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  1.     Introduction 

 Disorder is a necessary characteristic of magnetic materials 
crafted for information storage. Changing the state of a bit 
involves a delicate competition between the local disorder’s pro-
pensity to pin the state of the magnetic domain and the ability 
of thermal fl uctuations and applied fi elds to fl ip the bit. Mate-
rial growth conditions most commonly determine the level of 
disorder in a storage medium. For example, varying the argon 
pressure in sputter-deposited thin fi lm magnets changes the 
growth kinetics, leading to particular morphologies with atten-
dant degrees of order. [ 1,2 ]  The limitation of such approaches, 
however, is that variations in the local potential are literally 
baked into each sample at the time of growth. It is possible in 
principle to overcome this obstacle by using materials that are 
realizations of the Random Field Ising Model (RFIM). [ 3–5 ]  The 
strength of pinning centers created by local random fi elds can 

be tuned by an external magnetic fi eld, 
thereby creating a magnet in which the 
degree of disorder can be continuously 
and reversibly varied. Up to now, the only 
physical realizations of the RFIM have 
been in antiferromagnets and in ferro-
magnets with Curie temperatures near 
absolute zero. We describe here a tech-
nique to stabilize RFIM ferromagnetism 
at room temperature and above, providing 
a test bed for domain dynamics in a tun-
able potential and opening the door to pos-
sible applications. Additionally, we report 
simulation results that provide the fi rst 
known numerical substantiation of a phys-
ical realization of the ferromagnetic RFIM. 

 For more than 30 years, a host of dif-
ferent materials have been studied as experimental realizations 
of the fi eld-tuned RFIM. The initial realizations, site-diluted 
antiferromagnets, [ 3,6 ]  opened the door for extensive work on the 
critical behavior and dynamics [ 7,8 ]  of the RFIM, but the absence 
of a net moment limited the tools that could be applied. Within 
the last decade, it has been shown that dilute dipole-coupled fer-
romagnets also can exhibit RFIM behavior. The combination of 
off-diagonal components in the dipole-dipole coupling term and 
the breaking of translational invariance due to random dilution 
leads to an effective random fi eld whose strength can be tuned 
continuously via a uniform magnetic fi eld applied transverse to 
the Ising axis. [ 9–11 ]  Experimental realizations have been observed 
in the dilute rare-earth fl uoride LiHo x Y 1−x F 4  [ 10 ]  and the molecular 
magnet Mn 12 -acetate; [ 12 ]  see  Figure    1   of Ref.  [ 10 ]  and Figure 4 
of Ref.  [ 12 ]  for qualitative illustrations of how random fi elds 
arise in a transverse fi eld Ising model. Moreover, the presence 
of tunable random fi elds can be exploited to vary isothermally 
the pinning energies and domain dynamics of the magnet, 
creating a system that can be switched at fi xed temperature 
between magnetically hard and soft reversal modes. [ 13 ]  While 
both materials exhibit fi eld-induced quantum fl uctuations, the 
transverse fi eld scales for such fl uctuations exceed those neces-
sary to observe random-fi eld effects. [ 12,13 ]  Unfortunately, both 
materials are only ferromagnetic at temperatures below 1 K due 
to the intrinsically small energy scale of the single-spin dipole–
dipole coupling. [ 10,12 ]  Technological interest awaits the discovery 
of random-fi eld tuning at room temperature. [ 14 ]     

 2.     Results and Discussion 

 For dipole-coupled ferromagnets to be stable at elevated tem-
peratures, the individual dipoles must have moments two to 
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dipole interaction energy of approximately 5 k B T at 300 K. [ 18 ]  
Due to the crystalline and shape anisotropy, [ 19,20 ]  each grain ulti-
mately acts like a single effective spin that couples to nearby 
grains via the dipolar interaction (the long range nature of the 
dipole interaction results in a coupling that extends beyond 
nearest neighbors). While this energy scale is large com-
pared to typical magnetic storage media, the results reported 
here represent a proof of concept that RFIM effects can be 
used to tune the behavior of room temperature ferromagnets. 
This ensemble of grains with typical size (50 mm × 15 mm × 
15 mm) mimics the collection of individual dipoles in the previ-
ously studied RFIM materials and may be expected to exhibit 
comparable behavior. The large-scale grain structure can be 
imaged directly (Figure   1  a,b insets), where a dried ferrofl uid 
that accumulates at the grain boundaries serves to enhance the 
contrast (see Experimental Section). As can be seen from the 
two samples shown in Figure  1 , the grains are randomly packed 
in the material with the long axis of the majority of grains ori-
ented parallel to the bulk easy axis of the sample (vertical in 
Figure  1 ); Sample A contains approximately 60% elongated 
grains by volume and Sample B contains approximately 96%. 
This random packing is key to the observation of the RFIM, 
as the random distribution breaks the translational symmetry 
which otherwise would result in a net cancellation of the off-
diagonal terms in the dipole-dipole interaction tensor. Random 
packing of dipoles is known under some circumstances to 
destroy the long-range ordered state and instead create a glass 
state with no net magnetization. [ 21 ]  However, the large remnant 
magnetization observed in this case (∼75% and ∼86% of M s  for 
H T  = 0 for samples A and B in Figure  1 a and  1 b, respectively) 
demonstrates that this sample has suffi ciently high density and 
low frustration to support an ordered ferromagnetic state. [ 22 ]  

 As a longitudinal fi eld h l  is applied and the magnetic domains 
are aligned, the effects of disorder and pinning change. Starting 
in the limit of high longitudinal fi eld, defi ned when the magnet 
is near saturation, the average domain size approaches the 
dimensions of the sample. As sketched in Figure  1 c, there are 
only a few, large domains due to the nearly uniform ordering of 
magnetic grains parallel to the applied fi eld. With reduced lon-
gitudinal fi eld, new domains nucleate within the material and 
the average domain size eventually becomes small compared 
to the typical grain size of order 10 µm. [ 23 ]  During magnetiza-
tion reversal, domain wall pinning occurs between the grains 
and material defects within the sample, [ 24 ]  fi xed at fabrication. 
The number of such pinning sites a propagating domain wall 
encounters is proportional to the surface area of the wall; by 
contrast, the magnetic moment of the domain is proportional 
to the volume. Hence, at high longitudinal fi eld where there 
are a small number of big domains, the effective strength of 
the pinning is weaker than at low longitudinal fi eld, where the 
higher surface area to volume ratio of the smaller domains 
results in stronger effective pinning. 

 We plot in the main panels of Figure  1 a,b magnetic hyster-
esis loops for both samples as a function of h l  beyond satura-
tion (±25 kOe) at a series of constant transverse fi elds, H T . The 
saturation magnetization in the longitudinal direction is only 
weakly dependent on H T , decreasing by 3% (A) and 2% (B) at 
7 kOe of transverse fi eld and quantitatively consistent with the 
tilting of a small fraction of the spins into the transverse plane. 

three orders of magnitude larger than the single-ion moments 
of the Li(Ho,Y)F 4  or Mn 12 -acetate systems. We satisfy this fun-
damental constraint by considering a rare-earth ferromagnet, 
Nd 2 Fe 14 B, with high crystalline anisotropy and a tendency 
to form elongated grains. [ 15 ]  The behavior of the magnet as a 
whole effectively separates into two length and energy scales: 
domains within a single grain and interactions between grains. 
At the smallest length scales, the individual spins are exchange-
coupled, yielding a Curie temperature of 585 K. [ 16 ]  At zero 
applied fi eld they form domains whose size can be estimated 
from the known anisotropy energies and saturation magneti-
zation to be of order 0.2–0.3 µm. [ 17 ]  This yields a typical net 
moment of order 10 9  Bohr magnetons and an interdomain 

   Figure 1.    Overview of magnetic behavior of Nd 2 Fe 14 B samples A and 
B. a,b) Magnetic behavior and structural morphology of two samples of 
Nd 2 Fe 14 B. Main panels: Magnetic hysteresis loops at T = 300 K for a 
series of transverse magnetic fi elds. Loops are swept out at a constant 
ramp of 0.75 kOe/min along the longitudinal (easy) axis while keeping 
the transverse fi eld fi xed. At low (high) longitudinal fi eld, application 
of a transverse fi eld narrows (broadens) the hysteresis. Insets: Optical 
micrographs of the Nd 2 Fe 14 B samples’ grain structure using dried ferro-
fl uid as a fi ne-powder contrast-enhancing agent that preferentially settles 
in the grain boundaries. The magnetic easy axis is in the vertical direc-
tion. a) The granular structure is polydisperse in both size and aspect 
ratio, leading to a clear separation of the high and low fi eld regimes. 
b) The granular structure consists almost entirely of elongated aspect 
ratio grains, yielding a squarer hysteresis loop for low transverse fi elds. In 
both samples, the grains are tightly packed with little interstitial volume. 
c) Schematic of magnetic grain coarsening with longitudinal fi eld. As the 
longitudinal fi eld increases, coarsening effects increase the average size 
of the magnetic domains, which can span several structural grains and 
can average out the intergrain disorder. 
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mechanisms in the different longitudinal fi eld regimes, The 
subloops allow us to explore the energy hierarchies that form 
during nested longitudinal fi eld trajectories. Each measure-
ment starts at suffi ciently high longitudinal fi eld to saturate the 
magnetization along the applied fi eld, followed by a ramp down 
to the starting fi eld of the subloop sequence. The longitudinal 
fi eld is then adiabatically ramped through a series of nested 
subloops (with the maximal h l  decreasing by a fi xed amount 
per subloop, typically 1 kOe per subloop) that cover either the 
low or high longitudinal fi eld ranges. As the subloop series pro-
gresses, the sample converges on its equilibrium magnetiza-
tion, and the series of nested loops corresponds to a hierarchy 
of energies at each “turning point”. [ 27 ]   

 The subloops in the low longitudinal fi eld regime 
(Figure  2 e,f) narrow as the transverse fi eld is applied, refl ecting 
a decrease in the barriers to domain movement and con-
sistent with the behavior of the full hysteresis loops shown in 
Figure  1 a. In contrast, subloops in the high longitudinal fi eld 
regime (Figure  2 c,d) broaden with application of a transverse 
fi eld indicating an enhancement of domain wall pinning, also 
in agreement with Figure  1 a. Next we compare and contrast the 
evolution of the four subloop sets as they are driven through a 
nested set of fi eld sweeps. Consider the low longitudinal sub-
loop sets (Figure  2 e,f). With respect to the outermost subloop, 
the interior subloops scale inwards and form new M(h l ) trajec-
tories that do not overlay with the initial outermost subloop in 
both the H T  = 0 and 6 kOe runs. We contrast this evolution 
with the behavior of the nested subloops at high longitudinal 
fi eld (Figure  2 c,d). In the H T  = 0 case, the subloops fail to 
depart from the original outermost subloop (loop number 1 in 
Figure  2 c). The interior trajectories all overlay this initial outer 
trajectory. With application of a 6 kOe transverse fi eld we depart 
from this striking collapse and observe that interior subloops 
leave the outermost subloop and form unique M(h l ) trajectories 
nested within the outermost subloop. 

 In order to connect these results to theory, we rely on the 
results of computer simulations of hysteresis subloops in both 

The small deviations from pure Ising behavior due to fi nite ani-
sotropy demonstrate that the predominant effect of the trans-
verse fi eld is to create a site random fi eld in the longitudinal 
direction. The evolution of the shape of the hysteresis loops 
as a function of H T  is more complex. The shoulder visible at 
low transverse fi eld at h l  ∼ 3 kOe in sample A along with the 
meeting of all of the curves at h l  ∼ 7 kOe (h l  ∼ 10 kOe for sample 
B) suggest that there are two regimes which should be consid-
ered separately; for h l  < 7/10 kOe, the loops narrow as the trans-
verse fi eld is increased, while above 7/10 kOe, the application of 
a transverse fi eld actually broadens the hysteresis loops. Broad-
ening, defi ned from the integrated area of the loops, cannot be 
explained by a simple coarsening of the domains or rotation of 
the spins as both effects act to decrease the stored energy of a 
ferromagnet and narrow the hysteresis loop. 

 Instead, one must consider the dominant interactions that 
impede magnetization reversal in high anisotropy magnetic 
systems. Nucleation tends to enhance magnetization reversal 
while domain wall pinning serves to impede magnetization 
reversal. Whether or not a defect will contribute to nucleation 
or pinning is dependent on the defect’s tendency to either raise 
or lower the local magnetic anisotropy as well as the defect 
demagnetization fi eld. [ 25 ]  We note that in uniaxial ferromagnets 
grain boundaries are known to be particularly effective sources 
of domain wall pinning. [ 25 ]  Furthermore, in Nd 2 Fe 14 B sam-
ples synthesized with similar high-anisotropy microstructures, 
domain wall pinning has been shown to dominate the magneti-
zation reversal mechanism. [ 26 ]  We conclude that the broadening 
of the hysteresis loops with transverse fi eld in the high longitu-
dinal fi eld regime arises from increased domain wall pinning, 
and note the absence of any other mechanisms for broadening 
identifi ed in the literature. 

 Due to the more clearly defi ned separation between the dif-
ferent fi eld regimes and for the sake of clarity, we describe the 
behavior of sample A alone in fuller detail. We plot in  Figure    2   
a series of nested subloops for both H T  = 0 (Figure  2 a,c,e) and 
6 kOe (Figure  2 b,d,f) in order to illuminate the underlying 

   Figure 2.    Effects of transverse fi eld on subloop evolution. a,b) Series of nested subloops (colored) inside overall hysteresis loops (black) at H T  = 0 (a) 
and H T  = 6 kOe (b). c,d) Nested subloops at high longitudinal fi eld (centered on h l  = 18.5 kOe, with loop #1 ranging from 30 to 7 kOe, loop #2 ranging 
from 29 to 8 kOe, and following that sequence through the fi nal loop which ranges from 20 to 17 kOe). e) Nested low longitudinal fi eld subloops at 
H T  = 0, starting at loop #1 with |h l | = 9 kOe and decreasing for subsequent loops in maximum fi eld by 1 kOe per loop, ending at |h l | = 3 kOe. f) Nested 
low longitudinal fi eld subloops at H T  = 6 kOe, starting at loop #1 with |h l | = 13 kOe and decreasing for subsequent loops in maximum fi eld by 1 kOe 
per loop, ending at |h l | = 5 kOe. In the H T  = 0 regime, the high longitudinal fi eld subloops (c) retrace the original outermost subloop (loop #1) unlike 
the low longitudinal fi eld subloops (e,f), indicating relatively weak disorder. In the H T  = 6 kOe regime, the high longitudinal fi eld subloops (d) deviate 
from the outermost subloop, indicating strong effective disorder. 
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to track the applied fi eld. The disappear-
ance of these low-fi eld features upon appli-
cation of a transverse fi eld (Figure  2 f) 
is consistent with this interpretation, as the 
moments of these grains would simply rotate 
towards the transverse direction at low longi-
tudinal fi elds and decrease their contribution 
to the longitudinal magnetization. 

 We pursue our interrogation of the rela-
tionship between transverse fi eld, disorder, 
and domain dynamics through the method of 
return point memory (RPM). [ 28 ]  RPM is the 
ability of the material to arrive at the same 
microscopic confi guration independent of 
the specifi c applied fi eld path. Specifi cally, in 
a material possessing RPM, two independent 
applied fi eld paths (not necessarily mono-
tonic) with identical endpoints will arrive at 
the same microscopic confi guration provided 
neither path exceeds the endpoint applied 
fi eld values at any interior point of the tra-
jectory. [ 28–30 ]  In the context of the hysteresis 
subloops of Figure  2 , each subloop has a 
maximum and minimum applied fi eld value 
by construction. Within a given subloop, all 
interior subloops form trajectories that are 
nested within the (outer) subloop bounda-
ries. Sets of nested subloops provide a nat-
ural construct to test the existence of RPM 
because each interior subloop respects these 
basic boundary conditions with respect to all 
outer subloops, creating a hierarchy of micro-
states which must be remembered if RPM 
holds. Because RPM is solely a property of 

hard (as opposed to soft) magnets, it provides a powerful probe 
of whether a given system is in a strongly disordered state such 
as a random-fi eld-dominated regime. [ 28 ]  

 We test return-point memory in  Figure    3   in the absence (a,c) 
and presence (b,d) of a transverse fi eld. The fi eld trajectory fol-
lowed in the RPM measurements is sketched in the inset to 
Figure  3 d. At constant H T , the longitudinal fi eld is cycled back and 
forth with the magnitude decreasing by 1 kOe per cycle, similar 
to the nested subloop measurements described above. The series 
of nested subloops forms a hierarchy of turning points at the end 
of each subloop. After the fi nal cycle, h l  is smoothly ramped back 
up to the initial saturation value. In a material exhibiting RPM, 
whenever the return fi eld matches the applied fi eld of one of the 
turning points, the magnetizations will be equivalent (arrows in 
the inset), and the return path should intersect the hysteresis 
subloops at and only at each subloop endpoint. [ 29 ]   

 Without the application of a transverse fi eld, RPM breaks 
down above h l  = 7 kOe as the return curve falls below the orig-
inal subloops (Figure  3 c). As h l  increases, characteristic domain 
sizes grow, spanning multiple grains, and the effects of the 
intrinsic disorder become proportionally weaker, leading to a 
loss of memory. Remarkably, a transverse fi eld restores RPM. 
With H T  = 6 kOe, return point memory persists throughout 
the entire longitudinal fi eld range (Figure  3 b,d), as indicated 
by the return path not crossing the original set of subloops. 

the small and large randomness limit of the ferromagnetic 
RFIM. [ 27 ]  These simulation results show that for small values 
of randomness below a critical threshold, hysteresis subloops 
collapse onto the same overall outer subloop trajectory in a 
manner qualitatively consistent with our Figure  2 c. Subloops 
above the critical threshold of randomness are seen to scale 
inwards in a manner qualitatively similar to both the low lon-
gitudinal fi eld subloop sets (Figure  2 e,f) as well the H T  = 6 kOe 
high longitudinal fi eld subloop set (Figure  2 d). The simulations 
support the claim that the low longitudinal fi eld regime is in 
a strongly disordered regime, while the high longitudinal fi eld 
regime experiences intrinsically weak disorder due to the weak-
ened effect of domain wall pinning. The application of a strong 
transverse fi eld with a concomitant increase in local random 
fi elds and pinning of domain walls serves to capture the charac-
teristics of the strongly disordered state. 

 The sharp steps in the magnetization that occur in the 
smallest low-fi eld subloops for H T  = 0 (Figure  2 e) point to a 
small volume fraction of the sample exhibiting magnetically 
soft behavior with switching fi elds of order 1 kOe (in agree-
ment with our observation of a few percent reduction in the 
remnant magnetization at 6–7 kOe transverse fi eld). This 
behavior can arise from a small number of grains of appro-
priate size and shape to be only weakly coupled to their 
neighbors, and thereby can easily rotate their magnetization 

   Figure 3.    Transverse-fi eld assisted return point memory. a,c) Return point memory in the 
absence of a transverse fi eld. The longitudinal fi eld is ramped in a decreasing triangle pattern, 
with |h l | starting at 9 kOe for loop #1 and decreasing by 1 kOe per subsequent subloop, fol-
lowed by a linear ramp back up to saturation as sketched in the inset. Return point memory, 
a characteristic signature of strong disorder, fails at h l  = 7 kOe, as seen by the crossing of 
the return line (black) through the original subloops (colored). b,d) Return point memory 
is stable in a transverse fi eld of 6 kOe. The longitudinal fi eld is ramped in a set of nested 
subloops starting with loop #1 at |h l | = 13 kOe and decreasing by 1 kOe steps per subloop to 
|h l | = 5 kOe, followed by a ramp back up to 30 kOe. Arrows show direction of fi eld ramping 
along the subloop sequence and subsequent return to large longitudinal fi eld. Inset: Schematic 
of return point memory. On the return path to saturation, the system retains memory of past 
magnetization extrema. 
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interact with an external magnetic fi eld with 
both longitudinal and transverse compo-
nents. The grains align with the longitudinal 
fi eld and the transverse fi eld generates effec-
tive longitudinal random fi elds at each site, 
similar to the effective random fi elds in 
LiHo x Y 1-x F 4 . The dynamics are thus described 
by the Hamiltonian in Equation  ( 1)  :

 
∑ ∑= − − +H J s s (H (t) h )sij i

z
j
z

ij

z
i
z

i
z

i   

(1)

 

   Here, s i  z  is a classical spin, at site i in the 
z direction, with possible values of ±1, J ij  is 
a purely dipolar interaction between spins 
i and j with no exchange interactions (see 
Equation  ( 2)   below), H z (t) is a longitudinal 
fi eld, and h i  z  is a local longitudinal random 
fi eld at site i. The fi rst sum is performed over 
all pairs (i,j), and is not restricted to nearest 
neighbors. We assume that the random fi elds 
follow a normal distribution of variance  R  2 . 
This variance characterizes the “disorder” of 
the system, as there is little spread in random 
fi elds for small  R  and a large spread for 
larger  R . We will henceforth refer to  R  as the 
“disorder.” By contrast, in the actual experi-
ment, the disorder is tuned by adjusting the 

strength of the transverse magnetic fi eld. 
 The form of the dipolar interaction depends on the dimen-

sion and alignment of our system. Although our system is 
cylindrical in shape, because the length of the sample is much 
longer than its diameter, we expect that a rectangular Ising 
model simulation will be suffi cient to capture the qualitative 
behavior of the experiment. In particular, we are primarily 
interested in the behavior of the return-point-memory as the 
strength of the disorder is varied relative to the strength of the 
dipolar interactions. The form of the dipolar interaction in this 
case is given by Equation  ( 2)  :

 

3( ) 12

3
J J

cos

r
,ij dp

ij

ij

θ
=

−

  
(2)

 

 where θ ij  is the angle between spins i and j, r ij  is the distance 
between the spins, and J dp  is the strength of the dipolar interac-
tion. Note that the overall sign of J ij  may be positive or negative. 

 The system is initialized with the longitudinal fi eld H z (t) at a 
suffi ciently large negative value to force all spins to point down. 
Each spin aligns with its effective local fi eld, s i  = sgn(h eff  i ), 
where the local fi eld is described by Equation  ( 3)  :

 
∑= + +h (t) h J s H (t).i

eff
i ij j

z z

j   

(3)

   

 Each spin fl ip can increase or decrease the effective fi eld of 
every other spin, and may change their effective local fi elds, 
causing other spins to fl ip, resulting in an avalanche of spin 
fl ips. We increase H z (t) adiabatically, such that the increase of 
the fi eld does not proceed faster than the propagation of an 

The random fi elds induced by the transverse fi eld at each 
grain boundary have increased the pinning potential to the 
point where the material remains in the strong-disorder limit 
up to magnetization saturation. In particular, the presence of 
return-point memory in this system demonstrates that the 
effects of the random fi elds dominate over the diagonal terms 
of the dipole-dipole interaction, as RPM is only manifest in the 
strong-disorder limit. [ 30 ]  In light of the RPM results, we can 
return to the hysteresis loops presented in Figure  1 a and note 
that at low transverse fi eld the randomness-dominated regime 
at low longitudinal fi eld evolves into a weakly disordered regime 
at high fi eld, with a plateau-like crossover region at h l  ∼ 7 kOe. 
At high fi xed transverse fi elds, the enhancement of the random 
fi eld effects means that the strong randomness regime persists 
to much larger longitudinal fi elds, eliminating the crossover 
region. While the transverse fi eld was only applied in one direc-
tion in the transverse plane, it is expected that results would be 
similar for other transverse orientations. 

 Simulations of the non-equilibrium, zero-temperature 
Random Field Ising Model [ 31–34 ]  with dipolar couplings sub-
stantiate this picture ( Figure    4  ). Here, 10 4  spins (grains) on a 
50 × 200 size, two-dimensional lattice (which mimics the essen-
tial geometric features of the Nd 2 Fe 14 B sample) fl ip as each spin's 
effective local fi eld changes sign. The local fi eld incorporates the 
sum of the slowly varying external longitudinal magnetic fi eld, 
the dipolar fi eld, and the random fi eld at each spin site. The rela-
tive strength of the randomness is captured by varying the ratio 
of the random fi eld to the strength of the dipolar interaction.  

 The sample grains are modeled as coarse-grained spins 
that interact with each other via dipolar forces; exchange cou-
plings between the grains are found to be very weak. The grains 

   Figure 4.    Computer simulations of Return Point Memory for the RFIM with dipolar interac-
tions. a,c) Return point memory in the low random fi eld regime (relative to the strength of 
the dipolar coupling) with applied fi eld and magnetization in units of the randomness, R. b,d) 
Return point memory in the high random fi eld regime (relative to the strength of dipolar cou-
pling). Both limits are consistent with the data for Nd 2 Fe 14 B in Figure  3 . 
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ferrofl uid (Ferrotec EMG 308) and evaporating the liquid. The ferrofl uid 
preferentially settles at the grain boundaries and enhances the contrast. 
We measured the room temperature magnetization along the easy 
axis using a pair of passive GaAs Hall sensors (Toshiba THS118) in 
a gradiometer confi guration. The saturation magnetization of 32.2 ± 
0.1 m B  per formula unit for both samples indicates that the sintered 
samples are 99% magnetically dense. The samples and magnetometers 
were mounted in a vacuum insert placed in the liquid helium bath of 
a dual-axis 5T/2T superconducting magnet that provided fi eld in the 
longitudinal (easy) and transverse (hard) directions. A PID feedback 
loop maintained a constant sample temperature of 300 K during 
all measurements. Hysteresis loops and nested subloop sets were 
performed by setting the transverse fi eld at the desired value, waiting for 
equilibration, and then ramping the longitudinal fi eld in a triangle wave 
pattern. The longitudinal fi eld was swept at rates ranging from 0.1 to 
1.0 kOe/min, with no rate-dependent behavior observed in that range. 
The computer simulations were performed in an incremental adiabatic 
limit by increasing the external fi eld the minimum amount necessary to 
induce the most unstable spin in the system to fl ip, causing a cascade 
of spin fl ips that ends when the entire system of spins reaches a new 
(meta)stable confi guration.  

  Acknowledgments 
 The work at The University of Chicago was supported by DOE Basic 
Energy Sciences Grant No. DE-FG02-99ER45789 and in London by the 
UK Engineering and Physical Sciences Research Council.   

avalanche. To achieve this in practice, we compute the value 
of H z (t) necessary to trigger a spin to fl ip, and increase it to 
that value. We then hold H z (t) fi xed while the avalanche propa-
gates. When the avalanche ends, we compute the value of H z (t) 
needed to start the next avalanche. We continue in this way 
until all spins point up. At this point, we repeat the procedure 
sweeping down. In order to investigate subloops, we switch the 
direction of our sweep before the system reaches saturation. 

 We perform similar simulations for several ratios of R/J dp  in 
order to investigate the behavior of the return point memory at 
large transverse fi elds (large R) versus small transverse fi elds 
(small R). Rather than generate a new set of random fi elds for 
every simulation, we draw the random fi elds from a standard 
normal distribution and adjust the strength of the dipolar inter-
actions. As the dipole coupling and the random fi elds are the 
only coupling scales in the simulation, the results depend on 
the ratio of the two quantities and hence this procedure (chosen 
for computational effi ciency) is equivalent to regenerating the 
random fi elds. 

 The simulations capture the salient features of the experi-
ment. As seen in Figure  4 a,c, in the weak-random fi eld regime 
the subloops do not join back up with the original loops to retrace 
the path back to magnetic saturation, signaling an absence of 
RPM at higher longitudinal fi eld. This corresponds to the data 
for Nd 2 Fe 14 B in Figure  3 a,c that display a failure of return point 
memory for h l  > 7 kOe. The simulations demonstrate the resto-
ration of RPM in the strong random fi eld regime (Figure  4 b,d), 
consistent with the effects of the transverse fi eld in Figure  3 b,d.   

 3.     Conclusions 

 Experiments and computer simulations thus support the suppo-
sition that uniaxial grains in a common rare-earth ferromagnet 
behave as effective Ising dipoles, renormalizing the energy 
scale to room temperature and above. A transverse fi eld can 
isothermally tune the pinning potential for magnetic domains 
from the weak disorder to the strong disorder limit. In the con-
text of magnetic storage, this would allow entering a soft state 
for writing and switching to a hard reversal mode with a larger 
reversal energy for long-term retention and reading. [ 35 ]  Readily 
available, tunable random-fi eld ferromagnets also would open 
up experimental studies of theoretical and computational pre-
dictions for the behavior of the RFIM. This would include the 
dynamics and distribution of avalanches during reversal, which 
should be accessible via Barkhausen noise techniques.   

 4.     Experimental Section 
 We studied the magnetization behavior of nominally-equivalent 
commercial Nd 2 Fe 14 B magnets (McMaster-Carr) consisting of a set of 
grains with distributions in length, width, and aspect ratios of (35 ± 
25 µm, 18 ± 6 µm, 2 ± 1) (Figure  1 a) and (80 ± 50 µm, 12 ± 3 µm, 6 ± 4) 
(Figure  1 b), sintered into a 2 mm diameter × 10 mm length cylinder with 
the magnetic easy axis parallel to the long axis of the cylinder. The tails 
of the distributions dominate the differences in the magnetic responses 
for the two samples. Optical imaging to reveal the shape of the large-
scale granular structure followed polishing of the sample to an optical 
fl at and decoration by depositing a commercial colloidal-suspension 
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