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a b s t r a c t

We review our studies of the effect of transverse fields on the susceptibility and magnetization of single
crystals of the prototype single molecule magnet (SMM), Mn12-acetate, and of a new high-symmetry var-
iant, Mn12-acetate–MeOH. SMM single crystals can exhibit long range ferromagnetic order associated
with intermolecular dipole interactions. Transverse fields increase quantum spin fluctuation and quan-
tum tunneling of the magnetization suppressing long range order. However, we have found that suppres-
sion of the Curie temperature by a transverse field in Mn12-acetate is far more rapid than predicted by the
Transverse-Field Ising Ferromagnetic Model (TFIFM). It appears that solvent disorder in Mn12-acetate that
results in an intrinsic distribution of small discrete tilts of the molecular magnetic easy axis from the glo-
bal easy axis of the crystal (!±1!) gives rise to a distribution of random-fields that further suppresses
long-range order. Semiquantitative agreement with the predictions of a Random-Field Ising Ferromagnet
Model is found. Subsequent susceptibility studies we have conducted of the high symmetry Mn12 variant,
Mn12-acetate–MeOH, with the same spin structure and similar lattice constants but without the same
solvent disorder as Mn12-acetate, agrees with the TFIFM. An important implication of our studies is that
long-range order in these two chemically very similar SMMs are described by distinct physical models.

" 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The single molecule magnets (SMMs) are metalorganic com-
pounds composed of transition-metal ions and organic ligand mol-
ecules. At low temperature, each molecule has a large ground-state
spin and a strong uniaxial anisotropy, leading to Ising-like behav-
ior, with its spin oriented either up or down along the easy axis.
The molecules form van der Waals crystals and the intermolecular
exchange interactions between molecules are typically quite small.
This has led to the commonly used approximation that the large
spins on each molecule are independent and do not interact with
one another. Indeed, much of early research on SMMs did not con-
sider intermolecular interactions or collective phenomena. Such
studies include the famous observation of quantum tunneling of
magnetization in Mn12-acetate [1], and the study of Berry phase
oscillations in Fe8 [2]. However, the molecules do interact with
each other and the dominant interaction is often magnetic dipolar
interaction and, while the strength of the intermolecular dipole
interactions is much less than the scale of the anisotropy energy
of the molecules, there are quite notable effects of intermolecular

interactions. This has lead to a renewed interest in studies of col-
lective phenomena due to dipolar interactions in SMM single crys-
tals [3–6].

For spins on an ordered lattice, dipolar interactions lead to long
range order with a ferromagnetic or antiferromagnetic ground
state that depends on the lattice structure and sample shape. In
several SMMs, finite temperature transitions to a dipolar ferromag-
netic state have been observed or predicted theoretically [3,7–12].
In Mn12-acetate, a transition to dipolar ferromagnetism was in-
ferred from neutron scattering experiments by Luis et al. [3]. This
finding was supported by Monte Carlo simulations [11]. Calcula-
tions based on the Mean Field Approximation (MFA) by Garanin
and Chudnovsky [12] and Millis et al. [9] have predicted the exis-
tence of an ordered state in elongated crystals of Mn12-acetate at
low temperature. Our measurements of the longitudinal magneti-
zation and susceptibility of Mn12-acetate are consistent with the
occurrence of a transition to dipolar ferromagnetism at finite tem-
perature [4]. In our experiments we apply transverse fields to in-
duce quantum fluctuations (i.e. increase the rate of quantum
tunneling of magnetization) and study the interplay between
intermolecular interactions and quantum fluctuations by observ-
ing the field dependence of the magnetic susceptibility [4,6].

In this article we review our experimental and theoretical studies
of interactions and long-range order in molecular magnets. In Sec-
tion 2, we introduce the molecular magnets that we study. In Sec-
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tion 3 we discuss our experimental setup and results. In the follow-
ing section we present our theoretical model. In Section 5 we present
a comparison between theoretical calculations and experimental
data. And, finally, we present our conclusions and perspectives.

2. Single molecule magnets

2.1. Mn12-acetate

One of most studied SMMs is Mn12-acetate, [Mn12O12(O2-

CCH3)16(H2O)4] "2CH3CO2H"4H2O. Each Mn12 molecule behaves as
a nanomagnet with spin S = 10 oriented along the crystallographic
c axis by a strong uniaxial magnetic anisotropy DS2 = 65 K, where D
is the first order uniaxial anisotropy constant. Mn12-acetate crys-
tallizes in a body centered tetragonal lattice (space group I!4) with
unit cell parameters at 83 K of a = b = 17.1668(3) Å,
c = 12.2545(3) Å, molecules per unit cell (Z) = 2, V = 3611.39 Å3

[13]. The magnetic centers are well separated by the organic li-
gands and intermolecular exchange is small compared to the inter-
molecular magnetic dipole interactions [14], Edip = (glB)2S2/
(a2c) # 0.08 K, which is one order of magnitude larger than intra-
molecular hyperfine interactions. In the absence of applied fields,
magnetic ordering with a Curie temperature of about 0.9 K [12,9]
has been predicted.

2.2. Mn12-acetate–MeOH

Mn12-ac–MeOH, [Mn12O12(O2CMe)16(MeOH)4]"MeOH, is a new
high-symmetry variant of the original SMM Mn12-ac. Each mole-
cule in Mn12-ac–MeOH has the same ground state spin of S = 10
and similar anisotropy of DS2 = 66.7 K as the molecules in original
Mn12-ac. Mn12-ac–MeOH also crystallizes in the space group I!4
with unit cell parameters at 173 K of a = b = 17.3500(18) Å,
c = 11.9971(17) Å, Z = 2, V = 3611.4 Å3. [15–17]. All the parameters
are nearly identical to Mn12-acetate.

Although the two compounds have similar lattice parameters,
spin and anisotropy, there are some crucial differences relevant
to this study, which originate from the organic ligand and solvent
molecules that form the local molecular environment. In Mn12-ac–
MeOH, the four terminal water molecules of Mn12-ac are replaced
by terminal methanol molecules, the two acetic acid and four
water solvent molecules are replaced by only one methanol that
resides on a symmetry element making the overall structure highly
symmetric and leading the crystal to retain the molecular S4 sym-
metry [16]. In a perfect crystal, every molecule’s easy axis lies
along the crystal c-axis. However, in Mn12-ac, each molecule is sur-
rounded by four acetic acid solvent molecules. Each acetic acid can
form only one OH" " "O hydrogen-bond with the two Mn12 mole-
cules it lies between. Thus each Mn12 molecule can have n
(n = 0 $ 4) hydrogen-bonds around it, which results in six different
isomers [18], and three different easy axis tilts (the molecules
easy-axis forms an angle with the crystal c-axis). So although the
molecule itself has S4 symmetry, the Mn12-ac does not retain this
symmetry in a crystal. As explained in detail later, in the absence
of an applied magnetic field these small tilts of the magnetic easy
axis of Mn12-ac molecules have negligible effect on the magnetic
properties. However, when a field is applied these small tilts can
play an important role.

3. Experiment

3.1. Sample preparation and measurement techniques

Measurements of the longitudinal magnetization and suscepti-
bility were performed on three Mn12-ac–MeOH single crystals of

dimensions # 0.2 % 0.2 % 0.95 mm3, 0.085 % 0.085 % 0.68 mm3,
and 0.075 % 0.075 % 0.85 mm3 (samples A, B and C, respectively)
and three Mn12-ac crystals of dimensions #0.4 % 0.4 % 2.17 mm3,
# 0.4 % 0.4 % 2.4 mm3 and 0.3 % 0.3 % 1.85 mm3 (crystals D, E
and F, respectively). Details on sample preparation and handling
are described on Refs. [4,6]. A Hall sensor, (active area
20 % 100 lm2) was placed at the end of the crystal and used to
measure the magnetization, Mz, along the easy direction (c-axis)
of the crystal (see the bottom inset of Fig. 1). All measurements
were taken between 0.5 and 6 K in a 3He refrigerator in a 3D vector
superconducting magnet. A small longitudinal field, Hz, was swept
along the sample’s easy axis at rates between 1 % 10$5 T/s and
6.7 % 10$3 T/s, in the presence of a series of fixed transverse fields
H\ applied in the y direction. For details on measurement setup
and techniques see Refs. [4,6].

3.2. Measurement of the equilibrium susceptibility

Due to the anisotropy barrier, magnetic hysteresis occurs below
a blocking temperature TB, of approximately 3 K in zero field. This
precludes measurements of equilibrium properties at tempera-
tures where magnetic ordering is predicted. Therefore, our ap-
proach was to measure the magnetic susceptibilities above the
blocking temperature and deduce the nature of the magnetic inter-
actions from fits to the Curie–Weiss law. Hence, to measure the
susceptibility, we need to make sure that the sample has achieved
equilibrium before we can obtain a valid measurement. The factors
that determine whether the measurement is taken at equilibrium
are the longitudinal field sweep rate a, the temperature T and
the transverse field H\. However, T and H\ are also parameters
affecting the susceptibility; this leaves a as the only control param-
eter that can be adjusted to reach equilibrium. At low temperature,
for a given H\, the relaxation time gets longer; hence, we need to
keep a small enough that the experimental time scale is larger than
the relaxation rate. In order to establish the range of experimental
conditions in which it is possible to measure the equilibrium sus-
ceptibility we first determine the blocking temperature TB as a
function of transverse field.

In the main panel of Fig. 1, the magnetization of Mn12-ac–MeOH
(Sample C) in the absence of transverse magnetic field is shown for
temperatures below 1 K. The steps in the magnetization occur due
to faster spin-reversal due to resonant tunneling of magnetization

Fig. 1. Normalized magnetization of Mn12-ac–MeOH as a function of longitudinal
magnetic field, Hz, in zero transverse field at several temperatures below 1 K. The
sweep rate of Hz in the main panel and the top inset is 1.67 mT/s. Top inset:
magnetization vs. Hz at T = 0.53 K for different H\. Bottom inset: Schematic diagram
of the sample, the Hall sensor and magnetic fields. Reprinted from Ref. [6] ("APS).
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when energy-levels on opposite spin-projections coincide at spe-
cific magnetic fields [1]. In Mn12-ac–MeOH the resonant fields at
which the steps occur are the same as in Mn12-ac, which indicates
that the two systems have similar spin energy-level structures. The
effect of transverse field is demonstrated in the inset of Fig. 1. The
transverse field promotes quantum tunneling by mixing the eigen-
states of Sz, and accelerates relaxation toward equilibrium. At
0.53 K, for H\ = 3.75 T (green stars), the magnetization curve has
hysteresis. Increasing the transverse field decreases the area of
the loop and at the higher field of H\ = 5.5 T (blue solid dots), there
is no hysteresis – the sample has achieved equilibrium.

The hysteresis can also be eliminated by sweeping the longitu-
dinal field sufficiently slowly. The effect of reducing the sweep rate
a is demonstrated in the two insets of Fig. 2 which show the hys-
teresis loops obtained for two different longitudinal magnetic field
sweep rates in a narrow range ±0.01 T about Hz = 0, measured in
the presence of a constant transverse field H\ = 2 T at T = 2.15 K
and T = 2.40 K. At 2.15 K, hysteresis is observed at
a = 6.7 % 10$5 T/s indicating that the system is below the blocking
temperature; at the slower sweep rate, a = 1.0 % 10$5 T/s the hys-
teresis loop is closed, indicating the system is above the blocking
temperature. However at 2.40 K, the magnetization is reversible
and there is no hysteresis for both sweep rates and equilibrium
is reached. From the opening and closing of the hysteresis loop,
we deduce the field dependence of TB (Fig. 2). As expected the ap-
plied transverse field H\ accelerates the relaxation of the magneti-
zation towards equilibrium and thereby lowers the blocking
temperature, TB. Note that a reduction in TB is also expected from
a classical model of single domain uniaxial nanomagnets – the
classical version of Mn12-ac – where TB = (1 $ h)2, h = H\/HA, H\

is the externally applied transverse field and HA is the anisotropy
field (HA = 2DS/glB ! 10 T) [19]. The solid line in Fig. 2 is a fit of
the measured TB to the predicted quadratic dependence on field.
However, we find that above H\ = 4.5 T, at our base temperature
of 0.5 K, the system is not blocked and TB deviates from the classi-
cal expectations. This is associated with the onset of pure (i.e. tem-
perature independent) quantum tunneling [20].

3.3. Longitudinal susceptibility

Fig. 3 presents the measured equilibrium longitudinal suscepti-
bility, v & @Mz=@HzjHz¼0, of Mn12-ac–MeOH and Mn12-ac single

crystals plotted as v$1 versus temperature. Fig. 3(a) and (c) show
the inverse susceptibility of a Mn12-ac–MeOH (Sample C) crystal
as a function of temperature for various fixed transverse magnetic
fields between 0 and 6 T. For zero transverse field v$1 obeys the
Curie–Weiss law, v$1 # (T $ TCW), expected from mean field theory
(MFT). The intercept TCW implies a transition at this temperature
from paramagnetism (PM) to ferromagnetism (FM). As we apply
the transverse field, there is a systematic increase in the inverse
susceptibility, accompanied by a progressively larger deviation
from the straight-line behavior found at H\ = 0 due to canting of
spins in the transverse field.

Similar data was obtained for a Mn12-ac (Sample E) crystal and
is shown in Fig. 3(b) and (d). In Mn12-ac, the zero field intercept is
found to be TCW # 0.9 K consistent with the result of Luis et al. [3].
The expected overall decrease of the susceptibility with transverse
field is also observed, as well as the anomalous deviations at low
temperature. However, as demonstrated by the data at small trans-
verse fields in Fig. 3 (c) and (d), the response of v to transverse field
is distinctly different for the two systems. The slopes of the v$1

versus T curves increase rapidly with the transverse field for
Mn12-ac–MeOH; however, in Mn12-ac, the curves remain approxi-
mately parallel with little change of slope and the apparent Weiss
temperature decrease rapidly with the increasing transverse field
[4].

4. Theory

4.1. TFIFM

The application of a magnetic field in a direction transverse to
the Ising axis induces quantum spin fluctuations that compete
with the long-range order by mixing the eigenstates of Sz [21]. A
fundamental model used to study the interplay between the long
range order and spin fluctuations is the Transverse-Field Ising Fer-
romagnet Model (TFIFM), which is described by following
Hamiltonian:

H ¼ 1
2

X

i–j

JijS
z
i S

z
j þ D

X

i

Sx
i ð1Þ

where, Si is a two level Ising spin on lattice site i, Jij are the dipolar
couplings and D is the tunnel splitting that depends on the applied
transverse field [9]. Since Mn12-ac–MeOH and Mn12-ac are chemi-
cally similar, we expect to observe the same magnetic response
with the transverse field in both systems. However, we find that
the behavior of Mn12-ac–MeOH is consistent with the Transverse
Field Ising Ferromagnet Model, Eq. (1). Whereas, we observe more
rapid suppression of ferromagnetism by the transverse field in
Mn12-acetate than is predicted by this same model (Fig. 3b and
d). As described in Section 2.2, the two systems differ only in the
solvent molecules and that apparently give rise to different
response.

4.2. Randomness in Mn12-ac

The large change in the susceptibility in relatively small trans-
verse fields and the rapid suppression of ferromagnetism in
Mn12-ac (Fig. 3b and d) indicates that the TFIFM fails to describe
the data. This suggests the presence of physics not included in this
model. We argue that the additional physics is a random-field ef-
fect arising from structural disorder in the Mn12-ac crystal. As de-
scribed earlier, different isomers of the host acetate material have
been shown [14] to cause the spin quantization axis of some of the
Mn12-ac molecules to tilt away from the crystal z-axis by a small
monomer-dependent angle (h ! ± 1!) [18,22–25]. As illustrated
schematically in Fig. 4, in the absence of an applied magnetic field
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these small tilts of the magnetic easy axis of individual molecules
have negligible effect on the magnetic properties. However, a field
applied transverse to the easy (Ising) axis has a nonvanishing pro-
jection along the tilted local spin quantization axis. This additional

field becomes comparable in magnitude to the dipolar field itself
for transverse field magnitudes of order 4 T [9,4]. The distribution
of the isomers in the crystal is assumed to be random and thus, the
transverse field introduces random longitudinal fields that further
suppress the long range order.

4.3. RFIFM

We can account for the random-field by adding a transverse
field-dependent random-field term hi to Eq. (1) and get the Hamil-
tonian that describes the Random-Field Ising Ferromagnet
(RFIFM):

H ¼ 1
2

X

i–j

JijS
z
i S

z
j þ D

X

i

Sx
i þ

X

i

hiS
z
i ð2Þ

where, in the small polar tilt limit, hi = hicos(/ i + /H)glBH\ is the
site-dependent field that arises from the misorientation of the
Mn12-ac spin-quantization (spin-z) axis with respect to the crystal-
lographic z axis [25]. The misorientation is characterized by a small
polar tilt h and an azimuthal angle /, which is measured with re-
spect to the direction /H defined by the transverse field. Setting h
and / to be zero would result in vanishing hi term and the resulting
model is TFIFM.

4.4. Susceptibility

We use mean field theory (MFT) to calculate the inverse mag-
netic susceptibility using the above Hamiltonian (Eq. (2), for detail
calculations see Ref. [9]) and find:
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Fig. 3. (a) Inverse susceptibility as a function of temperature for Mn12-ac–MeOH (Sample C) in various transverse fields up to 6 T. (b) Inverse susceptibility as a function of
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respectively. The solid lines are theoretical curves based on Eq. (3). Reprinted from Ref. [6] ("APS).

Fig. 4. Effect of easy axis tilts on the transition temperature. In zero field a perfectly
ordered crystal and a crystal in which there are easy axis tilts (e.g., the red spins)
will order at nearly the same temperature (the small tilts do not greatly modify the
interaction between spins, which depends on the longitudinal component of the
magnetic moment). In an applied transverse field, the spins of misaligned molecules
experience a field along their Ising axis. When this field is comparable to the
exchange field these spins are frozen (red spins) and do not order. This leads to an
effective dilution of the spins, a decrease in the susceptibility and a reduction in the
transition temperature. It also increases the random-field on the other sites in the
crystal. (Color online)
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v$1ðT;HT ; zÞ ¼ C
T2 þ 1

3 D2ðH?Þ þ h2
i

D E

T cos2 hc

0

@

1

A$ J: ð3Þ

Here J is the effective exchange interaction obtained from the
appropriate spatial average over the dipole interaction, the angle
hc characterizes the spin canting in an applied transverse field, C
represents sample volume, and D(H\) is the tunnel splitting; de-
tailed expressions for the dependence of hc and D on H\ are given
in Ref. [9]. h2

i

D E
is the mean square amplitude of the random-field

distribution. Calculations were performed using the monomer dis-
tribution proposed by Park [25] which involves twelve inequivalent
sites randomly distributed through the crystal. For temperatures
greater than 2 K, the only important feature is the mean square
amplitude of the tilt angle and changing the form of the distribution
but keeping the amplitude of the tilt fixed leaves the results invari-
ant. For lower temperatures, specific properties of the distribution
become important, in particular the fraction of sites with vanishing
random field. In the Park model the angles /i = np/4 with
n = 0,1,2 . . .,7 and the fraction of sites with very small random field
may be controlled by varying /H.

5. Discussion

The solid lines shown in Fig. 3(a and c) are the result of calcula-
tions for TFIFM (setting h and / to be zero, i.e. eliminating h2

i

D E
in

Eq. (3)). As H\ is increased, the slope of the calculated traces in-
creases, reflecting spin canting induced by the magnetic field. Also,
due to the increase in quantum tunneling, the estimated ferromag-
netic transition temperature (the extrapolated value where v$1

vanishes) decreases and the calculated traces develop a weak cur-
vature at low temperatures. The TFIFM calculation and the Mn12-
ac–MeOH data agree well.

The solid lines shown in Fig. 3(b and d) show the results of cal-
culations that include the randomness associated with isomer tilts.
Here we have assumed that all the sites have a tilt and the mean
square tilt angle is 1.8!, larger than the 0.4! calculated by Park
et al. [14] but in good accord with the values determined using
EPR [23] (which finds tilts up to 1.8!). The theory with randomness
accounts for all the major features of the observed v$1(T) in Mn12-
ac in the transverse fields.

The v$1(T) data between 2 and 6 K in Fig. 3 are consistent with
theory for both samples, where a particularly good fit is obtained
for fields below 3 T. However the plots in Fig. 3 reveal a discrep-
ancy at low temperatures and high fields. While the theoretically
calculated lines intersect the temperature axis at TCW(H\) implying
the approach to a ferromagnetic phase, the measured susceptibility
deviates from this simple behavior, flattening as the temperature
decreases toward the presumed transition. The behavior observed
at these low temperatures and high fields is not understood, and
may imply that a transition to a new phase is prohibited for rea-
sons that are unclear.

For both systems with and without randomness, a transverse
field leads to a canting of the spins away from the z-axis, as illus-
trated in Fig. 4, and enhances quantum fluctuations of the spin. The
strength of intermolecular dipole interaction, which is associated
with the z-component of spin, gets reduced due to canting. A trans-
verse field much smaller than the anisotropy field HA ! 10 T pro-
duces very little spin canting (tanhc = H\/HA) and thereby a
negligible change in the interaction strength. As a result, the sus-
ceptibility and the ordering temperature are virtually unchanged
in the system without randomness for transverse fields below
3 T. Only when the tunnel splitting, D, of the lowest spin states
is comparable to the intermolecular dipole interactions, the quan-
tum fluctuations become important and the FM order is very
strongly suppressed (when the transverse field H\ approaches

the anisotropy field HA, the energy eigenstates are going from the
eigenstates of Sz to eigenstates in the direction of the field (Sx)).
This occurs at #7 T for both Mn12-ac–MeOH and Mn12-ac [12,9].
However, due to the tilts present in the disordered system, trans-
verse field gives rise to the random-fields comparable in magni-
tude to the intermolecular dipole field (approximately 50 mT
[26], corresponding to 3 T for a tilt angle of 1!). In such system,
the tilted spins can no longer participate in the FM order and there
is an effective dilution of the spins which causes a rapid reduction
of the susceptibility and of the ordering temperature as seen in the
disordered system of Mn12-ac. [9].

Guided by Eq. (3), we further demonstrate the different re-
sponse to the magnetic field in Fig. 5 by plotting the normalized
change of the inverse susceptibility,

Dv$1ðH?Þ ¼
v$1ðH?Þ $ v$1ð0Þ

v$1ð0Þ
; ð4Þ

as a function of H2
? for three Mn12-ac–MeOH samples (green dots)

and three Mn12-ac (red squares) at T = 3.2 K. We note that the sub-
traction, Dv$1(H\) = v$1(H\) $ v$1(0), eliminates the intermolecu-
lar interaction term (J), and the normalization removes the
dependence on sample volume, C. Therefore, Dv$1 only shows the
effect of transverse field. Fig. 5 clearly shows that the effect of the
transverse field is much larger for Mn12-ac consistent with the dis-
cussion above regarding the additional effect of transverse field in
the system. In the same figure we plot the normalized change of
the inverse susceptibility calculated for the TFIFM with no tilt angle
(green solid line) and for the RFIFM with the mean square tilt angle
of 1.8! (red dashed line) for the random-field distribution proposed
by Park et al. [25]. The excellent agreement between calculation and
data for the MeOH material at H\ < 4T at 3.2 K is an indication that
this system is a realization of the dipolar Ising model in a transverse
field. A good fit obtained for the Mn12-ac crystal data with the cal-
culations using root mean square tilt angles of 1.8! suggest that the
material is a realization of dipolar random-feld Ising model in a
transverse field.

Fig. 6 shows approximate values of the Curie–Weiss intercepts
TCW of Mn12-ac–MeOH (black diamonds) and Mn12-ac (blue
squares) obtained from fitting the high-temperature region of the
experimental curves shown in Fig. 3(a and b) to the Curie–Weiss
law. The fit does not include data at low temperature and higher
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("APS). (Color online)
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fields where, as discussed above, v$1 deviates from the Curie–
Weiss behavior. The initial suppression of TCW in Mn12-ac–MeOH
for transverse fields H\ < 5 T is expected due to spin canting, which
reduces the net moment in the axial direction; the more rapid sup-
pression at higher fields derives from the tunnelling term, D. A
substantially more rapid suppression of TCW with H\ is evident
for Mn12-ac. The results for Mn12-ac are consistent with a modified
theory that includes the effects of random fields arising from the
tilt angles. We also plot the calculated mean-field PM-FM transi-
tion temperature TC (where v diverges). The calculated values of
TC for the TFIFM and RFIFM are denoted in Fig. 6 by the solid green
and red lines, respectively. For the theoretical calculation, the dipo-
lar part of the interaction was obtained using the measured lattice
parameters and crystal structure of Mn12-ac (very similar values of
Mn12-ac–MeOH) and the spin canting and tunnel splitting were
obtained as described in Ref. [9].

6. Conclusion

In summary, these studies demonstrate that the temperature
dependence of the susceptibility and the dependence of the
(extrapolated) Weiss temperature on applied transverse field are
different for the two very closely related materials. We observe
that the magnetic susceptibility of Mn12-ac–MeOH follows the
behavior expected for a transverse field Ising ferromagnet (TFIFM),
in marked contrast with Mn12-ac, which is a new archetype of ran-
dom-field Ising ferromagnetism in transverse field. In this system,
although the intrinsic randomness in the interaction is small, it is
sufficient for an externally applied transverse magnetic field to

generate a significant random field in the longitudinal direction.
More broadly, the availability of these two very chemically similar
SMMs with distinct types of magnetism provides unique opportu-
nities for experimental studies of the effect of randomness on
quantum phase transitions and magnetic relaxation.

Acknowledgements

It is a pleasure to contribute to this special issue of Polyhedron
in honor of Prof. George Christou, with whom we have had a long-
standing and very productive collaboration. We have published
many joint papers over the years, including the research on
Mn12-ac that we review in this article [see Refs. [4,6]]. A.D.K. and
P.S. acknowledge support by ARO W911NF-08-1-0364 and NYU-
Poly Seed Funds; M.P.S. acknowledges support from NSF-DMR-
0451605; Y.Y. acknowledges support of the Deutsche Forschungs-
gemeinschaft through a DIP project. A.J.M. acknowledges support
of NSF-DMR-1006282.

References

[1] J.R. Friedman, M.P. Sarachik, J. Tejada, R. Ziolo, Phys. Rev. Lett. 76 (1996) 3830.
[2] W. Wernsdorfer, R. Sessoli, Science 284 (1999) 133.
[3] F. Luis, J. Campo, J. Gómez, G.J. McIntyre, J. Luzón, D. Ruiz-Molina, Phys. Rev.

Lett. 95 (2005) 227202.
[4] B. Wen, P. Subedi, L. Bo, Y. Yeshurun, M. Sarachik, A. Kent, A. Millis, C.

Lampropoulos, G. Christou, Phys. Rev. B 82 (2010) 014406.
[5] E. Burzurı́, F. Luis, O. Montero, J. Campo, B. Barbara, R. Ballou, E. Ressouche, S.

Maegawa, Phys. Rev. Lett. 107 (2011) 097203.
[6] P. Subedi, A.D. Kent, B. Wen, M.P. Sarachik, Y. Yeshurun, A.J. Millis, S.

Mukherjee, G. Christou, Phys. Rev. B 85 (2012) 134441.
[7] A. Morello, F.L. Mettes, F. Luis, J.F. Fernández, J. Krzystek, G. Aromí, G. Christou,

L.J. de Jongh, Phys. Rev. Lett. 90 (2003) 017206.
[8] M. Evangelisti, F. Luis, F.L. Mettes, N. Aliaga, G. Aromí, J.J. Alonso, G. Christou,

L.J. de Jongh, Phys. Rev. Lett. 93 (2004) 117202.
[9] A.J. Millis, A.D. Kent, M.P. Sarachik, Y. Yeshurun, Phys. Rev. B 81 (2010) 024423.

[10] M. Evangelisti, A. Candini, A. Ghirri, M. Affronte, G.W. Powell, I.A. Gass, P.A.
Wood, S. Parsons, E. Brechin, D. Collison, S.L. Heath, Phys. Rev. Lett. 97 (2006)
167202.

[11] J.F. Fernández, J.J. Alonso, Phys. Rev. B 62 (2000) 53.
[12] D.A. Garanin, E.M. Chudnovsky, Phys. Rev. B 78 (2008) 174425.
[13] A. Cornia, A.C. Fabretti, R. Sessoli, L. Sorace, D. Gatteschi, A.-L. Barra, C.

Daiguebonne, T. Roisnel, Acta Crystallogr., Sect. C 58 (2002) m371.
[14] K. Park, M.A. Novotny, N.S. Dalal, S. Hill, P.A. Rikvold, Phys. Rev. B 66 (2002)

144409.
[15] T.C. Stamatatos, K.A. Abboud, G. Christou, unpublished.
[16] G. Redler, C. Lampropoulos, S. Datta, C. Koo, T.C. Stamatatos, N.E. Chakov, G.

Christou, S. Hill, Phys. Rev. B 80 (2009) 094408.
[17] G.-Q. Bian, T. Kuroda-Sowa, N. Gunjima, M. Maekawa, M. Munakata, Inorg.

Chem. Commun. 8 (2005) 208.
[18] E. del Barco, A.D. Kent, E.M. Rumberger, D.N. Hendrickson, G. Christou, Phys.

Rev. Lett. 91 (2003) 047203.
[19] J.R. Friedman, Phys. Rev. B 57 (1998) 10291.
[20] L. Bokacheva, A.D. Kent, M.A. Walters, Phys. Rev. Lett. 85 (2000) 4803.
[21] J.R. Friedman, M.P. Sarachik, J.M. Hernandez, X.X. Zhang, J. Tejada, E. Molins, R.

Ziolo, J. Appl. Phys. 81 (1997) 3978.
[22] S. Hill, R.S. Edwards, S.I. Jones, N.S. Dalal, J.M. North, Phys. Rev. Lett. 90 (2003)

217204.
[23] S. Takahashi, R.S. Edwards, J.M. North, S. Hill, N.S. Dalal, Phys. Rev. B 70 (2004)

094429.
[24] E. del Barco, A.D. Kent, S. Hill, J.M. North, N.S. Dalal, E.M. Rumberger, D.N.

Hendrickson, N. Chakov, G. Christou, J. Low Temp. Phys. 140 (2005) 119.
[25] K. Park, T. Baruah, N. Bernstein, M.R. Pederson, Phys. Rev. B 69 (2004) 144426.
[26] S. McHugh, R. Jaafar, M.P. Sarachik, Y. Myasoedov, H. Shtrikman, E. Zeldov, R.

Bagai, G. Christou, Phys. Rev. B 79 (2009) 0524904.

0 1 2 3 4 5 6 7
0.0

0.5

1.0 PM

FM

 Mn12-ac-MeOH
 Mn12-acetate
 Pure-system MFA
 Random-field MFA

N
or

m
. T

C
W

H⊥(T)

Fig. 6. The Curie–Weiss and the ferromagnetic transition temperatures as a
function of transverse field. The intercepts TCW of Mn12-ac–MeOH (black diamonds)
and Mn12-ac (blue squares) are obtained from the straight-line portion of the data
curves in Fig. 3 (a) and (b). The green and red solid lines are mean-field transition
temperatures, TC, calculated for the pure and random case, respectively. TC for
RFIFM is calculated using the distribution obtained by Park [25] and the parameters
(h = 1.8! and / = 0) are the same as those used to fit the data in Fig. 3. (Color online)
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