Absorbing in intra-molecular 
excitations

Impurities not an issue.. even 
good (open up more phonon 

modes, larger x-sec)

Localization, disorder



Potential for sensitivity to meV-eV energy deposits

Chemistry—Physics x-discipline

Some positive points…

Built-in amplification and ‘tuning’

General mechanism to trigger (heat) — disorder 
can be advantageous

Crystals are inexpensive and easy to synthesize

Many similar materials to explore (e.g. spin glasses)

Can imagine a prototype with neutron gun & higher threshold



Thanks for listening!


