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Long Range Order due to Dipolar Interactions in Mn12-Ac.
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A ferromagnetic phase was predicted:
-Fernandez and Alonso, PRB 2000
-Garanin and Chudnovsky, PRB 2008

Interesting ferromagnetic domain dynamics predicted

Neutron scattering data shows low-T ferromagnetic order:
-Luis et al., PRL 2005

Magnetic susceptibility had not been studied as a function of 
transverse field
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Potential realization of a transverse field Ising system

LRO           Quantum Fluctuations
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Neutron Scattering Study
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Neutron Scattering

8-Blue points are at 4 T
-Red points are at 0 T data taken after applying 6 T before setting the above fields.
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[Mn12O12(O2CCH3)16(H2O)4].2CH3COOH.4H2O

Mn12-acetate

Micro-Hall magnetometer

• S4 site symmetry
• Body centered tetragonal lattice a=1.7 nm, b=1.2 nm
• Strong uniaxial magnetic anisotropy (~60 K)
• Weak intermolecular dipole interactions (~0.1 K)
• Discrete disorder

2 acetic acid molecules
4 water molecules

Magnetic Core
Competing AFM

Interactions
S=10

Ground state8 Mn3+ S=2
4 Mn4+  S=3/2

Organic Environment

Single 
Crystal
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Experimental Setup
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Experimental Setup

3He 

Insert

Measurements taken between 0.4 K to 6 K

in a 3He refrigerator with a 3D

superconducting vector magnet.
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Experimental Setup
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Experimental Setup

11
New to experimental setup:

1) Hall bar array
2) Reference Hall bar
3) Measure the applied field 

∼ 0.4× 0.4× 2.17 mm3

Crystal dimensions
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Quantum Tunneling of Magnetization
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Quantum Tunneling

T = 2 K

= 0.0067 T/s 
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Applying H⊥ breaks the symmetry and lifts the
degeneracies by mixing the eigenstates of Ŝz .
Increasing H⊥ promotes quantum tunneling, accelerating
the relaxation towards thermal equilibrium. 7
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Blocking Temperature

9

-The equilibrium susceptibility can be measured for T > TB(H⊥)

Introduction Experimental Setup Preliminary Results Theoretical Model Perspectives

Blocking Temperature

Blocking temperature- temperature below which the
crystal shows hysteretic behavior.

TB depends on
sweep rate and
transverse field.
TB = U

kB ln
“

tm
τ0

”
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Blocking Temperature
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Blocking Temperature

Blocking temperature- temperature below which the
crystal shows hysteretic behavior.

TB depends on
sweep rate and
transverse field.
TB = U

kB ln
“

tm

τ0

”

χ = ∂Mz/∂Hz |
Hz=0

in equilibrium.

13



NYU

QCPS-III Workshop in Orlando

Susceptibility
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Susceptibility

14
Data follows a Curie-Weiss law*

*as shown in F. Luis et al., PRL 2005

Introduction Experimental Setup Preliminary Results Theoretical Model Perspectives

Susceptibility

14
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Susceptibility
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Susceptibility
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Susceptibility
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Susceptibility

14

Tc ∼ cIn MFT:
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Susceptibility

14
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Susceptibility
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Phase Diagram

TCW decreases much more rapidly than predicted by MFT*

*MFT due to Garanin and Chudnovsky PRB 2008 & Millis et al. PRB 2010
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Mean Field Theory
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Tc suppressed for ∆ � J

Quantum fluctuations destroy LRO
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Quantum Tunneling

T = 2 K

= 0.0067 T/s 
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Applying H⊥ breaks the symmetry and lifts the
degeneracies by mixing the eigenstates of Ŝz .
Increasing H⊥ promotes quantum tunneling, accelerating
the relaxation towards thermal equilibrium. 7

∆ � J
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Phase Diagram & Curie-Weiss Temperature
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Ordering due to Dipole Interactions

17

depressed TC(x)5 xTC(x5 1) down to x< 0.2, where the combina-
tion of disorder and frustration arising from the spatial anisotropy of
the dipole interaction gives rise to a spin glass ground state1.

Whereas the measured Curie point has precisely the value antici-
pated in the simplest molecular field theory, the quantum critical
point occurs at greatly suppressed values, as can be seen in the phase
diagrams (two of which have been published previously17,20) of
Fig. 1b. Indeed, it was the discrepancy between simple theory and
these data thatmotivated the two recent papers2,3 that pointed out the
generation of internal random fields in disordered dipole-coupled
Ising magnets. In this work, we focus on the region near and above
the ferromagnetic TC(x) to explore the random-field induced change
in the classical, ‘high-temperature’ critical behaviour. By contrast,
our previous work on the low-temperature quantum behaviour of
the same materials focused on different phenomena, including the
quantum glass18, entanglement (caused by the same off-diagonal
terms in the dipole interaction as are responsible for the random
fields discussed here)4 and antiglass behaviour21, decoherence15,
tunable domain wall tunnelling22 and the associated concept of
quantum annealing20.

Figure 2 shows the evolution of the real part of the magnetic
susceptibility, x9(C), (see Methods) with decreasing T for the most
disordered of our ferromagnetic samples, namely the x5 0.44 crystal.
At high T, the susceptibility is sharply peaked, and its divergence at
the Curie point is only cut off by demagnetizing effects due to sample
geometry. The extraordinary sharpness of the susceptibility peaks
again confirms the ideal nature of LiHoxY12xF4 as a model system
for studying the combined effects of quantum mechanics and
quenched disorder. For T, 0.300 K, however, the peak becomes
significantly broader and rounder, and the peak susceptibility never
reaches the demagnetization limit. By contrast, comparablemeasure-
ments on pure LiHoF4 reach the demagnetization limit for tempera-
tures as low as 0.025K (refs 17, 23). As we have shown previously20,22,
the system becomes a randomly pinned ferromagnetic domain state
and inmany respects behaves like a glass, unable to reach equilibrium
over the measurement time, yet retains a net moment as indicated by
local Hall-probe magnetometry. These results are in excellent quali-
tative agreement with the concept that with growing transverse field,

the induced random field becomes large enough to prevent the
achievement of an equilibrium ferromagnetic state, in exact analogy
with what had previously been found for the random Ising antiferro-
magnets in external fields.

We now focus on the critical behaviour for x5 1 and x5 0.44 on
the approach to the classical critical point TC(C50). Figure 3 shows
the susceptibility for the two concentrations near TC(C50) as a func-
tion ofT atC5 0, as well asC atT5TC. Both the ordered (x5 1) and
disordered (x5 0.44) crystals show power-law behaviour, x9 / T2c,
over multiple decades as a function of temperature. In both cases, the
thermal critical exponent was measured to be c5 1.006 0.04, in
accordance with the mean-field prediction24–26. As a function of
C, the ordered system shows an apparent critical exponent of
1/d2 1520.996 0.0005. The low-C asymptote is to be contrasted
with x9 / C22, given by mean field theory for the transverse field
Ising model when the hyperfine interactions are either negligible or
much larger than C. For Ho31, the hyperfine coupling A5 39mK
(ref. 15), and because the nuclear and electronic spins are large (7/2
and 8 respectively), the bandwidth of nuclear excitations is therefore
also large. This accounts for the bending of the susceptibility towards
very shallow behaviour as C goes beyond A. At the same time, for the
smallest C, we will be dealing with both absolute uncertainties and
fluctuations in the temperature, meaning that the expected 1/C2 sin-
gularity will be smoothed out to yield the less singular, but still
strongly divergent 1/C form that we actually observe.

The disordered system demonstrates qualitatively different beha-
viour (Fig. 3b). Nearest the classical critical point, we observe power-
law behaviour with an exponent of 1/d2 1520.576 0.03, with a
crossover at larger C to 1/d2 1521. We emphasize that these are
entirely intrinsic results, and although the hyperfine interactions
clearly remain a factor, thermal broadening is not an issue here as
it is for very smallC for the pure compound, where the phase bound-
ary rises very steeply. There is a more remarkable result at tempera-
tures above TC. Figure 4 reveals non-analytic behaviour of x9(Ht), in
that there is no rounding asHtR0 (note that x9, measured along c, is
an even function of Ht, peaked at Ht5 0); a prior study on a more
dilute and non-ferromagnetic (x5 0.17) concentration observed a
hint of a cusp at Ht5 0 rather than a rounded maximum at Ht5 0
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Figure 1 | Randomfields in a diluted, dipolar-coupled ferromagnet drive the
system away from mean-field behaviour. a, Diagram showing two
realizations of the random-field model. Top row, Aharony-Fishman
method2, using a site-diluted antiferromagnet. Bottom row, dilute dipole-
coupled Ising ferromagnet11–13, where the off-diagonal terms of the dipole
interaction act to enable the random fields. In both cases, the undiluted
system (left column) experiences no random-field effects due to overall
symmetry; breaking the symmetry by dilution with non-magnetic sites
(right column) introduces a net random field. b, Normalized
ferromagnetic–paramagnetic phase diagram for LiHoxY12xF4. From top to
bottom, x5 1.0, 0.65 and 0.44, with TC5 1.53, 1.02 and 0.669K,
respectively. For x5 1, the solid line is derived from mean field theory15

including nuclear and electronic degrees of freedom, whereas for the other

compositions, the curves are guides for the eye. The normalization constants
TMF
C and CMF

C are the values xTC(x51) and CC5 xCC(x51) predicted from
mean-field theory atC5 0 and T5 0, respectively. The upturn for T, 0.4 K
reflects the influence of the hyperfine interaction where the coupling
between electronic (J) and nuclear (I) spins creates a larger effectivemoment
(I1 J) Inset, phase boundary for x5 0.44 in absolute units. Solid line shows
the phase boundary predicted by mean field theory, using the parameters
derived from the model for x5 1, with the average spin–spin coupling
strength J scaled by the concentration. Dashed line shows the phase
boundary derived from the critical divergences (see text for details). Dashed
lines with arrows are where the critical curves plotted in Fig. 3b were
measured.

LETTERS NATURE |Vol 448 |2 August 2007

568
Nature   ©2007 Publishing Group

Diluted (x<1): not all sites are magnetic
Silevitch et al., Nature 2008

•Randomness in spin-spin interactions, Jij
(for x<0.2 no longer a FM)

•Presence of a transverse field canting, <Sx>≠0
Random field on Szi

Introduction Experimental Results Randomness Theoretical Model Theory vs Experiment LiHoF vs Mn12-acetate Conclusion

LiHoF

The only random-field FM system known so far: LiHoxY1−xF4

The phase diagram is very similar to our observation in

Mn12-ac.
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Phase diagram is similar to that of LiHoxY1-xF4
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Disorder in the solvent molecules generates a discrete set of isomers with second 
order anisotropy and easy axis tilts

A. Cornia et al., Phys. Rev. Lett. 89, 257201 (2002) 

a. Most probable E ≠ 0
b. Equal populations of:

MnIII

+E(Sx
2 - Sy

2)

-E(Sx
2 - Sy

2)

Randomness in Mn12-acetate

18

E. del Barco, ADK, S. Hill et al., JLTP 2005

±E(S2
x − S2

y)

S. Takahashi et al., PRB 2004

c

a

b

ê1ê3

ê2ê4

Easy axis tilts up to 1.7 deg

average of 2 CH3COOH molecules per Mn12

with 4 possible positions
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Randomness in Mn12-acetate

19

Introduction Experimental Setup Preliminary Results Theoretical Model Perspectives

Random field

Applied transverse magnetic field, H⊥, is perpendicular to

the crystal c-axis but NOT the spin quantization axis of the

tilted molecules.

c

a

b

ê1ê3

ê2ê4

H! 

H1|| H3|| 

easy axis tilts⇒ random field
Some of the tilted molecules

experience a field, H||, along their

easy axis.

Isomers are distributed randomly.

Random distribution gives rise to

random-field along the easy axis

of tilted molecules.

19
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Randomness in Mn12-acetate
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Order

H

H = 0T

“Tilted” System“Pure” System
In H⊥ = 0 dipolar

interaction is changed very

little by the tilting of some

molecules.

When we apply H⊥, for

untilted molecules the two

longitudinal orientations

are still degenerate.

However, for tilted

molecules, the projection

of the transverse field

makes one orientation

preferable over the other.

20

•Transverse field leads directly to a random field longitudinal field on   
  misaligned sites (red spins)
•These spins “freeze-out” (become ‘slave’ to the random field for hrand~Jij)
  and cannot participate in the LRO
•This leads to an effective dilution which reduces Tc and produces an 
  additional random field
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Phase Diagram & Curie-Weiss Temperature
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Including Randomness in Theory
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hrand≠0 Tc suppressed when  hrand � J

hrand � J3 T sin (1◦) � 50 mT
McHugh et al., PRB 79, 052404 (2009)
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Model Hamiltonian
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Hamiltonian

Hamiltonian for interacting Ising spins in transverse field that

includes random fields

H = H
0

mol
+H

ran,i
mol

+Hdipole [Millis et al. PRB 81, 024423(2010)]

H
0

mol
= −DS

2
z − BS

4
z + C

�
S

4
+ + S

4
−

�
+ gµB

�H⊥ · �S⊥

H
ran,i
mol

= θi cos(φi + φH)gµBH⊥Sz + Ei

�
S

2
x − S

2
y

�

where,

H0

mol
is a single-molecule Hamiltonian.

H
ran,i
mol

is a site-dependent random field Hamiltonian.

θ, φ are polar and azimuthal tilt angles.

D = 0.548 K, B = 0.0012 K, C = 1.44× 10−5 K

21
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Comparison to Experimental Data
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Comparison to the experimental data

0 1 2 3 4 5
0

1

 

 Pure-system
 Random-field

 !
"1

 

   
(a

rb
. u

ni
ts

)

T (K)

  H#
 0 T
 1 T
 2 T
 3 T
 4 T
 5 T

23



NYU

QCPS-III Workshop in Orlando

Comparison to the experimental data
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Susceptibility dependence on different distribution
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 Cornia model (25% untilted sites)
 Cornia model with 0.2" tilt on untilted sites
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Phase Diagram and Curie-Weiss Temperature
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Phase Diagram & Curie-Weiss Temperature
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Recent Results
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Hall bar array
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Spatially Resolved Susceptibility Measurements

27

Susceptibility in H⊥ = 0T
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Effective intermolecule spin-spin interaction position dependent crystal

K!R" = 2Vcell
2Z2 − X2 − Y2

#R#5
, !14"

and

Hor!R" = $
R!!R

3!Z − Z!"!X − X!"
#R − R!#5

. !15"

Hor cos ! is shown in Appendix B to be just the z component
of the demagnetization field induced by the x direction spin
polarization caused by spin canting. This vanishes for a prop-
erly oriented ellipsoidal sample and is generally expected to
be small. It will be neglected henceforth.

As will be seen below, an appropriate measure of the in-
teraction strength is the ferromagnetic exchange constant
which for the Mn12 acetate c /a ratio is J= !2.46
+8" /3"Edipole !this number is in good agreement with the
value previously established by Garanin and Chudnovsky".18

J cos2 ! is also plotted in Fig. 2. In the remainder of this
paper we analyze the physics implied by HIsing %Eq. !7"&,
Hinteraction %Eq. !8"&, and Horientation %Eq. !13"&.

III. MEAN-FIELD THEORY

A. Formalism

In mean-field theory one assumes that each site is an in-
dependent spin problem specified by the Hamiltonian

HMF!R" = #$x + h!R"tot$z !16"

with z direction magnetic field the sum of the random field,
any externally applied field and a contribution coming from
the polarizations of the other spins:

h!R"tot = hran!R" + happ!R" + hef f!'(sR!!R)*" . !17"

Equation !16" implies that the expectation value of the Ising
spin operator on site R is

(sR) =
htot!R"

+htot
2 !R" + #2

tanh
+htot

2 !R" + #2

T
. !18"

For ordering at a wave vector Q! we have (sR)=Re(s)eiQ·R

and

hef f = Jef f!Q"(s) , !19"

with

Jef f!Q" = Edip cos2 !!2Vcell" $
R!0

!
eiQ! ·R! 3Z2 − R2

#R#5
. !20"

The prime on the sum denotes the restriction that the site R
must be within the sample volume.

Within mean-field theory the effective field hef f is deter-
mined by putting the expectation values computed from Eq.
!16" back into the equation for hef f and requiring self-
consistency. A magnetic state is found when self consistency
occurs for (s)!0 in vanishing applied z-direction field. A
second-order magnetic phase boundary is defined by the
temperature at which Eqs. !18" are satisfied by an infinitesi-

mal (s) at vanishing applied z-direction field. The nature of
the phase is determined by Q which maximizes J!Q".

Appendix B presents the evaluation of J!Q". For the fer-
romagnetic case Q=0 careful attention must be paid to the
long range of the dipole interaction because the sum is only
conditionally convergent; for nonzero Q the complication
does not arise. For the ferromagnetic case we find exchange
constant JF=J cos2 !

JF = Edip,2JSR- c

a
. +

8"

3
− 2%/ . !21"

Here JSR comes from short-ranged physics and depends on
the details of the crystal structure including !for the BCT
lattice" the c /a ratio. For the c /a=0.7 relevant to the Mn12
acetates we find JSR!0.7"01.23. The second term comes
from the long-ranged part of the dipole interaction and is
independent of the specifics of the crystal structure or the
overall shape of the sample. This term is in effect a long-
ranged interaction, which justifies the use of a mean-field
theory and is of course absent in the antiferromagnetic case.
% is the demagnetization factor, which is non-negative but
tends to zero for a prolate crystal highly elongated in the
direction parallel to the applied field. Equation !21" was de-
rived on the assumption of a uniform ferromagnetic state. In
a crystal which is not highly prolate, the ordered state will
have a domain structure consisting of domains highly elon-
gated along z to minimize the demagnetization factor; thus
the transition temperature is determined by Eq. !21" with %
=0.

We have also studied the Q dependence. We find that the
largest exchange constants are for Q=0 and for Q
= !" , &" ,0". When translated into a real-space picture of
sites on the BCT lattice the Q= !" , &" ,0" state corresponds
to ferromagnetic sheets oriented perpendicular to the basal
plane of the BCT and extending along !1, &1" directions of
the simple cubic lattice from which the BCT lattice is con-
structed.

Energy differences depend sensitively on the c /a ratio
and can lead to a change in ordering pattern. For c /a'2.5
the ferromagnetic state is favored; for c /a(2.5 the !" ," ,0"
antiferromagnet has the lowest energy. The dependence on
the c /a ratio of the exchange constant characterizing these
two states is shown in Fig. 3. We find that for c /a'0.5 the
ferromagnet and the !" ," ,0" antiferromagnet become ex-
tremely close in energy while for c /a(2.2 the state pre-
ferred within mean-field theory is the !" ," ,0" antiferromag-
net, with the !" ," ,"" antiferromagnet becoming extremely
close in energy as c /a is further increased. The proximity of
these other states may be important in the random-field case,
as it is possible to imagine that particular configurations of
the random field might locally favor one or the other of the
states. The dependence of the mean-field exchange constant
on ordering wave vector along the basal plane Brillouin zone
diagonal is shown in Fig. 4.

B. Phase boundaries: ferromagnetic case, c Õa=0.7

The ferromagnetic phase boundary is determined in
mean-field theory by linearizing Eq. !18" in s and then seek-

MILLIS et al. PHYSICAL REVIEW B 81, 024423 !2010"

024423-4

short-range long-range demagnetization factor

K!R" = 2Vcell
2Z2 − X2 − Y2

#R#5
, !14"

and

Hor!R" = $
R!!R

3!Z − Z!"!X − X!"
#R − R!#5

. !15"

Hor cos ! is shown in Appendix B to be just the z component
of the demagnetization field induced by the x direction spin
polarization caused by spin canting. This vanishes for a prop-
erly oriented ellipsoidal sample and is generally expected to
be small. It will be neglected henceforth.

As will be seen below, an appropriate measure of the in-
teraction strength is the ferromagnetic exchange constant
which for the Mn12 acetate c /a ratio is J= !2.46
+8" /3"Edipole !this number is in good agreement with the
value previously established by Garanin and Chudnovsky".18

J cos2 ! is also plotted in Fig. 2. In the remainder of this
paper we analyze the physics implied by HIsing %Eq. !7"&,
Hinteraction %Eq. !8"&, and Horientation %Eq. !13"&.

III. MEAN-FIELD THEORY

A. Formalism

In mean-field theory one assumes that each site is an in-
dependent spin problem specified by the Hamiltonian

HMF!R" = #$x + h!R"tot$z !16"

with z direction magnetic field the sum of the random field,
any externally applied field and a contribution coming from
the polarizations of the other spins:

h!R"tot = hran!R" + happ!R" + hef f!'(sR!!R)*" . !17"

Equation !16" implies that the expectation value of the Ising
spin operator on site R is

(sR) =
htot!R"

+htot
2 !R" + #2

tanh
+htot

2 !R" + #2

T
. !18"

For ordering at a wave vector Q! we have (sR)=Re(s)eiQ·R

and

hef f = Jef f!Q"(s) , !19"

with

Jef f!Q" = Edip cos2 !!2Vcell" $
R!0

!
eiQ! ·R! 3Z2 − R2

#R#5
. !20"

The prime on the sum denotes the restriction that the site R
must be within the sample volume.

Within mean-field theory the effective field hef f is deter-
mined by putting the expectation values computed from Eq.
!16" back into the equation for hef f and requiring self-
consistency. A magnetic state is found when self consistency
occurs for (s)!0 in vanishing applied z-direction field. A
second-order magnetic phase boundary is defined by the
temperature at which Eqs. !18" are satisfied by an infinitesi-

mal (s) at vanishing applied z-direction field. The nature of
the phase is determined by Q which maximizes J!Q".

Appendix B presents the evaluation of J!Q". For the fer-
romagnetic case Q=0 careful attention must be paid to the
long range of the dipole interaction because the sum is only
conditionally convergent; for nonzero Q the complication
does not arise. For the ferromagnetic case we find exchange
constant JF=J cos2 !

JF = Edip,2JSR- c

a
. +

8"

3
− 2%/ . !21"

Here JSR comes from short-ranged physics and depends on
the details of the crystal structure including !for the BCT
lattice" the c /a ratio. For the c /a=0.7 relevant to the Mn12
acetates we find JSR!0.7"01.23. The second term comes
from the long-ranged part of the dipole interaction and is
independent of the specifics of the crystal structure or the
overall shape of the sample. This term is in effect a long-
ranged interaction, which justifies the use of a mean-field
theory and is of course absent in the antiferromagnetic case.
% is the demagnetization factor, which is non-negative but
tends to zero for a prolate crystal highly elongated in the
direction parallel to the applied field. Equation !21" was de-
rived on the assumption of a uniform ferromagnetic state. In
a crystal which is not highly prolate, the ordered state will
have a domain structure consisting of domains highly elon-
gated along z to minimize the demagnetization factor; thus
the transition temperature is determined by Eq. !21" with %
=0.

We have also studied the Q dependence. We find that the
largest exchange constants are for Q=0 and for Q
= !" , &" ,0". When translated into a real-space picture of
sites on the BCT lattice the Q= !" , &" ,0" state corresponds
to ferromagnetic sheets oriented perpendicular to the basal
plane of the BCT and extending along !1, &1" directions of
the simple cubic lattice from which the BCT lattice is con-
structed.

Energy differences depend sensitively on the c /a ratio
and can lead to a change in ordering pattern. For c /a'2.5
the ferromagnetic state is favored; for c /a(2.5 the !" ," ,0"
antiferromagnet has the lowest energy. The dependence on
the c /a ratio of the exchange constant characterizing these
two states is shown in Fig. 3. We find that for c /a'0.5 the
ferromagnet and the !" ," ,0" antiferromagnet become ex-
tremely close in energy while for c /a(2.2 the state pre-
ferred within mean-field theory is the !" ," ,0" antiferromag-
net, with the !" ," ,"" antiferromagnet becoming extremely
close in energy as c /a is further increased. The proximity of
these other states may be important in the random-field case,
as it is possible to imagine that particular configurations of
the random field might locally favor one or the other of the
states. The dependence of the mean-field exchange constant
on ordering wave vector along the basal plane Brillouin zone
diagonal is shown in Fig. 4.

B. Phase boundaries: ferromagnetic case, c Õa=0.7

The ferromagnetic phase boundary is determined in
mean-field theory by linearizing Eq. !18" in s and then seek-
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SQUID Data
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S. Li et al., PRB 82, 174405 (2010)
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LiHoxY1-xF4  – Mn12-acetates
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•Dilution
-random interactions
(“SG” behavior for x<0.2)

•Transverse field 
-spin-canting+dipole interactions 
produces a random field along the Ising 
axis

randomly located spins that are 
uniformly polarized along x 
produce a random field along z.  

•Hyperfine interactions ~ 
dipolar interactions

•Critical behavior can be
  studied experimentally

•No dilution
-In zero-transverse field Mn12-ac is 
essentially a pure Ising system

•Transverse field
-random field along the Ising axis
 of misaligned molecules 
-large random fields

misaligned spins `slave’ to random 
field and do not order
randomly located and randomly 
polarized `slave’ spins produce an 
additional random field along the Ising 
axis* 

•Weak hyperfine interactions
•Slow QTM relaxation 

prevents study of the critical behavior 
(at least for now).

*not included in mft (i.e. Millis et al, ArXiv:2009)
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•Mn12-ac is an experimental realization of random 
field Ising ferromagnetism (RFIFM) in SMMs

•From the susceptibilityʼs dependence on the 
transverse magnetic field and temperature, we can 
get quantitative information about the strength and 
the distribution of the random field

•The random field can be externally tunable via the 
transverse field.

Summary

A. J. Millis et al., PRB 81, 024423 (2010)
B. Wen et al., PRB 82, 014406 (2010)
S. Li et al., PRB 82, 174405 (2010)
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Perspectives
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Open Questions/Research Directions in RFIFM

-Test model of disorder in Mn12-ac.
-SMM with larger quantum fluctuations to enable study of   
 the of PM->FM phase transition and the quantum
 critical point
-Vary the scale of the random fields
-Examine the domain structure and relaxation into FM phase
-Vary lattice parameters c/a to vary intermolecular interactions 
(including exchange interactions).


