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Structural transformations in ferrofluids
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We present results of theoretical study of internal structural transformations in magnetic liquids consisting of
identical spherical magnetic particles suspended in a carrier liquid. As the results show, when the dimensionless
characteristic energy of magnetic interactiorbetween particles is less than a certain critical valligthe
system of particles is in spatially homogeneous state with linear chainlike aggregatess \&meds: ', bulk
droplike aggregates, consisting of large number of particles, can occur in this system. The critical parameter
decreases when external magnetic field increases. This means that, in accordance with all known experiments,
magnetic field stimulates the phase separation. Our estimate’sa® in agreement with magnitudes of the
parameter of interaction between particles in typical ferrofluids where these phase transitions have been
observed experimentally. Analysis shows that the bulk dense structures can occur provided that the total
numberN of particles in the system exceeds a threshold v&lue which is about a thousand by order of
magnitude. We think that this result explains why the bulk dense clusters, observed in many real experiments,
have never been observed in three-dimensional computer simulations of ferrofluids—the total number of
particles in these simulations was too small to provide the formation of bulk structures.
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[. INTRODUCTION ratory experiments, no bulk aggregates were detected in the
majority of three-dimensional computer simulations. We
Ferrofluids (magnetic liquids, ferrocolloigsare stable know the only computer modél6] of the systems of dipole
colloidal suspensions of fingabout 10 nm in diametgr particles, which demonstrates some bulklike structures. Ana-
single-domain ferromagnetic particles in a carrier liquid. Tolytical models[18,19 demonstrate that appearance of the
prevent coagulation of the particles under molecular van dethains makes the van der Waals-like phase transition in the
Waals forces, they are covered by special polymer layersystems of dipole particles impossible—when temperature
screening this interaction. The typical thickness of the surdecreases, it is more preferable for the chains to grow rather
face layers is 2—3 nm. As a result only magnetodipole andhan to condense into the bulk liquidlike phases.
steric interactions act between the particles. A rich set of This contradiction between numerous laboratory experi-
unique and valuable, for modern technologies, properties ahents, on the one hand, and the computer simulations as
ferrofluids attracts a rising interest of engineers and investiwell as analytical studies of the systems, on the other, opens
gators to these systems. a question of the fundamental physical reasons for the phase
Many experimentgsee, for example, Ref§1—-8]) dem- transitions in real ferrofluids.
onstrate that ferrofluids exhibit a rich phase behavior as a An idea, suggested in Ref18] in order to explain these
function of temperature, magnetic field, and physical paramphenomena, is that there are “tails” of the central van der
eters of the systems. When magnetic interaction between pawaals interaction between the colloidal magnetic particles,
ticles is sufficiently strong, they form various bulk droplike and, namely, these tails are responsible for the bulk conden-
aggregates consisting of tremendous, up to several milliongsation. However, simple estimates show that the typical
number of the particles. Magnetic field stimulates thesehickness 2—3 nm of the surface shells on the particles is
transformations and elongates the aggregates along its forcgiite enough to consider the central interaction as being neg-
lines. Because of tremendous number of particles in theskgible. Thus this interaction can be significant only due to
“drops,” they can be considered as domains of new denselefects of the surface layers. Theoretically these defects can
phase, and their appearance as a first-kind condensatioake place, of course. However, quite similar scenarios of the
phase transition in the ensemble of the particles. phase transitions have been observed in numerous experi-
The first theories of the phase transitions in ferrofluidsments with various ferrofluids. This fact gives us a back-
were suggested in Ref§9—12. All these models, being ground to conclude that the occasional defects of the surface
quite different, have a point in common—they treat theseshells cannot be responsible for these phenomena. Moreover,
phenomena as classical gas-liquid phase transitions in ethe fact that external magnetic field strongly stimulates the
sembles of interacting, but individual particles. However,phase transitions shows directly that the dipole interactions
many computer experiment$or example, Refs[13-17) play a decisive role in these transformations.
demonstrate that linear chainlike clusters occur in macro- The second reason for the phase transitions can lie in the
scopically homogeneous systems of magnetic particles lonfact that real ferrofluids are always polydisperse. The small-
before the bulk phase transitions. In contrast with the laboest particles, almost neutral from the viewpoint of the mag-
netic interaction, can create entropic depletion forces be-
tween the biggest particles, and these interactions might be
*Email address: andrey.zubarev@usu.ru sufficient to induce the phase transitions. However, in experi-
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mentg[ 8] these transitions have been observed in the systentser of particles in the whole system. For real ferrofluids
where the smallest particles were separated from the biggestay be associated with infinity, whereas in computer experi-
ones and polydispersity has been strongly reduced. In suanentsN is large, but finite number. The first terms in every
conditions the depletion interactions cannot be strong andsum of Eq.(1) present free energies of the ideal gases of
therefore, they cannot induce the phase transitions. n-particle chains and drops, respectively. The tefmsnd
Thus, the complex of known experiments provide reasonsv, are the dimensionless works of the formatifree ener-
enough to consider the dipole forces between the particles ageg of n-particle clusters. Our aim is to determine the dis-
being responsible for the bulk condensation phase transitiortsibution functionsg,, and g, and to estimate what part of
in magnetic liquids. However, if this is the case, the questiortotal number of the particles, under a given condition, is
arises why the bulk phases have not been observed in coronited into the chains and what part into the drops. It would
puter experiments with dipole particles? be noted that, for small number of particles in the aggregates
In this work we suggest a scenario of the condensatioin=1,2...), thedrops cannot be considered as bulk ther-
phase transitions in ferrofluids which takes into account bottmodynamical domains of a new dense phase and for these
linear chains and bulk domains of a new phase. The analysibe terms in the second sum of E@) have no physical
shows that there is a certain critical magnitudeof the ratio  sense. However, it will be shown below that in real situation
¢ of energy of dipole-dipole interaction between the particleshe terms with smalh in the first sum of Eq(1) far exceed
and thermal energiT of the system. lE<e', the system is the corresponding negligible terms of the second sum. Thus
in spatially homogeneous state with chainlike aggregates. Ithe fact that we begin the second sum in EQ.with n=1
e>¢', the phase transition occurs and the system of pardoes not influence on the final results.
ticles is separated into dilute and dense phases where the lastThe equilibrium distribution functiong,, andq, provide
can be presented in the form of bulk droplike aggregates. Iiminimum of the free energlf under the obvious condition of
accordance with all known experiments, magnetic fieldconservation of the total number of particles in the volume
stimulates the phase transition. At the same time our calcuwinit:
lations demonstrate that this phase separation can occur pro-
vided that the total numbeN of particles in the system ex- N N @
ceeds a certain threshold valNé. This threshold magnitude > ng,t+ >, ng,=—. (2
N’ varies from several hundreds to several thousands de- n=1 - v
pending one, applied magnetic field and volume concentra-
tion of the particles as well. In modern computer simulations
of ferrofluids the total number of particles varies just in this
region. From our point of view, this result allows us to un-
derstand why in three-dimensional computer simulations, in
contrast with the laboratory experiments, the bulk drop clus-
ters have not been observed. We think that the number ahere\ is undefined Lagrange multiplier. Combining Egs.
particles in these numerical experiments was not sufficient t¢3) and(1), one can show that is the chemical potential of

The standard calculations give

1 1
gn=oexp—fatAn),  gp=—exp—w,+An), (3

provide the bulk transformations. particles in the system. To determiggandq,,, one needs to
substitute Eq(3) into Eq. (2) that leads to a transcendental
Il. BASIC MODEL equation for\. This equation can be solved numerically.

In order to calculate. and therefore to determirgg, and
n, We need to estimate the own dimensionless free energies
f the clusters,, andw,,.

To simplify the analysis we ignore the polydispersity of
ferrofluid and consider a suspension of identical spheric
magnetic particles of hydrodynamicalith the surface lay-
er9 diameterd, magnetic momenin, and hydrodynamical _
volume concentratiorp. The magnetic interaction between A. The own free energy of the chain
particles is supposed to be strong enough to provide the for- The dimensionless free enerdy of the n-particle chain
mation of chainlike and droplike aggregates. We neglect angan be presented ds=—InZ,, whereZ, is the statistical
interaction between different chains or drops. It will beintegral of the linear cluster. This integral can be calculated
shown below that the last approximation does not influencéy using regular methods of statistical physics only if the

significantly on the final results. applied magnetic field is zero or infinite. For both limiting
The free energy of a volume unit of the system can becasesz, has been estimated in RédfL9]. These estimates
presented as give the following expression for the dimensionless free en-
N N ergy of the chain:
F=kT >, (gnln +Gnfn |+ 2 (qnln +qan” fo=—(n—1)ecp— kN, 4
(1) where

Hereg, andq, are the numbers af-particle chains and
drops in a volume unit of the system= wd>/6 is the hy- e —ln—o (5)
drodynamical volume of the particle, ahtlis the total num- ch
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for zero magnetic fieldthe multiplier 4 in denominator of 1 nv mHy
the ratio under the sign of logarithm in RL9] is a mistake LO)=cothX)= <  @a=+/+ Ka=Ho T -
of calculation$ and
3g2 HereL(x) is the Langevine functionp is the hydrody-
Sch=8—|nT (6) namical volume concentration of particles inside the drop
andH is the magnetic field inside this aggregate.
for infinite field. The magnitudev,s in Eq. (7) is dimensionless free energy
Here and below of dense gas of hard spheres with volume concentratjon
Let us take into account that, due to the strong magnetodi-
o M2 mH pole interaction, t'he density.of particles in;ide the globule is
= Pt K=o s expected to bt_a high. Then, in order to estimaig we may
use the equation of state suggested by Hall in R
where e is the dimensionless, with respect to temperature,
energy of magnetic interaction of closely situated particles phs:k_T% A 9)

and  is dimensionless energy of interaction of the particle v Em—¢d’
with the applied magnetic fielth. Parametek, is the ef-

fective free energy of one particle in a chain due to its interyhere ,,=0.74 is the density of close packing of spheres,
action with the neighboring partiC|eS. This magnitude is de'phs is the osmotic pressure of gas of these partic'esmm
termined taking into account thermal fluctuations ofa parameter. Using standard thermodynamical relations be-

positions and orientations of the particles in the chain. tween the free energy and the pressure, we get
B. The own free energy of the drop v Dre( @4) o
hsl Pd d
Now let us estimate the free energy, of the dense bulk Whs= T o2 d¢d:n(¢_m|n pr— +CJ,
d

cluster consisting oh magnetic particles. It is important to
note that, in contrast to polymer macromolecules which con-
serve linear structure even in the bulk globule state, in the ] ) ) ]
dense phase of ferrofluid the linear contour of chain must b&/hereC is a constant of integration. Following Ref2,23,

lost. From topological point of view, this dense phase is dhe parameters and C can be determined from condition
homogeneous fluid of particles rather than dense coil of linthat gas of hard spheres undergoes entropy driven phase tran-
ear macromolecules. Therefore, to estimatewe may use sition with volume concentrations of particles 0.494 and

the methods of statistical thermodynamics developed fof-545 for relatively dilute and dense phases, respectively.
dense homogeneous ferrofluids. Using relations(9) and (10) for thermodynamical functions

Classical results of the theory of nucleati@®] and elec-  ©f the dense phase and classical Carnagan-Starling equation
trodynamics of continuum medf@2] give us the following  for the dilute phase, one can obtain from equations of equali-
formula for dimensionless minimal wolree energyof the  ties of osmotic pressures as well as of chemical potentials in

(10

formation of the bulk cluster: these phases th&~2.2C~1.255.
To find the magnetic fieltH inside the globule, we need
W, =Wq+ W+ Wy, (7)  to determine the shape of this cluster. The exact shape of
magnetic drop in nonmagnetic environment is unknown. In a
H first approximation one may present the aggregate as ellip-
KT W= —MOVL MydH, kTws=0S. soid of revolution with long axis aligned along external field

H. As shown in Refs[5,7], the results of this approximation
HerekTw, is the free energy of this cluster without mag- &€ in @ good agreement with the experimental evidence in
netic field,V and S are the volume and surface of the drop Weak and moderate magnetic fields. Below we use this ellip-
(globule, M4 is the magnetization inside the drap,is the ~ Soidal presentation for shape of the globule. Inside homoge-
surface tensionkTwy, is the free energy of the cluster in- nNeous ellipsoid, the dimensionless magnetic fiedds con-
duced by the external fieltl andkTw is the surface free Nected with the external one by the relation(see in Ref.

energy. [21])

Using the model12], one can presentv, and My as
follows: B K 11
L, T 14 xaé(0)” D

Wo=Wpg(¢g) —N38°¢q, (8)

N dL () where
Md:va(Kd) 1+48(,Dd d )
Kd My L(xgq) dL

=47 — =24¢pye (1+4 s—)
where Xd Hyq Ao Kd #9% g
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is the magnetic susceptibility, calculated in modigg], c emt Vo2 —4AIG
<1 the ratio of minor and major axes of the ellipsoidc) ¢q= r2n .
the demagnetizing factor which is determined from the fol-

lowing relation[21]:

(17)

Formula(17) shows that bulk aggregates, being in a me-

c2 1+ J1—-c2 chanical equilibrium with dilute environment, can occur pro-
&c)= T In 2_2\/1_(;? . (12  vided that the parameter of dipole-dipole interaction be-
2(1—c?) 1-yl-c tween particles is high enough and inequal@y4A/ o2,
. ) . holds true.

_Let us return now to expressidff). The interfacial ten- To determine the form factar of the ellipsoidal cluster,
sion o between dense and dilute phases of ferrofluid hag,e condition of minimum ofv. . with respect tac, must be
been estimated in Ref24] and can be presented as used. ie. " '

o~ %chpgv “2BG(e,ky), (13 ow
h= (18)
G=2¢L(kg)?+ 362 dc

It should be noted that Eq13) is an estimate of the Taking into account Eqg.11) and (17), representing«g
surface tension by the order of magnitude only. Howeverand ¢4 throughx,e, andn, the solution of Eq(18) gives us
any exact or precise result for this magnitude has not bee@ as a function of the three last magnitudes. Substituting
obtained theoretically even for relatively simple, for analysis,c(«,e) into Egs.(7) and(8) and keeping in mind Eqg9),
systems with short-range central interaction between par10)—(14), and(17), we obtainw, as a function of,e, and
ticles. That is why we use here simple approximatia8), K.
which leads to reasonable agreement with experiments, at In the general case, the described calculations are not dif-

least by the order of magnitude. ficult from a principal point of view, but cumbersome. Below

The surfaceS of the ellipsoidal cluster can be calculated we consider two limiting cases with respect to the dimen-
from the well-known formula sionless magnetic fieldk =0 andx— .

o3 Zero field(k=0). In this case we have
3
Wnh=0, —§S,C—, _WE .
 on arcsin \/1—07)
T=c™ 1+ Cm ' Combining these relations with Eqgé7), (8), and (14),

and taking into account that=nuv/¢4, we obtain

Combining Egs.(7)—(14) and taking into accounV
=nv/ ¢y, We come to expression fov as a function ofpy, Wp=—ngg+ns, (19
c and dependent on,e, andk as parameters. To determine
@4 One can use the condition of mechanical equilibrium bewhere
tween the globule and environment. With the help of ap-
proximation of zero concentration of particles outside the 1, 47| 3 |23 ) 2
globule, this condition can be written down as £q= ~Wnst 58°¢q, S=—|7——] &°¢4, (20

3 6 \dmoy
—P,—Pu=0. (15)
Pa™ Po™ Pu ot ol 12A152

Herepy is the osmotic pressure inside the globueg,is #d 2 » «<=0.
the capillary pressure proportional & py, is the Maxwell
pressure proportional to square of normal component of |nfinjtely strong field k— ). The following relations are
magnetization. Estimates show that two last terms on the leffjig now:
side of Eq.(15) are smaller than the first one. Therefore, in
the first approximation they can be neglected. Using the re- G=2g+Lg2 (21)
sults of the mode[12] and expressioni9) for the osmotic S
pressure of dense gas of hard spheres, one can pggent

the form dek(1—24%§(c)>.
_kT A
Pa Pm— Pd

— 3G (16)

Pd

The form factorc can be determined by using condition
(18) of minimum of w,, with respect to this parameter. Sub-
Thus, the conditiorpy=0 of mechanical equilibrium be- stituting Eq.(21) into Egs.(7), (8), and(14), and taking into

tween the bulk cluster and empty environment gives account thatc, k4>1, after simple calculations we get

v
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A ®d far ¥
—1In

Pm  Pm— Pd

W,=n

+C_G§Dd_Kd)

Xar

_sn 2/3(3 23(c) (22
Aoy Pd '

Equation(18) can be presented in the form

OWn dkg  dWq| 0 FIG. 1. lllustrations of plots of dimensionless own free energies
dkg dC Jc . e of chainsf, (solid line) and dropw,, (the dashed oness numbem
d of particles in the cluster@) e.,>eq, (0) £cp<<egq.
Combining this equation with Eq$21) and (22), in the ) ) .
limit «,xq—o we come to the following equation fax considered as a threshold number of particles in the cluster
for the chain-drop transformation. The results of calculations
£'(c) ol 323 e s of n; as a function of the dimensionless parametef mag-
— = Zl(4_) Gegn™ ™~ (23 netic interaction between particles are shown in Fig. 2 for
2'(0) both zero and infinite fields.

The result than, in infinite field is slightly less than in
the zero field, seems to be unexpected since under the field
the chain becomes more rigid {, increases Obviously this
factor leads to an increase of . However, at the same time,
the dimensionless absolute magnituge of energy of the
particle inside the drop also increases under the field. This

where prime denotes derivation with respecttdranscen-
dental equatiori23) can be solved numerically. Substituting
solution of this equation into E@22), we come to the energy
w, as a function ofe and «. In the considered asymptotics
K—00 We may presentv, as

W= —neg+n23s—n, factor makes the state of the drqp more pr.eferable and de-
creasesi.. Our results show that in infinite field the second
where factor dominates. This is possible that in weak but finite
fields, the first factor is stronger than the second onerand
£q4=—Wpst G, (24 in the field increases. However the case of finite fields re-

quires a separate study.
213 5 1, It should be noted that, in order to avoid very cumber-

S=7 ey ¢aGx(c), G=2s+ 3¢ some mathematics, we have used in calculation$,ahe
approximation of nearest neighbors in the chain. At the same
time, calculatingw,,, we have considered the drops as ther-
modynamical domains of dense phase with a homogeneous

Now we are in a position to estimagg andq,,. In order  internal structure. As a result we obtained the sharp chain-
to study the influence of magnetic field on the internal strucdrop transition at a certain.. In the theory of polymer
ture of the system without cumbersome mathematics, wéhains, there is a finite region of for the “chain-globule”
consider two limiting cases of zero and infinite magnetictransformation. Numerical simulations of the chain-globule
field. In both cases the free energies of the particles in th&ansitions in the Stockmayer fluids with strong dipole-dipole

Ill. THE STRUCTURAL STATES OF THE FERROFLUID

chains and drops can be presented as and weak Lennard-Jones central interaction between soft
spherical particles has been done in Réb|. Considering
fo=—(n—1)e;,+nXconst, (25  the Lennard-Jones diameter of the soft particle as a diameter
W,= —neg+n?3s+nxconst. 300

wheree.,e4 ands are given in Eqs(5) and(20) for zero
field, and in Egs(6) and (24) for the infinite one; const is 200
unessential term identical for both functiohsandw,, .

Let us comparef,, with w,. As is easily seen, ik,
>gq4, thenf,<w, for all n. This means that the chainlike
state is more preferable for clusters with any number of par- 100
ticles than the droplike state and, therefore, probability of
appearance of the drops is very small. The situation is illus-
trated in Fig. 1a).

The opposite case, whesn,<egy, is illustrated in Fig. 6 9 12
1(b). Whenn is less than a certain critical numbeg, the FIG. 2. Dependencies of critical, for the “chain-drop” transi-
free energyf, is below w, and the linear state for the tion, numbem, of particles in cluster on dimensionless enesgyf
n-particle cluster is more preferable. Otherwise, when magnetic interaction between particles. Solid line—infinite mag-
>n., the bulk droplike state is more stable. Thyscan be  netic field, dashed one—zero.
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Let E; be the mean magnitude of energy of attraction of
O particle from the chain | to the chain Il. The energy of at-
traction of these chains in the stripe state in the order of
magnitude isnE;. Consider now chains | and Il, united into
one 2n- particle chain and denote Wy, the absolute value
I of energy of attraction of two particles at the edges of these
chains. In the first approximatioR, can be considered as
energy of attraction of the chains in the linear state. Obvi-
ously, |E,|>|E;|, however whem is high enough|nE,|
>|E,|. This means that attraction of two short chains is
stronger when they form a new chain; attraction between
I 1 long chains is stronger when they form the stripe or, in three-
I dimensional case, a bulk cluster. Thus, in the case of zero
temperature, for clusters with high enough number of par-
ticles w,<f,,. Since these dimensionless free energies are
O continuous functions of temperature, this means that for low
but finite temperature§.e., high magnitudes of) the in-
FIG. 3. Two chains united into stripelike and linear clusters.equalityw,<f, is valid for largen.
Short lines between particles illustrate magnetic interactions which Let us turn now to estimates of the parts of total number
are taken into account. of the particles united into the chains as well as into the
drops. Combining Eqg7) and(3), we may present the bal-

of the rigid sphere, for the parameters of the system, used if"Ce equatiori2) as follows:
Ref. [25], with our notation we obtair~9. For zero mag-

netic field ande=9 our estimates give,~97. The com- Dopt Py=o,

puter experiments of Ref25] without the field exhibit a

transition zone between the chain and globule states which is N

completed whem~100—120. Our estimate.~97 is close ®op=exp(—een) >, Nexgn(eent )], (26)
n

to these magnitudes. Thus, in the first approximation, our
simple model is in agreement with the computer experi-
ments. N

The inequalitys 4> €, is fulfilled when the parameter ®y=> nexgn(eq+\)—n?3s],
exceeds a threshold magnitudé. This magnitude must be "
large enough to provide real values@f in Eq. (17). Direct
calculations show that for a#l, providing real values opy,  Here®., and®4 are volume concentrations of the particles
the inequalitye 4> &, holds true. Thus, we can consider the United into the chains and drops, respectively.
minimal &, for which the relation under the square root in _ L8t 84+t A=—-2, £4—ecp=u. Using this notation in Eq.
Eq. (17) is positive, as the threshold magnitudé for a  (26), we can rewrite the concentrations as
given magnitude ofk. Whene<eg’, the system is macro-
scopically homogeneous with chainlike aggregates. When N
>¢’, the bulk drops of a new phase can appear in the fer- Dop=exp(—ecn) > nexg—n(u+2)],
rofluid. Our estimates give’'~6.9 for zero field ands’ "
~4.56 for the infinite one. The fact that in strong magnetic (27)
field the threshold parametef is much less than without the N
field means that magnetic field stimulates the appearance of ®y=, nexg —nz—n?%).
the bulk dense phase, and this is in agreement with all known "
experimental results.

The result that the inequalityy>e.,, thusw,<f, for Let us suppose, first, that,>e4. In this situation every
high n, is fulfilled whene exceeds a certain critical magni- term in the first sum of Eq(27) exceeds the term with the
tude ., is not a consequence of concrete statistical estisamen in the second sum. Calculations show that now for all
mates of these magnitudes, but follows from general physicatases, being of physical interest, the concentraligrs neg-
considerations. Indeed, consider twgarticle chains in the ligible as compared witld.,. This means that the probabil-
limiting case of zero temperature when the entropy of thety of appearance of the drops is vanishing and the particles
chain and globule is zero. In this case the free energies afre in single state or united into chains.
these clusters are determined by the energies of particles in- Now we study the case when,,<eq4 (i.e., e>¢') and
side them. We compare absolute magnitudes of energy dhereforeu>0. Let us suppose that the total number of par-
attraction of these chains when they form a stripe or thdicles N in the system is large, but finite. Roughly speaking,
2n-particle linear chain. This situation is illustrated in Fig. 3, now the parameter z can be estimated as
where | and Il are number of the chains. z~N"1In(¢/N)—negative and small, in absolute value,
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FIG. 5. Dependencies of volume concentratiobhg,, (solid
lines) and® 4, (dashed ongof the particles, united into the chains
and drops, respectively, on the total numibéof particles in the
system for ¢=0.05; (a) zero field, e=9; (b) infinite field,
=7.5.

0 n From our viewpoint, this result allows us to explain, at least
990 995 1000 qualitatively, the contradiction between computer and labo-
ratory experiments.

FIG. 4. Results of calculations of volume concentratiginsof
particles, united inta-particle drops forp=0.05, N=1000. Mag-

netic field is zero. IV. CONCLUSION

magnitude. Consider the concentratidg,, in Eq. (27). Our The structural transformations in the systems of identical
estimates show that for zero fielde') =2.65, for the infi- magnetic particles are considered. The results show that
nite field u(e’)=2.8. In both cases this function increaseswhen the ratioe of energy of magnetic particle interaction
fast with e. and KT is smaller than a critical value’, depending on
Thus, if ¢ and thereforeu are large, and the absolute magnetic field, then only chainlike aggregates, not bulk
magnitude ofz is very small, then even the first term in drops, can take place in the system. Wieexceeds:’, the
expression for this concentration is negligible as compareulk droplike clusters consisting of large number of particles
with ¢ (of course, if the last is not too smallHence, the can occur. Appearance of these drops may be considered as
solution of Eq.(26) is provided by the second term in the left the condensation phase transition in the system of the par-
part of this equation. This means that the majority of theticles.
particles are collected in the bulk drops. Some results of It should be noted, first, that the conclusion about the
calculations of the volume concentratiaf,=vnq, of the  occurrence of phase transition in the system of identical
particles united into the-particle drops are shown in Fig. 4. magnetic particles at sufficiently large values of parameter
As seen from the plot, the majority of particles are collecteds not a result of concrete statistical estimates of the thermo-
in large drops, whose number is small. Analysis shows thatlynamical magnitudes of the system. This is a direct conse-
the higher the value dl the sharper increase of this concen-quence of the fact that ground state of the many-particle
tration with n. Therefore, in the thermodynamic limit, when cluster is bulk, not linear. Second, our approximation of the
N tends to infinity, we have one massive domain of the densaoninteracting clusters cannot significantly influence on the
phase in a surrounding medium of single particles. Thigesults of presented analysis. Indeed, the interaction between
means that the condensation phase transition takes place. Thiéerent clusters must be weaker than the interaction be-
parameteg’ can be considered as a threshold magnitude ofween the particles inside one cluster, otherwise these clus-
¢, providing the phase transition. ters would be united into one aggregate. Thus the cluster-
Finishing, we would like to discuss the problem, why the cluster interaction cannot significantly influence on the
condensation phase transitions, in contrast to numerous labegquilibrium thermodynamical state of the system.
ratory experiments, have not been observed in majority of Let us discuss now our estimates of. For zero and
three-dimensional computer simulations. Our calculationsnfinite magnetic fields they are 6.9 and 4.564, respectively.
show that ife>¢’ (the phase transition can ocguthe con-  One can show that in typical magnetite ferrofluids with the
centrationsb ., and® 4 strongly depend on the upper linht  thickness of the surface layers on the particles of about 3 nm,
of the sums in Eq(26). We remind that this number is equal at room temperatures these magnitudes aforrespond to
to the total number of the particles in the system. Some rediameter of the particles in the range 16—18 nm. The par-
sults of calculations ofb., and @4 as functions ofN are ticles of these sizes are always in real ferrofluids, therefore
shown in Fig. 5. WheiN is less than a certain magnitutlé ~ they can condensate into droplike domains of new phase.
depending ore, ¢, and magnetic field, then the number of Thus our estimates of the critical magnitude ©fare in
particles united into the drops is negligible, and the systenagreement with the results of observations of phase transi-
can be considered as macroscopically homogeneous gas tagns in ferrofluids.
the single particles and chains. Whdrsignificantly exceeds Our analysis shows that the bulk structures can appear in
N’, the absolute majority of the particles are in the bulkthe system of magnetic particles provided that their total
drops. By the order of magnitudd’ coincides with total numberN is large enough. We think that this result reflects
number of particles used in modern computer experimentshe well-known result of the theory of phase transition—only

061203-7



A. YU. ZUBAREV AND L. YU. ISKAKOVA PHYSICAL REVIEW E 68, 061203 (2003

large enough, overcritical nuclei of nefdense phase in a ACKNOWLEDGMENTS

metastable system can be viable. Whéns too small, no

overcritical drops can appear in the system. From our point This work was supported by grants from the Russian Ba-
of view, it allows us to explain why the bulk drops of mag- sic Research Foundation, Project Nos. NN 03-02-04001, 01-
netic particles have not been observed in many computed2-16072, and 01-01-00058, CRDF Grant No. REC-005, and
experiments—the total number of particles in these simulaBMBF Project No. N RUS 00/196, Grant Nos. EO 3.2-164
tions was too small to form the viable overcritical drops. and EO2 5.0-16.

[1] C.F. Hayes, J. Colloid Interface S&2, 239 (1975. [14] D. Levesque and J.J. Weis, Phys. Rev%: 5131(1994).
[2] C.F. Hayes and S.R. Hwang, J. Colloid Interface $6j.239 [15] M.J. Stevens and G.S. Grest, Phys. Rev. [#2.3686(1994).
(1977). [16] A. Satoh, R.W. Chantrel, S.I. Kamiyama, and G.N. Coverdall,
[3] E.A. Peterson and A.A. Krueger, J. Colloid Interface $@. J. Colloid Interface Scil81, 422(1996.
24 (1977. [17] Z. Wang, C. Holm, and H.W. Muller, Phys. Rev.a66, 021405
[4] J.-C. Bacri and D. Salin, J. Magn. Magn. Mat@r.48 (1983. (2002.
[5] A.F. Pshenichnikov and I.Yu. Shurubor, Bull. Acad. Sci. [18] M.A. Osipov, P.I.C. Teixeira, and M.M. Telo da Gama, Phys.
USSR, Phys. Se(Engl. Transl) 51, 40(1987; A.F. Pshenich- Rev. E54, 2597(1996.
nikov, J. Magn. Magn. Mated 45, 139 (1995. [19] A.Yu. Zubarev and L.Yu. Iskakova, Phys. Rev.6b, 061406
[6] P.K. Khizhenkov, V.L. Dorman, and F.G. Bar’akhtar, (2002; L.Yu. Iskakova and A.Yu. Zubarevbid. 66, 041405
MagnetohydrodynamicéN.Y.) 25, 30 (1989. (2002.
[7] J.C. Bacri, R. Perzynski, D. Salin, V. Cabuil, and R. Massart, J[20] E.M. Lifshitz and L.P. PitaevskyPhysical Kinetic{Springer,
Colloid Interface Scil32 43(1989. Berlin, 1983.
[8] M.F. Islam, K.H. Lin, D. Lakoste, T.C. Lubenski, and A.G. [21] L.D. Landau and E.M. LifshitzElectrodynamics of Continu-
Yodh, Phys. Rev. B7, 021402(2003. ous Mediums(Pergamon Press, London, 1960
[9] A.O. Tsebers, Magnetohydrodynamigds.Y.) 18, 345(1982. [22] K.R. Hall, J. Chem. Phys7, 2252(1972.
[10] K. Sano and M. Doi, J. Phys. Soc. J@g, 2810(1983. [23] H.K. Lekkerkerker, W.C.-K. Poon, P.N. Pusey, A. Stroobants,
[11] K.I. Morozov, Bull. Acad. Sci. USSR, Phys. SefEngl. and P.B. Warren, Europhys. Left0, 559 (1992.
Transl) 51, 32 (1987. [24] Yu.A. Buyevich, A.Yu. Zubarev, and A.O. Ivanov, Kolloidn.
[12] Y.A. Buyevich and A.O. lvanov, Physica 290, 276 (1992. Zh. 54, 54 (1992; A.Yu. Zubarev,ibid. 57, 34 (1995.
[13] M.E. Van Leeuwen and B. Smit, Phys. Rev. Letl, 3991  [25] P.R. ten Wolde, D.W. Oxtoby, and D. Frenkel, Phys. Rev. Lett.
(1993. 81, 3695(1998.

061203-8



