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Realization of random-field Ising ferromagnetism in a molecular magnet
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The longitudinal magnetic susceptibility of single crystals of the molecular magnet Mn12-acetate obeys a
Curie-Weiss law, indicating a transition to a ferromagnetic phase at ⬃0.9 K. With increasing magnetic field
applied transverse to the easy axis, a marked change is observed in the temperature dependence of the
susceptibility, and the suppression of ferromagnetism is considerably more rapid than predicted by mean-field
theory for an ordered single crystal. Our results can instead be fit by a Hamiltonian for a random-field Ising
ferromagnet in a transverse magnetic field, where the randomness derives from the intrinsic distribution of
locally tilted magnetic easy axes known to exist in Mn12-acetate crystals, suggesting that Mn12-acetate is a
realization of the random-field Ising model in which the random field may be tuned by a field applied
transverse to the easy axis.
DOI: 10.1103/PhysRevB.82.014406

PACS number共s兲: 75.50.Xx, 64.70.Tg, 75.30.Kz, 75.50.Lk

I. INTRODUCTION

Interacting Ising spins that preferentially orient either
“up” or “down” form a basis for understanding a broad range
of complex natural phenomena. Long ranged order competes
with thermal and quantum spin fluctuations and with the randomness which is present in any real material. A fundamental model used to study the interplay between these effects is
the transverse field Ising model in a random magnetic
field.1–3 The essential feature of the random field is that it
couples linearly to the order parameter, locally favoring one
orientation over the other. Despite the interest in the physics
of random-field models, there have been few experimental
studies because of the difficulty of producing a magnetic
field that varies randomly from site to site. The effect of
random fields has been tested so far mainly in antiferromagnets following the observation of Fishman and Aharony4 that
in a site-diluted antiferromagnet a spatially uniform applied
transverse magnetic field produces a random field which acts
on the antiferromagnetic order parameter. The only ferromagnetic material found to date that shows characteristics of
random fields is the rare earth dipolar ferromagnet
LiHoxY1−xF4.5 In the undoped material 共x = 1兲, TC is found to
decrease gradually with increasing applied transverse field,
2
兲, consistent with mean-field theory 共MFT兲. By
H⬜, as 共1-H⬜
contrast, dilution of the magnetic Ho ions with nonmagnetic
Y ions reveals a fundamentally different behavior. In particular, the material with x = 0.44 exhibits a much stronger, approximately linear, decrease of TC with H⬜. This has been
attributed to the fact that a transverse field applied to a sitediluted ferromagnet leads to a random longitudinal field.6
However, several factors have made it difficult to obtain unambiguous results in the case of LiHoxY1−xF4. The two most
important are that dilution leads to randomness in the interactions themselves, thus changing the physics, and that the
hyperfine fields are large and comparable to the dipole fields,
further complicating the analysis.7,8
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In this paper we report an experimental realization of a
system with tunable random magnetic fields in single crystals of the prototypical molecular nanomagnet Mn12-acetate
共henceforth abbreviated as Mn12-ac兲.9–11 The hyperfine fields
are relatively unimportant in this system and there is no intentional dilution of the lattice. The intermolecular interactions are predominantly dipolar in nature,12 and Mn12-ac is
thus a realization of a dipole-coupled Ising ferromagnet. The
randomness arises from small tilts of the magnetic easy axis
of individual molecules.13–19 In the absence of an applied
magnetic field the tilts have negligible effect on the magnetic
properties. However, the tilts imply that a field applied transverse to the easy 共Ising兲 axis has a nonvanishing projection
along the local spin quantization axis, leading to a random
longitudinal field of scale set by the applied transverse field.
Mn12-ac and other single-molecule magnets may therefore
serve as clean model systems for the study of random-field
ferromagnetism where the random fields are controllable and
considerably larger than typical hyperfine fields. This discovery promises to enable widespread and convenient experimental study of magnetism in a random field in a broad class
of new materials.
II. Mn12-ACETATE

Mn12-ac 关Mn12O12共O2CCH3兲16共H2O兲4兴·2CH3CO2H·4H2O,
the first-synthesized and best studied example of a singlemolecule magnet, has been modeled as an Ising system. Each
Mn12-ac molecule behaves as a nanomagnet with spin S
= 10 with a strong uniaxial magnetic anisotropy, with Hamiltonian Hmol = −DSz2 − BSz4. . ., where D = 0.548 K, B
= 0.0012 K and the ellipsis denotes additional small terms.
The molecules crystallize in a body centered tetragonal lattice 共with lattice constants a = b = 1.7167 nm, c = 1.2254 nm兲
and the distance between them is sufficiently large that the
intercluster exchange is negligible compared to the intermo-
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FIG. 1. 共Color online兲 Longitudinal magnetization as a function
of the longitudinal-field swept at 6.7⫻ 10−3 T / s for the indicated
transverse magnetic fields at T = 2.0 K. Inset: schematic of the experiment setup, showing the relative positions of sample, Hall sensor and applied magnetic field.

lecular magnetic dipole interactions.12 The strength of the
intermolecular dipole interactions, Edip = 共gB兲2S2 / 共a2c兲
⬃ 0.08 K, is one order of magnitude larger than intramolecular hyperfine interactions and leads to magnetic ordering
with a Curie temperature of about 0.9 K in the absence of
applied magnetic fields.20,21
III. EXPERIMENT
A. Sample preparation and measurement techniques

The Mn12-ac samples used in this study were synthesized
as described by Lis.22 A miniature Hall sensor 共active area
50⫻ 50 m2兲 was used to measure the longitudinal magnetization, M z, along the easy direction 共c-axis兲 of the crystal.
Measurements were performed on two Mn12-ac single crystals 共sample A, dimensions ⬃0.4⫻ 0.4⫻ 2.17 mm3 and
sample B, dimensions ⬃0.4⫻ 0.4⫻ 2.4 mm3兲. Data are
shown for sample B; sample A displays the same qualitative
behavior but has a lower transition temperature of 0.5 K in
zero transverse field.23 The sensor was placed near the edge
of the sample, where the measured Bx is a linear function of
M z. Care was taken to align the sample and the Hall bar
共placed in the y-z plane兲 relative to each other and relative to
the applied magnet fields. Measurements were taken between
0.7 and 5.5 K in a 3He refrigerator with a three-dimensional
共3D兲 superconducting vector magnet. A longitudinal field,
Hz, was swept along the sample’s easy axis at rates between
1 ⫻ 10−5 and 6.7⫻ 10−4 T / s, in the presence of a constant
transverse field H⬜ 共up to 5 T兲 applied in the y direction 共see
inset of Fig. 1兲.
B. Measurement of the equilibrium susceptibility

Below a blocking temperature TB ⬃ 3 K in the absence of
applied transverse field, the longitudinal magnetization of
Mn12-ac exhibits hysteresis due to slow spin reversal and
steps in the magnetic hysteresis loops due to quantum tun-

FIG. 2. 共Color online兲 Determination of the blocking temperature. Insets: Magnetization as a function of the longitudinal-field
swept at the indicated rates for H⬜ = 2 T at T = 2.15 K and T
= 2.40 K. Main panel: Blocking temperatures for three
longitudinal-field sweep rates as a function of H⬜.

neling between opposite spin projections.10 A transverse
field, H⬜, applied perpendicular to the crystal z axis increases the spin-reversal rate, thereby reducing TB.24,25 The
blocking temperature depends also on the longitudinal-field
sweep rate, ␣ = Hz / t. Slow spin relaxation and hysteresis
preclude measurements of equilibrium properties at the low
temperatures at which magnetic ordering occurs. Our approach is, therefore, to deduce the nature of the magnetic
interactions from measurements of the magnetic susceptibility at temperatures above the blocking temperature.
In order to establish the range of experimental conditions
in which it is possible to measure the equilibrium susceptibility we first determined TB as a function of transverse field
and longitudinal-field sweep rate. The magnetization of
Mn12-ac is shown in Fig. 1 for different transverse magnetic
fields at T = 2 K and a longitudinal-field sweep rate of 6.7
⫻ 10−3 T / s. The magnetization exhibits hysteresis and the
steps characteristic of resonant tunneling.10 The hysteresis
can be eliminated by applying a transverse field or by sweeping the longitudinal field sufficiently slowly. The effect of
transverse field is clearly demonstrated in Fig. 1: as the transverse field increases, relaxation processes are accelerated, the
width of the hysteresis loops decreases, the steps disappear,
and equilibrium is ultimately reached so that the magnetization exhibits reversible behavior.
The effect of reducing the sweep rate is demonstrated in
the two insets of Fig. 2 which show the hysteresis loops
obtained for three 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. The point Hz = 0 T was determined
by symmetry from full magnetization curves taken between
−0.75 T and 0.75 T 共see Fig. 1兲. In each case, hysteresis is
observed at the faster sweep rate indicating that the system is
below the blocking temperature; at the slower sweep rate the
hysteresis loop is closed, indicating the system is above the
blocking temperature and equilibrium is reached. From these
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FIG. 3. 共Color online兲 Temperature and field dependence of the
inverse susceptibility of Mn12-ac. Main panel: filled symbols denote
the inverse susceptibility of a single crystal of Mn12-ac as a function
of temperature in different transverse fields H⬜ as labeled. The solid
lines are the result of mean-field calculations for a hypothetical
system with no tilts. The dashed lines are obtained from mean-field
calculations incorporating the effects of random tilt angles, as discussed in Sec. IV B of the main text with root mean square tilt
angle 1.2°. The dotted lines present theoretical results for a different
distribution with the same mean square tilt angle but in which 25%
of the sites are not tilted. Inset: Symbols represent the difference
2
关−1共H⬜兲 − −1共H⬜ = 0兲兴 versus H⬜
. The dashed, dotted and dashdotted lines are calculated using the model of Sec. IV B but with
different root mean square tilt angles as indicated. The solid line
displays results for the pure case.

and similar data we deduce the field dependence of TB, as
summarized in Fig. 2 for three different longitudinal-field
sweep rates. The applied transverse field H⬜ accelerates the
relaxation of the magnetization toward equilibrium, lowering
the blocking temperature, TB, as expected based on the
Mn12-ac spin Hamiltonian. 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 = 共1 − h兲2, h = H / HA, H is the externally applied transverse field and HA is the anisotropy field 共HA = 2DS / gB
⬇ 10 T兲.26 The solid line in Fig. 2 is a fit of the measured TB
to the predicted quadratic dependence on field.
C. Longitudinal susceptibility

Figure 3 shows the main experimental results presented in
this paper: the measured equilibrium longitudinal susceptibility of a Mn12-ac single crystal versus temperature and applied transverse field. As noted, these measurements were
performed at temperatures above TB共H⬜ , ␣兲 共see, Fig. 2兲.
The longitudinal magnetic susceptibility,  =兩 M z / Hz兩H⬜=0,
was deduced from the slope of the reversible M z versus Hz at
Hz = 0. The solid symbols in Fig. 3 show the inverse of the
longitudinal susceptibility as a function of temperature for
transverse fields between zero and 5 T. For zero transverse
field −1 obeys the Curie-Weiss law expected from meanfield theory 共MFT兲, −1 ⬃ 共T − TCW兲. The solid black line is a

FIG. 4. 共Color online兲 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 共e.g., the double-line red spins兲 will
order at nearly the same temperature 共the small tilts do not greatly
modify the interaction between spins, which depends on the longitudinal component of the magnetic moment兲. 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 共double-line red spins兲 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.

fit of the data in zero transverse field to Curie-Weiss theory;
the intercept TCW ⬃ 0.9 K implies a transition at this temperature from paramagnetism 共PM兲 to ferromagnetism 共FM兲,
consistent with the result of Luis et al.11 As H⬜ is increased
from zero, there is a systematic increase in the inverse susceptibility. The application of a transverse field is expected to
increase −1 and decrease the ordering temperature.27 However, as the field increases the data exhibits progressively
larger deviations from the straight-line behavior found at
H⬜ = 0.
IV. THEORY
A. Randomness in Mn12-ac

While the susceptibility of Mn12-ac in small transverse
fields is well described by mean-field theory using a Hamiltonian for a well-ordered “pure” system, it is clear that this
model fails to describe the data obtained in the presence of a
large transverse field, indicating the presence of physics not
included in the pure-system calculation. We argue that the
additional physics is a random-field effect arising from structural disorder in the Mn12-ac crystal.13–19 In particular, different isomers of the host acetate material have been shown12
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 . As illustrated schematically in
Fig. 4, on sites with a nonzero tilt angle a magnetic field
applied transverse to the crystal z axis has a component directed along the spin quantization axis; these longitudinal
components are randomly distributed, and their magnitude is
controlled by the size of the externally applied transverse
field.
B. Theoretical model

In this section we introduce a slightly refined version of a
theoretical model of Mn12-ac introduced by Millis et al.21兲.
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The model uses mean-field theory 共MFT兲 to calculate the
−1
−1
− J, with mol
obinverse magnetic susceptibility as −1 = mol
tained from an exact solution of the single-molecule Hamiltonian Hmol. For the intersite interaction we use the dipolar
form generally accepted for Mn12,12 specialized to the lattice
appropriate to Mn12 共see Millis et al.21兲. A model with short
ranged interactions would exhibit very similar physics. The
single-molecule Hamiltonian is the sum of two terms,
namely, a term that is the same for every Mn12-ac and a
random-field term which varies from site to site: Hmol
0
ran,i
= Hmol
+ Hmol
. The term that is the same for every site is
0
ជ ⬜ · Sជ ⬜ .
= − DSz2 − BSz4 + C共S+4 + S−4兲 + gBH
Hmol

共2兲

We use the monomer distribution proposed by Park19 which
involves twelve inequivalent sites, each of which has its own
specific tilt angle. We assume the sites are randomly distributed through the crystal except that 共i兲 we treat the mean
value of the angle as an adjustable parameter 共in the theoretical calculations of Park19 it is found to be about 0.4°兲 and
共ii兲 on the sites that Park argues have no tilts we take  to be
20% of its value on the tilted sites, reflecting our assumption
of residual disorder. We note, however, that calculations in
which  is set to zero in the relevant sites do not affect the
data in the accessible temperature range. In the model proposed by Park both the average of cos共i + H兲 and of Ei
vanish. While we include the E term in our calculation with
the typical value 0.008 K proposed by Park, we have verified
that setting it to zero or tripling it does not change the results.
ran,i
is a random function characterized by a distribution.
Hmol
For temperatures greater than about 2 K the only feature
which is important is the mean square amplitude of the tilt
angle

冑兺  ;
2
i

共3兲

i

changing the form of the distribution but keeping 0 fixed
leaves the results invariant. For lower temperatures, specific
properties of the distribution become important, in particular
the fraction of sites with vanishing random field 共see dashed
and dotted lines in Fig. 3 for T ⬍ 1 K兲. In the Park model the
angles i = n / 4 with n = 0 , 1 , 2 . . . 7 and the fraction of sites
with very small random field may be controlled by varying
 H.
V. THEORETICAL RESULTS AND COMPARISON
TO DATA

共1兲

Here Sz , Sជ ⬜ = 共Sx , Sy , 0兲 and S⫾ are matrices from the S = 10
representation of SU共2兲 and D = 0.548 K, B = 0.0012 K, C
= 1.44⫻ 10−5 K and we used gB = 1.34 K / T. Reference 21
employed a simplified version of Eq. 共1兲 with B = C = 0 and D
renormalized to reproduce the ground state tunnel splitting.
We find that this commonly-used approximation is insufficiently accurate for our purposes: it leads to errors in the
field dependence of the third and fourth levels of the S = 10
manifold which lead to errors in mol for H ⲏ 4 T and T
ⲏ 3 K. The differences in Hmol are the source of the minor
differences between the results presented here and those of
Ref. 21. We find that C may be set to zero or doubled without changing the results.
The site-dependent term Hran,i arises from isomer effects
in the host acetate molecule which lead to a misorientation of
the Mn12-ac spin-quantization 共spin-z兲 axis with respect to
the crystallographic z axis.19 The misorientation is characterized by a small polar tilt  and an azimuthal angle  which
we measure with respect to the direction H defined by the
transverse field. Linearizing in  we obtain
ran,i
Hmol
= i cos共i + H兲gBH⬜Sz + Ei共S2x − S2y 兲.

0 =

The solid lines shown in Fig. 3 are the result of calculations for the pure system without randomness. As H⬜ is increased, the slope of the calculated traces increases, reflecting spin canting induced by the magnetic field. Also, due to
the increase in quantum tunneling, the estimated ferromagnetic transition temperature 共the extrapolated value where
−1 vanishes兲 decreases and the calculated traces develop a
weak curvature at low temperatures. The pure-system calculation and the data agree well only at small transverse fields.
The dashed lines in Fig. 3 show the results of calculations
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 1.2°, larger than the 0.4° calculated
by Park et al.12 but in good accord with the values determined using EPR 共Ref. 17兲 共which finds tilts up to 1.7°兲.
Although not in complete agreement with the data, the
theory with randomness accounts for all the major features of
the observed −1共T兲 in transverse fields.
The inset of Fig. 3 compares the measured and calculated
field dependence of −1 at a fixed temperature 共3.16 K兲. The
quadratic field dependence at low fields follows from general
principles. The magnitude is seen to be inconsistent with the
pure-system calculation 共solid line兲 and consistent with the
random-field calculation 共dotted line兲, further supporting our
proposal. The dotted line was calculated for a mean tilt angle
of 1.2°. The dashed and dash-dotted lines, calculated for 0.6°
and 1.7°, define the range of mean tilt angles that are consistent with the experimental data. We therefore conclude
that MFT with randomness included accounts also for the
field dependence of −1.
It is important to note that in the experimentally accessible temperature range the results are insensitive to the details of the distribution, depending only on the mean square
tilt angle. This is demonstrated by the dashed and dotted
lines in Fig. 3. These show calculations of −1共T兲 for 4 and 5
T obtained using a different distribution of the random field
with the same mean square tilt angle of 1.2° as above, but
with 25% of the sites not tilted, and correspondingly larger
tilts on the remaining sites. The dashed and dotted lines overlap in most of the temperature range. However, as is clear
from the figure, the behavior of −1共T兲 at lower temperatures
does depend on the detailed distribution of tilts; −1 approaches zero 共i.e.,  diverges兲 when the distribution includes spins that are not tilted. This conclusion can be ex-
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FIG. 5. 共Color online兲 The Curie-Weiss and the ferromagnetic
transition temperatures as a function of transverse field. The intercepts TCW 共squares兲 are obtained from the straight-line portion of
the data curves in Fig. 3. The dotted and dash-dotted lines are
mean-field TCW results for the pure and random case, respectively.
The light and heavy solid lines are mean-field transition temperatures, TC, calculated for the pure and random case, respectively. In
the random case at higher field, the detailed structure depends on
the specific details of the distribution of random fields. Here we plot
TC using the distribution obtained by Park19 where the parameters
共 = 1.2° and  = 0兲 are the same as those used to fit the data in Fig.
3, and residual randomness is introduced as described in the text.
For this assumed distribution and these parameters, TC drops discontinuously to zero at 4.5 T.

perimentally tested, as the isomer distribution may be
changed within this model by rotating the applied field in the
plane perpendicular to the mean quantization axis.12,21
The effect of transverse field can be understood as follows. With or without randomness, a transverse field leads to
a canting of the spins away from the z axis, as illustrated in
Fig. 4, and to enhanced quantum fluctuations of the spin.
Since the intermolecular dipole interaction is associated with
the z component of spin, the dipole interaction strength is
reduced in a transverse field. However, a transverse field
much smaller than the anisotropy field HA ⬇ 10 T produces
very little spin canting 共tan c = H⬜ / HA兲 and a negligible
change in the interaction strength. Hence, for fields below
about 3 T the susceptibility and the ordering temperature are
virtually unchanged in the system without randomness. The
FM order is very strongly suppressed only when the quantum
fluctuations become important 共when the tunnel splitting, ⌬,
of the lowest spin states is comparable to the intermolecular
dipole interactions, which occurs at ⬃7 T for Mn12-ac20,21兲.
However, in the presence of the tilt disorder described above,
for transverse fields that establish longitudinal-field components along the easy axis of tilted molecule comparable in
magnitude to the intermolecular dipole field 共approximately
50 mT,28 corresponding to 3 T for a tilt angle of 1°兲, 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.21
Figure 5 shows approximate values of the intercept TCW
共squares兲 obtained from fitting the high-temperature region

of the experimental curves shown in Fig. 3 to the CurieWeiss law. The fit does not include data for which −1
⬎ 0.2, as the measured susceptibility exhibits a systematic
background that reaches above 10% at values of  = 0.5. Data
at high transverse field and low temperatures were also ignored 共the upturns in Fig. 3兲; in this region the tunnel splitting becomes larger than kT and, consequently, the susceptibility reflects the quantum state rather than being determined
by the temperature. At small values of the transverse field the
intercepts TCW derived from extrapolation of the hightemperature data provides a reasonably reliable estimate for
the mean-field transition temperature, but the extrapolations
are less reliable as the transverse field is increased. Yet, the
conclusion from Fig. 5 is clear: the application of transverse
field leads to a strong, approximately linear reduction in TCW.
To estimate the reliability of the extrapolation and the significance of the strong reduction in TCW we applied the same
extrapolation procedure to the theoretical −1 curves for the
“pure” and random case 共solid and dashed lines in Fig. 3,
respectively兲; the calculated intercepts are shown in Fig. 5 by
the dotted and dash-dotted lines, respectively. We also used
the theoretical model to calculate the mean-field
paramagnetic-ferromagnetic transition temperature, TC, i.e.,
the temperature where  diverges 共−1 = 0兲. The calculated
values of TC for the pure and random cases are denoted in
Fig. 5 by the solid dotted and dash-dotted lines, respectively.
At low transverse fields 共below 3 T兲, the calculated TCW and
the calculated ferromagnetic transition temperature TC differ
by less than 5%.
VI. CONCLUSIONS

Based on measurements of magnetic susceptibility and
magnetization, we report that the prototypical singlemolecule magnet Mn12-ac is a new archetype of random-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. In addition to canting the spins, the transverse field
reduces TCW in two ways: 共1兲 it introduces channels for
quantum relaxation for each of the molecules, thereby inducing spin disorder, and 共2兲 it induces fluctuations in the longitudinal field that are comparable with the intrinsic dipolar
interactions themselves, thereby further depressing the ordering temperature. These factors give rise to a dependence of
TCW on H⬜ that is inconsistent with that expected from
mean-field theory for a “pure” well-ordered system. We conclude that the rapid decrease of TCW with increasing transverse field, as well as our ability to fit the susceptibility with
a model that includes randomness, are strong evidence that
Mn12-ac is a particularly clean realization of random-field
Ising ferromagnetism in a new class of materials.
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