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Spatial Structures of Dipolar Ferromagnetic Liquids
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We have determined the magnetization structure in a ferromagnetic dipolar fluid by performing a
numerical minimization of a free energy density functional which is highly nonlocal due to the long
range of the dipolar interactions. In a cubic sample a vortex structure is found which consists of four
domains and four thick domain walls. Depending on sample size and temperature, near the vortex
line we observe an “escape” of the planar magnetization into the normal direction or a reduction of
its magnitude inside the vortex core. We describe the temperature dependence of the structure upon
approaching the Curie point. If an external field is applied, a transition to a homogeneously magnetized
state takes place at a critical field strength. [S0031-9007(97)03661-2]

PACS numbers: 75.50.Mm, 61.30.Cz, 75.70.Kw

The occurrence of a ferromagnetiquid phase with- the actual domain structure within a liquid ferromag-
out long-ranged positional order has been claimed fonet remains an open problem. In the present work we
strongly dipolar fluids at high densities [1-11] and for have succeeded in determining this structure for a cubic
supercooled liquid CoPd alloys [12,13]. In this Letter sample by using a versatile numerical minimization of
we focus on the former case but the results may alsan approximate microscopic density functional [10,11,15]
be relevant for the latter case. Evidence for long-rangefor the ferromagnetically ordered fluid. Our approach,
orientational order in simple model fluids consisting ofwhich is capable of describing the structure both on the
spherical particles with permanent dipole moments hascale of the system size and on a microscopic scale de-
been obtained in Monte Carlo simulations [1-6] andtermined by the particle diameter, allows us to analyze
in different theoretical approaches [7—11]. These modsimultaneously large scale structures and, for example,
els could also apply to ferrofluids, i.e., colloidal sus-the cores of topological defects. Our results feature,
pensions of solid ferromagnetic particles. Experimentallyter alia, the dissolution of line defects in favor of point
ferrofluids exhibit strongly paramagnetic behavior but adefects, the absence of sharp domain walls, the escape of
transition to a ferromagnetic phase might be attainabl¢he orientational order into the third dimension, and the
at high concentrations by appropriate chemical tailoringloss of order within the cores of the defects.

Both in simulations and in analytic theories the dipolar We have made na priori assumptions regarding the
forces must be treated carefully due to their long rangesymmetry of the domain structure and have minimized
which may give rise to effects depending on the shapevith respect to the dimensionless local magnetization
of the sample. It turns out that for all sample shapesM(R) at mesh pointR on a simple cubic lattice within
with the exception of a long needle, the equilibriumthe sample. (The actual magnetization/z /3 pmM,
configuration is inhomogeneous with a spatially varyingwherep is the number density and the dipole moment
magnetizationM(r) [14,15]. This implies a shapimde- of the particles.) The fluid particles interact according
pendentfree energy, as is expected on general groundt the Stockmayer pair potential, given by the sum of
[16]. (These effects are absent in Heisenberg fluidshe dipolar interaction and the isotropic Lennard-Jones
[17] in which the magnetic exchange interaction is shorfpotential characterized by an energy scaleand a
ranged.) The difficult problem of determining explicitly particle diametero. Within the applied approximation
the spatial distribution of the inhomogeneous magnetizascheme [11,15] the free energy difference between the
tion for a given sample shape has not yet been solvederromagnetic and the paramagnetic liquid of dengity
Recently we obtained [15] a general characterization ofs F = F,, + Fj,. The first contribution, describing the
the equilibrium configurations, which, however, does notentropy loss due to orientational ordering, is

determine the actual structure. We also speculated about

possible domain structures in a cubic sample under ther,, = kBTpf d3r[ dcosa[% + M(r)v/ 127 cos]
constraint of a discontinuous change of the orientational v

order across sharp domain boundaries and constant mag-
netization within the domains. This assumption is ob-
viously unrealistic for liquid systems. Furthermore it (V27 M(R)P"
implies the existence of line singularities where three or = kgTpa’ Z Z

four domains meet each other. However, due to general R azi @n = 12220 + 1)

topological arguments [18], stable line singularities candt is obtained by an integration over the orientational
not exist in three-dimensional spin systems. Thereforedistribution of the fluctuating dipole moments. Héddr)

X In[1 + M(r)v 127 cosf]
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is the magnitude of the local magnetizatiénis the angle (a)
between the fluctuating and the mean magnetization, and Y

a is the lattice constant of the mesh. The interaction
contribution to the free energy is
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whereR = |[R|, R = R/R, and the Heaviside function LTI I I
O truncates the interaction at the particle diameder
General expressions for the functiofiso and f1;, have (b) ’ Z
been derived in Ref. [19]. For small dipole moments
f112(R) is proportional toR 3 and f1, is negligible so DIl
that w;; reproduces the well-known form of the dipole- LTI
dipole interaction. In an external magnetic fid#lda term = s
—4m /3 pma’*H - Y g M(R) must be added to the free LTI
energy. e et T
The latter is minimized with respect to the magnetiza- AR -
tion configuratiofM(R)} using simulated annealing [20]. A R
Starting from an appropriate initial configuration, at each LD IITITTIITITTIICLNN
step a lattice sit®Ry and a new value oM(R) are cho- LTI oo
sen at random and the resulting change in free energy S r s e e ettt e s
AF is calculated. The proposed change is accepted with T T
probability mif1,exd —AF/(kgT,)]}, where T, denotes U
a control temperature that is gradually reduced during the Tttt ITET T
minimization. Starting from completely random initial
states requires extremely long numerical runs. Therefore, (c) z
in most cases we started from a minimum configuration ... ... .o, e e e
which had been obtained in a previous run for different TS SSSSNNN s
parameter values. We used upNd = 223 mesh points CIIIIIIIRN N,
and examined cubic volumes of siig/c = 4.8-120. -« -~ SANNAANNY Y s e
Typical CPU times on a workstation were 3.2 hours for a AN Q § NN
16°> mesh and 25 hours for223 mesh. N A A A A
As our standard values of the thermodynamic parame- SONINNNANNNAN S
ters we chose the dipole moment' = \/m?/(c3¢) = * > AR
1.5, the temperaturd™ = kzT /e = 2.25, and the den- SN § §§§§ NN
sity p* = po?® = 0.94. This corresponds to a state well T T N O N N N O
2 Y . S N N N N NN
within the ferromagnetic liquid phase as predicted by the N W N N N RN
present density-functional theory [15]. Figure 1 displays NN i:::: N
a typical example of the resulting magnetization struc- et e s AN NN mm—e e o

tures. The section perpendicular to thaxis showsavor- ~ * -~ ‘o
tex of closed magnetization lines circulating around thisFIG. 1. Magnetization structure of a ferromagnetic liquid in a
spontaneously chosen axis. In this context it is interestingubic volume with edge length/o = 7.2, 20° mesh points,

to note that clusters of some ten to 100 dipolar particle?”dT‘ = 2.25. The three parts of the figure represent sections

also exhibit a vortex structure at low temperatures [21,22] ya)zfo_r (f)');;gz .:thoéogfé’in(biéf';f ?ﬁ; o o e}?gg? 'tﬁgd C(lj:t)) ef'_xe%] .

The configuration in Fig. 1 may also be described as comarows represent projections of the local magnetization at their
posed of four domains separated by broad domain wallsidpoint onto the section plane.

along the diagonals. Thus it resembles the triangular

structure obtained previously [15] under the constraint ohetite particles just above the critical single-domain size.
sharp domain boundaries. A similar structure has alsdélowever, more complicated structures occur in this case
been found to be the most favorable one in cubic magfor larger particles [23,24]. As can be seen in the sec-
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tions perpendicular to the axis, there is a nonvanishing of system sizes, but the observed size dependence is com-
out-of-plane component ¥ (r), which is especially pro- patible with a finite value of/L in the thermodynamic
nounced near the vortex axis. In this way a line singudimit, which would be in accordance with the scaling be-
larity is avoided by an “escape into the third dimension.”havior proposed above. A finite and nonzero limitsgfL
This is in accordance with general considerations showhas already been conjectured by de Gennes and Pincus [27]
ing that line singularities are topologically unstable in afor liquid ferromagnets and is also expected for an isotropic
system of three-component spins in three spatial dimerHeisenberg model, whereas in real solid ferromagnets the
sions [18], which means that they can always be removedall thickness is always restricted to a microscopic value
by continuoudocal modifications. However, near the top due to a violation of the full G{) symmetry induced
and the bottom faces of the cube thecomponent de- by the coupling to the lattice anisotropy. In this respect
creases in order to avoid a large normal component at thigguid and solid ferromagnets differ significantly.
surface which would produce an unfavorable demagneti- When the temperature of the fluid is increased the
zation field [15]. Thus, two topologically stable point sin- ferromagnetic order vanishes continuously at the Curie
gularities near the centers of the bottom and top surfaceemperaturel’.. For the small volumes under considera-
are inevitable. In contrast to the usual micromagnetic caltion 7. depends on the system size [28]. It is lowered by
culations for solids [25], the magnitude of the magneti-about 10% wherl./o is reduced from 9.6 to 4.8. Upon
zation is nota priori assumed to be a constant, but isapproachingl. a second mode of avoiding a singularity
included as a minimization parameter. A closer look atat the vortex axis evolves: as shown in Fig. 3 a column
the point defects reveals thiM(r)| strongly decreases in- of less ordered fluid with reduced (r) develops around
side their cores (see Fig. 2). Inthe buli(r) is approxi- this axis, while the degree of escape into the axis direction
mately constant, but it also decreases near the surfaces.is reduced. Simultaneously the less ordered surface layer
Very similar structures have been found for all valuesthickens as a consequence of the increasing correlation
of L and N. With the exception of the smallest sys- length near the phase transition.
tems the scaling propertyI(r/o,L/o) = MO(r/L) is The above results refer to zero external field. If an exter-
approximately obeyed, so that one can surmise that thisal field is applied the dipolar particles tend to align along
holds also in the thermodynamic limit. The functidi®  the field direction. The resulting transition from the inho-
represents the global texture in the thermodynamic limit. mogeneous zero-field configuration to the homogeneously
The domain walls are mainly of the Néel type, i.e., themagnetized state in the presence of strong fields can also
magnetization rotates within the plane defined by the maghe examined within the present approach. We have ap-
netization directions of the adjacent domains [26]. In ordeplied the field normal to the surfaces of the cube but in
to measure the wall thickness we consider the change different directions relative to the spontaneously chosen
of the in-plane magnetization component parallel to thesortex axis of the zero-field configuration, which was used
wall upon traversing the wall on a normal path. It ap-as an initial guess for the minimization algorithm. The
proaches opposite limits in the adjacent domains. Waenost stable configurations turned out to be those for which
define 6 as the distance between those points where thtéhe vortex axis is parallel to the external field. The rela-
tangent to this curve at its inflection point reaches theséve stability of the resulting configurations can be judged
limits [26]. The normalized thicknes$/L decreases
slightly from ~0.3 to ~0.25 within the accessible range
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'L FIG. 3. Absolute value of the magnetization along diagonal

lines near the midplane; (= 0) as a function of the tempera-
FIG. 2. Absolute value of the dimensionless magnetization asure. From top to bottom the lines correspond to the following
a function of the distance from the vortex axis along lines values of7T*: 2.25; 2.30 to 2.60 in steps of 0.10; 2.65 to 2.85 in
parallel to thex or y axes at different heights* = z/o. 24° steps of 0.05. The estimated Curie temperaturg:is= 2.89.
mesh points are used and the side length‘is= L/o = 7.2. Near the vortex axisr(= 0) [M| decreases faster than for in-
Around the point defect at the center of the bottom face thdermediate values of so that a column of less ordered fluid
degree of orientational order is strongly reduced. develops around this axis.
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