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Abstract:

In the 2D-Ising BaFez(POa4)2 ferromagnet (FM), the competition between giant magneto-
crystalline anisotropy and strong FM couplings creates remarkably narrow magnetic
domain walls. These domains freeze below Tr = 15 K which is accompanied by progressive
“soft-magnet” — “super-hard magnet” transition at both sides of Tr. In the hard-regime,
the coercive force is above 17 T at 2 K. At 5K, we calculate a B.Hmax figure of merit (i.e.,
energy product) of 6.5 MG.Oe superior to what observed in most permanent magnet
oxides. This allows for the printing above Tr and robust locking below Tr of any
magnetization between the saturation limits. The outstanding Hc value surpasses the
standards by far, and questions about the unusually strong pinning effects. They plausibly
stem from intrinsic effects due to the abrupt spin reversal across the narrow domain walls,
estimated to ~16 A thick. Besides the observation of the domain wall structure by
magnetic-force microscopy in various conditions, our specific heat shows their
thermodynamic signature down to the freezing temperature.

1. Introduction

The magnetic domain walls are the microstructural elements connecting the microscopic
and macroscopic properties of magnets and their origin is found in the combination of most of
the ingredients of magnetism: crystal-structure, magneto-crystalline anisotropy, magnetic
exchange, dipolar interactions, and crystal defects [1]. Their interfacial domain walls (DWSs)
which separate spins rotated by 180° in uniaxial magnets have demonstrated unexpected
technological interests, such as their propagation under spin polarized current able to

1



exceptional capabilities for bit carriers in racetrack memories, data transfer, and spintronic
devices [2—4]. In a simplified view, the width of the domain walls results from the competition
between two opposing energies: i) the magneto-crystalline anisotropy energy which tend to
align the spins in an antiparallel colinear way (narrow DWSs) and ii) the exchange energy which
tends to tilt two next spins by small angle values, leading to the common Bloch walls picture.
Both of them find a compromise into the most favorable energetic state. It follows in highly
anisotropic magnets, that the energy of narrow walls can be smaller than that of Bloch walls,
such that narrow walls are frozen as long as the applied field is smaller than a critical field
approximately equal to the coercive field. The coexistence of a large remanent magnetization
and a large coercive field associated with this rare type of domain wall suggests that such
materials may be pertinent permanent magnets, as first suggested in the early report of
anomalous behavior by freezing of DWSs in DysAl:, and TbNiixCuy, (0<x<0.4). The coercive
force (Hc), defined as the external magnetic field able to demagnetize a sample, is the main
parameter characterizing hard magnetic materials. It emerges from the pinning of the domains
by lattice defects and quantifies the DWs energy and robustness [5]. For DysAli2, Hc = 2.1 T at
4.2 K, while the DW freezing temperature, Tr = 20 K. Although other examples about similar
freezing phenomena have been occasionally reported, including on oxides such as Fe3O4
nanorods (with minor hysteretic magnetization effects) [6], and two-dimensional (2D)
multiferroic LuFe2O4 (with giant coercivity Hc~ 9 T) [7], this phenomenology remains a
curiosity. We recently evidenced the progressive passage from a “soft” to a so-called “super-
hard” magnet by freezing of DWs in the 2D-1sing FM BaFe2(PO4)2 on cooling below Tr ~ 15 K.
In this compound the Ising uniaxial magnetism was confirmed in early reports by extraction of
the three critical exponents y, 8, 6 from AC-susceptibility data, in fair agreement with their
theoretical values [8]. The responsible enormous magnetic anisotropy results from accidentally
degenerate (1a) and (2e) sub-levels of the tog manifold the Fe?*Os (d°, S = 2) octahedra of the
honeycomb magnetic sub-units. This configuration with unevenly occupied degenerate levels
is mandatory for Ising-like uniaxial magnetism. In our early-work, we have evidenced the
robust labyrinthic magnetic domain structure under an applied field, and quantified the
anisotropy which is predominant over the exchange interaction. In this work, we focus on the
robust giant-coercivity extrapolated to >19 T at 0 K. Although it is unfair to compare such
record-values with those of magnets generally reported at 300 K, we note superior behavior
compared to what ideally predicted for the most common permanent magnets [9]. These values
and the large (BH)max energy product figure of merit discussed later are relevant, due to the
possibility to exploit very contrasted soft vs. super-hard magnetizations, just by changing the
temperature AT = 10 K, which allows for the imprinting and freezing of multiple sample
moments in a robust manner. Other data such as Cy(T) are discussed.

2. BaFe2(POa4)2 (BFPO): a mini-review

BFPO is isomorphic with other BaM2(X04)2 compounds (M?* = Co, Ni; X** =P, V, As)
[10], built on 2D-honeycomb layers magnetically and structurally disconnected (d inter-layer =
8-9 A) by XO4* groups and Ba?* layers, Figure 1a. In contrast to other compounds of its family
(quasi 2D-Heisenberg or -XY AFMs), it is a unique case of 2D Ising ferromagnet-oxide, Tc =
70 K, with a soft magnet behavior [8,10]. This situation is unique as sometimes met in isolated
monolayer units only obtained after exfoliation see for instance Crlz [11]. This results in the
exception of the Mermin-Wagner theorem, which fascinating signatures are: at Tc, all layers
individually but collectively order FM with spins perpendicular to the layers, without
significant inter-layer interactions. The typical in-plane and out-of-plane thermal magnetization
are plotted in Figure 1b. The strong magneto-crystalline anisotropy is expected to be thickness-
independent (thin film, nanodomains, crystallites, single crystals). The spin degrees of freedom
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are only “1 or “1”, not in-plane. It returns very specific 2D-magnetization S-like plots with
strong remanent moment (> 7us/FU) and weak coercive fields (ca. 50 Oe) acting as an easy
spin-reversible material (soft magnet). The magnetocrystalline anisotropy can be estimated by
the projected cross point of M;(H) and M.(H) magnetization plots on oriented single crystals
(the anisotropy constant K = 19 J. cm™3) and by simulation of the inelastic neutron scattering
spectra (9.3-J. cm™ close to the highest reported-values of ~88- J. cm™ for UCoGa [12]).
BFPO displays a unique re-entrant transition [13] due to spin-lattice interaction versus
temperature: R-3 (paramagn.)usox — P-1 (paramagn.)zox — R-3 (ferromagn.). The
corresponding anomalies detected on »*(T) curves are shown in the Figurelc. It occurs due to
the competition between the Ising FM that requires the R-3 symmetry and triclinic Jahn-Teller
distortion due to the Fe?* degenerate crystal field. Here the triclinic symmetry, blocks the
establishment of the FM state at higher temperature [13,14].

Around 300°C, the sizeable creation of Fe-defects is perfectly controlled, activated by the
Fe?*/Fe3* redox couple. BFPO releases up to 1/3™ of the original Fe content by exsolution
according to the reaction [14]: BaFe*"2(POa)2 + 3x/2 O, > BaFe?"*,.4(PO4)2 + x/2 Fe*"0s.
The reaction is reversible under dilute H> (even on single crystals!), as the BFPO crystal
structure self-adapts to all ratios of Fe vacancies with flexible ordering [15]. We are also able
to prepare Fe/Co and Fe/Ni complete solid solutions[16] which allows to tune the FM properties
in Fe-rich regions. Our preliminary measurements validate also the freezing of domains in the
Fe-rich members.
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Figure 1: a) Layered crystal structure of BaFez(PO.). (Ba®* in yellow; Fe?*Og and POy in grey). b) Anisotropic
M(H) magnetization curves of oriented single crystals at 20 K. ¢) ZFC (red) and FC (orange) (T) plots. The
arrows show Tg, Tc and Tyr with the respective crystal symmetries. d-e) XRD patterns of obtained powders using
d) BaCOs3 and e) Ba(NOs), precursors. Strong preferred orientations effects are observed in the second one. f-g)
Rhombic crystals products with white BaCoOs; phase before filtering vs. h-i) plate-like crystals within a
homogeneous sample before filtering.

3. Experimental

3.1 Synthesis

The preparation of polycrystalline and single crystals of BFPO was explained elsewhere
using a hydrothermal method with hydrazine as a reducing agent to constrain a single Fe?*
valence and BaCOs as the barium source [8,13-15]. However, the obtained single crystals are
rhombohedral in form, which does not allow for an easy access to the (001) planes, in which
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the honeycomb layers are developed. BaFe2(PO.)2 platelet-like single crystals growing along
the (001) plane, were obtained in the present work, hydrothermally using a stoichiometric
mixture of Ba(NOs3)2, FeCl2-4H20 dissolved in H3PO4 (2 mL, 65%), and 2—3 drops of hydrazine
placed in a 23 mL Teflon lined autoclave filled to 2/3 with deionized water. The reactor was
directly placed in the oven heated at 220 °C for 24 h and quenched to room temperature. The
crystals were recovered by filtration and washed with water and ethanol in an ultrasonic bath.
See the XRD patterns of the resulting batches in Figure 1d-e. The superior solubility of the
nitrate compared to the carbonate precursor and their relative complexation constants are likely
the main ingredients for this crystal habit changes. We note that before filtration that white
grains of BaCOz are present in the reaction products, contrarily to the homogeneous color found
using nitrates, see Figure 1 f,g,h,i. Despite the misleading colors of the distinct crystals shown
in the Figure 1 due to their light reflectivity, they are all yellow under the optical microscope
with a more greenish color tone for the thicker ones. In order to be certain that no concentration
of Fe®* defects mentioned earlier was present, special care was taken in both single crystals and
powders and all samples have been refined to the same lattice parameters within +/-0.2% along
a and +/- 0.01% along c. These homogeneous values emphasize the efficient role of the
hydrazine reducing agent to stabilize Fe?* species, while only Fe* traces are expected.

The XRD patterns show strong preferred orientation effects for the platelet ones. The
handling of platelets with the easy magnetic axis perpendicular to the crystal main faces is
mandatory, for the easy crystal alignment and informative magnetic force microscopy
experiments. The crystal growth mechanism is rather complex and out of the focus of this work.
In brief, in the prime stage, we observed the precipitation of BaH(PO4) + BaFe3(POa4)3 which
are progressively transformed in favor of the final BaFe2(POa4)2 after 24 hours of reaction. A
longer reaction time favors the reverse reaction towards a biphasic mixture.

3.2 Magnetic Measurements

Isotropic properties were measured on polycrystalline powders, whereas anisotropic
properties used oriented single crystals. Single crystals were dispersed in epoxy resin and cured
under magnetic field at room temperature. Rotation of the cured epoxy allow to change the
orientation of the crystals with respect to the applied magnetic field.
AC magnetic susceptibility measurements on powder samples were obtained on a Quantum
design MPMS-Squid magnetometer with excitation frequencies between 1 and 1000 Hz, in the
2-85 K temperature range, Hac =5 Oe. The dynamics were analyzed using a Cole-Cole model,
details about the fitting procedures are reported elsewhere [17].
DC measurements up to 9T were collected on a VSM-PPMS while a MPMS-Squid
magnetometer was used for measurements up to 14 T. Typical experiments were performed
using zero field cooled (ZFC) and field cooled (FC) procedures in the 1.8-400 K temperature
range under a 0.1 T field.
The dependency of the magnetization (M) to the applied field (H) was studied using the Arrott—
Noakes equation [18]. The fitted parameters, 3 and y correspond to the 2D-1sing model [17].
Neutron inelastic data (not presented here) were analyzed with the mean field and spin wave
expansion carried out with the Spinwave software developed at LLB [19]. Assuming the
exchange coupling J = 14 K deduced from the exact solution of the Honeycomb S = 2 case, we
determined from the comparison between calculation and measurement an Ising anisotropy
parameter D, = 54 K for the Fe sites, equivalent to K = 0.67 KA™3.



3.3 Magnetic Force Microscopy (MFM)

Measurements were performed using an attocube attoDRY 1000 closed-cycle cryogenic
microscope in the temperature 4-50 K and up to 9 T. CoCr-coated silicon probes, magnetized
at T=60 K and H = 2000 Oe, with a resonance frequency of 157 kHz, a spring constant of
5 Nm™!, and coercivity of = 1500 Oe (MESP-RC, Bruker) were used detailed description of the
experimental setup can be found elsewhere [20-24].

The crystals were hand placed on a titanium coated silicon holder with the [001] direction
normal to the plane of the holder. All MFM images were taken in a buffer gas cooling of helium
at 0.5 mbar , with a temperature stability of £ 0.3 mK.

Hereinafter, MFM imaging of the domain structure at T < T(FM) was performed in a lift mode.
In this mode, the tip is lifted by 50 nm above the surface, thus avoiding the distortion of the
magnetic structure maps due to magnetic interaction with the MFM tip.

4. Results and Discussion

4.1 Magnetic Domains and their pinning:

We recently detected on fixed single crystals and powders, pronounced spin dynamic
changes on cooling due to the freezing of magnetic domains below Tr = 15 K where a soft >
super-hard magnet transition occurs [17]. Below the nearly frequency-independent peak at Tc
detected on AC-»’’(T), a dynamical contribution is observed as a rounded shoulder below 40 K
shifted to higher temperature on increasing the AC-frequency, see Figure 2a. The distribution
of susceptibility A yac between high f and static values was priory analyzed by a Debye model
with a barrier distribution [25] and shows a linear regime between Tc and 23 K, then another
transitory linear regime down to Tr = 15 K. Below T, a complete freezing of the spin dynamics
is evidenced by »’ and »” = 0 [17]. This transition is responsible of the progressive opening of
M(H) hysteresis with unprecedent coercive and remanent characteristics. It was measured on
single crystals preliminary embedded in drying epoxy and aligned in an applied field of 9 T at
250 K, see Figure 2b and 2c. Between Tc and ~23 K, the coercivity Hc is very weak (~0.1 T)
and almost temperature-independent. The S-like shape with easy reversal of the spins is typical
of 2D-FM systems. Below 23 K, the coercive field slightly increases, which corresponds well
to the so-called “transitory regime” aforementioned. It reaches 0.8 T at Tr = 15 K, where Hc
evolves in a linear regime with the temperature. At 6 K, we measured Hec = 11.3 T, below which
the M(H) cycles are not symmetrical anymore, due to irreversible depinning of the magnetic-
domains limited by our maximal applied field of 14T. Below this temperature (shown in grey
in Figure 2b,c) Hc is under evaluate and deviates from the linear law which at 0 K extrapolates
to He = 19.6 T. Such a giant value exceeds the extrapolated at 0 K for LuFe204 (~9 T), in which
similar freezing process was evidenced [7]. At 5 K, we calculated a B.Hmax Figure of merit (i.e.,
energy product) of 6.5 MG.Oe typical of hard magnets, see Figure 2d. In our case, the
detrimental parameter B (=4xM+ H) is limited by the volumetric magnetization M due to the
important contribution of the non-magnetic spacers. It is superior to the ones reported for oxide
permanent magnets, however this occurs at low temperature but with a rarely observed rapid
passage from a soft to super-hard magnet.

Concerning the domain-walls in BFPO, the quantitative data were abundantly discussed
in [17]. Summarizing those results, their width can be estimated from the numerical knowledge
of i) the ferromagnetic J exchange value (~14 K), leading to the exchange stiffness of
~46.14 KA (akind of density of magnetic exchange with respect to the 1D honeycomb lattice-
type) and ii) the magnetic anisotropy estimated to the giant value K = 0.67 KA 3 deduced from
the modelization of our inelastic data spectra using a spin-wave approximation over a
honeycomb 2D-sub-unit. It finally leads to the narrow wall thickness dbw = TV(AK) =~ 26 A,



i.e. 10 Fe-Fe contacts, far below the 400 A generally estimated for metal Fe. The energy cost
of the wall is given by Epw/ke = 4V(AK) = 22.2 K A2 [26].
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Figure 2: a) Real and imaginary parts of yac (T) measured on BFPO single crystals. b) M(H) plots on cooling at
different temperatures below T on oriented single crystals. ¢) The deduced coercitive fields H. versus temperature.
d) B.Hmax energy product graphically calculated from the data at T=5K (B is the limiting factor). e) top: narrow
magnetic domain walls with small tilts between the spins. bottom: continuous Bloch-like wall, shortened for
comparison. The zigzag dotted-line delimits the center of the DWs.

Furthermore, the linear evolution of H¢ versus T suggests a so-called “weak pinning
regime” (He o« A+BT) rather than a “strong pinning regime” (Hc” < A-BT%3). Conceptually,
these two models developed by Gaunt [27] differ in that the strong pinning demagnetization is
considered to be the breaking of the wall from a single spin-defect, while for the weak pinning,
the walls break away from many pins simultaneously in a cooperative manner. From the exact
parametrization of the weak-pinning equation He/Ho = 1-(25 KT)/(Epw-b?), with b is 1/4™ of the
domain width and Ho = 19.6 T and using the Epw value given above, we find dpw = 16 A in
close agreement with the value of 26 A suggested above. Finally, our magnetic domains
materialize with very narrow walls, due to predominant anisotropy over the J exchange for
BFPO and fixed by multiple pin centers with respect to a weak pinning model. It is probable
that the propagation of the domains between the stacked individual layers is performed by
dipole-dipole interactions across the crystal z-axis. We recall that in BFPO, the 2D-Ising nature
was validated by the calculation of nearly-zero inter layer exchanges [8].

4.2 Domain imaging by MFM

The domains as observed by MFM appeared immediately below Tc. Figure 3a shows
their stripe-like structure while the crystal was cooled down to 4.4 K in a residual-field of the
solenoid, with a non-perfectly demagnetized cantilever probe. On this figure, blue and red areas
correspond to up and down moments, respectively. Increasing the field to 0.5 T and heating the
sample above Tk leads to an almost complete spin-reversal, besides residual row like defects,
see Figure 3b. This picture strongly differs from what expected for a random distribution of
lattice defects. After cooling the sample in perfectly demagnetized conditions, so-called zero-
field cooled (ZFC, for both the solenoid and the cantilever), a very different image of the same
scanned area is obtained, see Figure 3c where we obtain a much more labyrinthic domain



structure which does not conserve common domain wall fragments in comparison to Figure 3a.
These results validate the participation of multiple pinning-centers, which may depend on the
sample-history, different from the lattice or chemical defects picture. Moreover, firing our
single crystals at 500°C in pure flowing Hz in order to remove all possible ‘Fe3*/vacancy ‘defect
pairs (see section 2) led to similar results. This refutes any strong influence of chemical/lattice
defects in the pinning process. It does show a good agreement with the “intrinsic” pinning
scheme stabilized by narrow domains,[28] which are naturally developed even in ideal perfect
crystals. Here, the tilting angles along the walls are small discrete values with moments nearly
parallel to the c-axis, see Figure 2e-top. The centers of the domain walls pass in between two
next Fe—Fe neighbors, otherwise costing a large energy gap, if the central atom is assigned to
an in-plane spin. Using the results of [28], after normalization of the exchange energy per
volume leading to Jv = 0.17 K/A®, we calculate K/Jv~ 3.9. For such value, the energy
difference AE between a continuous Bloch-like domain (see Figure 2e-bottom) and a sharp-one
is estimated to AE = a-K = 1.88 K.A?, where a is the Fe—Fe distance of 2.8 A in the walls. In
such case, the coercive force Hc is given by: Hc =(w-AE)/(2a:1s) with Is the saturated value at
0 K, i.e. 0.05 ug/A® in BFPO, counting six S = 5ug per unit cell, from the magnetic structure
refinement [8,13] and since one ug is 0.672 K/T, we obtained Hc, @ ok = 25 T in line with the
extrapolation of our experimental data toward He = 19.6 T.

Finally, the model developed for intrinsic pinning in absence of chemical defects predicts well
our data, and one should consider the demagnetization process as the wall motion induced by a
collective reversal of discrete spins in the walls. Figure 3d shows the robustness of our walls,
as the domain structure remains unchanged below T, increasing the applied field along the
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colored points correspond to different magnetization states, chosen to demonstrate the concept of a BFPO
magnetic memory. f) M(H) Hysteresis loop quenched at T = 2 K from the various precedent points.. The
magnetization remains essentially flat, whatever the field (coercive force > 15 T), indicating unswitchable
magnetic statesat T =2 K.

It was already intensively detailed in ref. [17] that the passage on cooling from open M(H)
hysteretic cycles at 10 K, limiting the external field between -9 and 9T (Figure 3e), to perfectly
frozen states at 2K in the same range of field (Figure 3f), allows for the imprint of any bulk
magnetization, just tuning on the temperature. At the nanometric level, only two domains, one
“up” and one “down” growing at each other expenses should allow to pin any magnetization
between -Msat. and +Msat. This is further discussed below.

4.3 Heat capacity

The heat capacity of the rhombohedral y-BFPO polytype concerned here, and those of
its high temperature form o-BFPO [29] are shown in Figure 4. The later orders
antiferromagnetically below Tn= 15 K, with the appearance of a significant ferromagnetic
contribution. It is assigned to a canted spin structure due to a corner sharing Fe**Os square-
pyramidal structure, similarly to a-BCoPO (Tn = 17 K) [30]. Using single crystals of y-BFPO
both the Jahn-Teller at T;r =140 K and the Curie transitions are sharply marked on Cp(T) curve
and amplified on the Cp/T(T) plot, see Figures 4a and 4b. The effect of an applied magnetic
field flattens the A-anomaly at Tc and shifts it toward higher temperature. This is in line with
ferromagnetic correlations above Tc, enhanced by an external field. However, this effect is less
drastic at Tyt which allows to refute the influence of magnetic exchanges in the first event of
the re-entrant structural transition discussed above.

Using a polycrystalline pelletized sample, these effects are appreciably smeared, this allows for
a more-standard treatment in a sufficiently large thermal domain. For both y and o
polycrystalline compounds the lattice-phonon contribution was fitted using the sum of a Debye
integral and two Einstein terms well suited to describe the heat capacities of minerals [31] :

4 X
Cla=9R Cp(T /6, )° fOGDi/Tﬁdx + Y7, Cei3R (0ei/T).(exp(BeiT)).(exp(OeilT)-1)
Here Cp+ Cg1 +Ceg2 is constrained to 13, the number of atoms per formula unit. The magnetic
contribution Cmagn Was deduced by subtraction of Cia (See Figures 4c and 4e) and transformed
to the corresponding magnetic entropy by integration of Cmagn/T Over the temperature, see
Figures 4d and 4f.

For y-BFPO, the magnetic contribution is significant until ~120 K, in good agreement
with the strong in-plane 2D-FM correlations above Tc, already reported [13]. However, a slight
deviation occurs at higher temperatures due to the Jahn-Teller induced structural transition. In
comparison, a-BFPO Cmagn becomes neglectable above ~50 K. Unexpectedly, low temperature
v-BFPO Cmagn/ T shows a significant contribution below Tc, which corresponds to the zero-field
low frequency »”(T) maximum. This highlights the addition to the heat capacity from the
domain-spin dynamics. Cmagn/T shows a bump at Tr at which the released entropy increases
more abruptly, in line with the defreezing of robust magnetic domains. There are only rare
reports on the influence of the ferromagnetic magnetic domains on the heat capacity, for
instance in the ferromagnet CdCr,Ses, the heat capacity approaches the theoretical curve only
above ~0.5 T [32]. It was then proposed that the zero-field magnon heat capacity is diminished
by the presence of magnetic domain walls. Thus, the expected field dependence is only restored
when the sample turns into a single domain state thanks to the applied magnetic field. Although
the methodology is different, our results are somehow compatible since the entropy release at
Tc is much lower due to the strong contribution down to Tr. In both samples the expected
magnetic entropy release 2R.In(2S5+1) = 26.85 J/ K.mol is approximately reached, though in a
more narrow thermal domain for a-BFPO.
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5. Conclusion

In conclusion, this work describes the micromagnetic properties of BFPO for which the
competition between exchange and anisotropy parameters enforce the freezing of spins below
Tr = 15 K. While this phenomenon has been reported in a handful of inorganic materials with
high uniaxial magneto-crystalline anisotropy, BFPO is remarkable due to the spin flipping in
the magnetic very narrow domain walls (=16 A) responsible for the intrinsic and robust pinning
of these below Te. This aspect allows for reproducible results, independent of the sample quality
and crystallinity. Magnetic force microscopy images of the domains as a function of field and
temperature validate the domain pinning as the driving force of the giant-coercivity. The robust
freezing of “spin up” and “spin down” domains in BFPO and their motion above Tr offers
several potentialities. The most striking one concerns the possible imprint and locking of any
magnetization in the saturation limits on a single crystal, due to the giant coercivity in the frozen
state. This original property allows temperature-field cycling between an open hysteresis (just
below Tr, e.g. 10 K) and a temperature assorted with giant coercivity, e.g. 2 K. We imprinted
at 10 K several magnetic states at various fields, and pinned them between -9 and 9 T at 2 K,
after cooling. This indicates the possibility to imprint multiple magnetization states (12 states
in Figure 3f). Hence, our system allows for a new paradigm to be realized with multi-state
memory by freezing of magnetic domains toward the realization of a nonvolatile system for
high density storage.
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