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Alcohol ferrofluids made of ferrimagnetic barium hexaferrite (BHF) nanoplatelets (NPLs) form a unique
example of a dipolar fluid – a liquid magnet. Its formation is induced at a high enough concentration
of the NPLs. The key interactions between the NPLs are long-ranged dipolar magnetic and screened ani-
sotropic electrostatic. Herein, we report the results on tuning the isotropic-nematic phase transition (i.e.,
the NPLs threshold concentration) in 1-butanol ferrofluids of BHF NPLs by affecting the interactions in the
ferrofluids. The threshold concentration was determined by polarizing optical microscopy (POM) com-
bined with a system for magnetic field manipulation and was in the range between 4.6 and 6.6 % (v/v)
depending on the ferrofluid. We observed that the threshold concentration decreased for 0.6 % (v/v) with
a larger mean diameter of the NPLs, up to 0.6 % (v/v) with increased ionic strength of the ferrofluid, and
for � 2 % (v/v) with higher saturation magnetization of the NPLs. We showed that by tuning the param-
eters affecting the ferrofluid’s interplatelet interactions, we can alter the threshold concentration for the
liquid magnet formation. The results elucidate the importance of a delicate balance between the repul-
sive screened electrostatic and attractive dipolar magnetic interactions for the liquid magnet formation.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Liquid-crystal behavior in colloid suspensions of anisotropic
particles has been observed already at the beginning of the 20th
century [1–3]. Langmuir studied a plate-like clay particle suspen-
sion (the term suspension will be reserved for suspensions of non-
magnetic particles), which separated in two distinct phases at the
equilibrium, i.e., isotropic and nematic phase [1]. Since then, sev-
eral systems made of the plate- [4–9] and rod-like [10,11] particles
were studied. Orientational correlations between anisotropic parti-
cles have a significant impact on the phase behavior and the
nematic phase formation in colloidal suspensions [12]. The particle
charge and ionic strength of the suspension have been shown as
essential parameters for tuning the effective aspect ratio, i.e., the
ratio between the thickness and width of the particles [8].

Shuai et al. recently reported the first experimental observation
of nematic ordering of ferrimagnetic BHF NPLs in 1-butanol [13].
The reason that enabled such ordering is the anisotropy of the NPLs
and the magnetic moment perpendicular to the basal NPL’s plane.
With the nematic ordering of the NPLs, the magnetic moments
order simultaneously, and in such a way, a macroscopic ferromag-
netic fluid – a liquid magnet is formed. The threshold concentra-
tion for the ferromagnetic nematic ordering was determined
where it is expected due to platelet shape (28 % (v/v)) [13]. How-
ever, a later study indicates that the strong ferromagnetic correla-
tions between the magnetic NPLs can be responsible for the
formation of the ferromagnetic phase at much lower volume con-
centrations [14]. The ferromagnetic ordering of the BHF NPLs does
not depend only on the platelet shape and strength of magnetic
interaction but also on the anisotropic electrostatic interaction
energy, needed for the colloidal stability [14]. The colloidal stabil-
ity is crucial for the preparation of highly concentrated ferrofluids
with the ordered NPLs. The surfactant dodecylbenzenesulfonic acid
(DBSA) ensures colloidal stability by forming a double-layer at the
surface of the NPLs (Fig. 1(a) and (b)) [15], where the second layer
is positively charged in 1-butanol and defines the surface charge of
the NPLs. Some fraction of DBSA (�5 mM) is dissolved (cdis) in the
ferrofluid and contributes to the ionic strength, determining the
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Fig. 1. (a) Molecular structure of DBSA, (b) schematic presentation of the DBSA double-layer around an NPL, and (c) scheme of the sample preparation after centrifugation –
division in three parts.
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Debye screening length [16]. The understanding how the parame-
ters (i.e., anisotropic shape, magnetic dipole moment, and aniso-
tropic electrostatic interaction) contribute to the formation of the
ferromagnetic phase is still missing.

Here, we report a study on the phase behavior of the ferrofluids
of BHF NPLs in 1-butanol. These ferrofluids present a system with
complex interactions. We studied the phase behavior by changing
the ionic strength of the ferrofluid (DBSA concentration) and mag-
netic dipole interaction strength (NPLs’ magnetization and size).
The choice of the materials used for the study was limited to the
NPLs with the sizes and magnetization from which stable ferroflu-
ids can be prepared.
2. Experimental

2.1. Materials

Barium nitrate (99.95 %), iron(III) nitrate nonahydrate (98+ %),
scandium(III) nitrate hydrate (99.9 %), indium(III) nitrate hydrate
(99.99 %), sodium hydroxide (98 %), and DBSA (97 %) were obtained
from Alfa Aesar. Nitric acid (65 %) was purchased from Sigma-
Aldrich and 1- butanol (99.4 %) from Baker Analyzed ACS, J.T.
Baker.
2.2. Synthesis and preparation of the ferrofluids

The In- or Sc-substituted BHF NPLs were synthesized
hydrothermally at 245 �C using a well-established procedure
[17]. In- and Sc-substituted BHF NPLs were prepared to tune the
saturation magnetization and obtain NPLs with comparable size
distribution and different magnetization. For the preparation of
the BHF NPLs, the barium, iron(III) and scandium(III) (or indium
(III)) nitrates were dissolved in deionized water in a molar ratio
of 1:4.5:0.5 and precipitated from the solution after the addition
of excess sodium hydroxide. After precipitation, DBSA was added
to the mixture (to obtain a concentration of 23 mM) that was sub-
sequently transferred to an autoclave (Parr Instruments). The auto-
clave was heated up to 245 �C with a heating rate of 3 �C/min.
When the temperature was reached, the autoclave cooled down
2

to room temperature naturally. The NPLs were centrifuged and
washed with water. The surface of the NPLs was modified with
DBSA following the procedure described in [15]. Briefly, the NPLs
were dispersed in water, the pH was adjusted to 1.5 with 5 M nitric
acid, and the mixture was stirred at boiling point for 2 h. The NPLs
were washed with water and acetone and dried to remove acetone
residues. The dried NPLs were then dispersed in 1-butanol with an
ultrasonic probe (Sonics Vibra-cell) at 100 W and pulse 1 s on, 1 s
off to prepare a ferrofluid with a concentration of approximately 3
% (v/v). The as-prepared ferrofluid was concentrated with centrifu-
gation at 20 817 rcf for 15 min. The centrifuged ferrofluid formed a
concentration gradient and was divided into three differently con-
centrated phases (Fig. 1(c)) with different size distribution. The fer-
rofluids were centrifuged several times until the middle, and the
bottom part formed the nematic phase, while the upper part
remained isotropic (for the Sc-substituted NPLs). In-substituted
NPLs ordered into nematic phase only in the bottom part of the fer-
rofluid, leaving the middle and the top part in the isotropic phase.

The nematic ferrofluids were collected, and the threshold con-
centration was determined. For this purpose, the nematic ferroflu-
ids were diluted back to the isotropic phase with a 1-butanol
solution of DBSA with a concentration cdis (4.5 mM for Sc- and
5 mM for In-sample). The procedure for the determination of cdis
is described in Section 2.3. The dilution with a DBSA solution (cdis)
allowed to obtain sequences of ferrofluids with varying concentra-
tions of NPLs while maintaining unchanged electrostatic interac-
tion energy. The as-prepared isotropic ferrofluid was mixed with
the leftover of the as-separated nematic ferrofluid in different
ratios to reach the threshold concentration (Fig. 1(c)). Note that
the comparison was made between the same parts (i.e., middle
to middle, bottom to bottom).
2.3. Characterization of materials

The size and shape of the NPLs were determined from transmis-
sion electron microscopy (TEM) (Jeol JEM-2100) images (Fig. 2).
The TEM samples were prepared by drop-deposition of diluted fer-
rofluid on a Cu-grid-supported perforated carbon foil. At least 350
particles were measured from the TEM images using a Digi-



Fig. 2. TEM image of the BHF NPLs.

Table 1
Mean equivalent diameter, saturation magnetization, and initial volume concentra-
tion for the nematic ferrofluids of the Sc- and In-substituted NPLs.

Sc-substituted
NPLs

In-substituted
NPLs

Part of the centrifuged ferrofluid bottom middle bottom

Mean equivalent diameter (nm) 54 ± 21 45 ± 18 52 ± 22
Saturation magnetization (Am2/

kg)
38 39 29

Initial volume concentration (%) 7.4 5.2 8.2
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talMicrograph Gatan Inc. software for the particle size distribution.
The size distributions (of equivalent diameters, i.e., a disk diameter
with the same surface) are depicted in Fig. 3, and the average
equivalent diameters are listed in Table 1. The term size will be
in the further text used for equivalent diameter.

Magnetic properties of dried NPLs were measured with a
vibrating-sample magnetometer Lakeshore 7404. The concentra-
tion of cdis in the ferrofluids was determined from the conductivity
(Conductometer Knick � Portamess) of the top part (isotropic)
after the centrifugation. A standard addition method was applied
since the conductivity of the ferrofluid is linearly dependent on
the cdis and can be described as r ¼ a þ ðb� ðcdisÞÞ , where r is
conductivity and cdis can be calculated accordingly. The DBSA solu-
tions with cdis were used for the dilution of nematic ferrofluids (see
Section 2.2).

Determination of the ordering in the ferrofluids was done using
POM, which is a standard technique for the study of birefringent
materials. It allowed to directly discern between isotropic and bire-
fringent nematic phases (see Supplementary Information S.1).
External sources did not promote ordering due to compensation
of the static environmental magnetic field with a custom-made
3-axis magnetic field manipulation system to field strengths below
1 mT. The ferrofluids with different concentrations were transferred
to rectangular capillaries (0.05 mm � 1.00 mm, length 50 mm),
sealed and observed by POM with crossed polarizers at 45� to
the long axis of the capillary. Additionally, the birefringence of
Fig. 3. Size distributions of the NPLs (a) comparison of middle and bottom parts of Sc-su
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the different samples, directly related to the degree of the nematic
ordering, was calculated (see Supplementary Information S.1) to
determine the threshold concentration. The results are presented
in the graph in Fig. 11.
3. Results

3.1. Effect of the NPLs size

Our centrifugation procedure (Section 2.2) allowed us to sepa-
rate the nematic ferrofluids of the Sc-substituted NPLs (middle
and bottom part) by their concentration. The bottom contained
higher concentration of the NPLs (7.4 % (v/v)) with larger mean
equivalent diameter ((54 ± 21) nm) than the middle (5.2 % (v/v),
(45 ± 18) nm) (see Table 1). The Sc-middle turned out to be right
at the threshold concentration. Even the smallest dilution resulted
in the transition to the isotropic phase. The Sc-bottom was, on the
other hand, high above the threshold concentration (Fig. 4(a)). We
estimated with dilution that the Sc-bottom’s threshold concentra-
tion was (4.6 ± 0.1) % (v/v). Close to the threshold concentration,
i.e., 4.3 % (v/v), we observed the isotropic-nematic phase coexis-
tence, where the nematic phase formed string-like structures
embedded in the surrounding isotropic phase (Fig. 4(b)).

3.2. Effect of the DBSA concentration in the ferrofluids

The effect of the ionic strength on the isotropic-nematic thresh-
old concentration was evaluated using the Sc-middle and Sc-
bottom with the initial threshold concentration of 5.2 % (v/v) and
(4.6 % ± 0.1) % (v/v), respectively. We subsequently increased the
cdis, while the % (v/v) of the ferrofluid decreased due to the DBSA
solution (1.55 M) additions. Higher cdis, i.e., > 28 mM decreased
the threshold concentration of the original Sc-middle for � 0.2 %
bstituted sample, (b) comparison of bottom parts of Sc- and In-substituted sample.



Fig. 4. Sc-bottom part: (a) magnetic domains in the nematic sample at 4.7 % (v/v), (b) isotropic-nematic phase coexistence at the concentration of 4.3 % (v/v).

Fig. 6. The nematic ferrofluid of the Sc-middle at 5.01 % (v/v) after increased cdis.

P. Hribar Boštjančič, Ž. Gregorin, N. Sebastián et al. Journal of Molecular Liquids 348 (2022) 118038
(v/v) (see Fig. 5 and Fig. 6). The same behavior was observed for the
Sc-bottom. The threshold concentration decreased for � 0.6 % (v/v)
at cdis = 37 mM. Thus, an increase of the cdis decreases the threshold
concentration. The cdis affects the Debye length kD and, conse-
quently, the range of the electrostatic interaction that, in our case,
also affects the strength of magnetic interaction between the NPLs.
The closer the distance between the neighboring NPLs, the stronger
the magnetic interaction between them. Furthermore, the cdis
affects the effective shape anisotropy of the particles, which also
impacts the nematic phase formation. With increasing the cdis
(above 45 mM), the ferrofluid starts to aggregate. After subsequent
additions of DBSA to a nematic ferrofluid, we observed that the
magneto-optic (MO) response slows down until it completely
vanishes.

The MO response of the ordering process starts to decelerate at
certain cdis and stops at cdis > 45 mM. At this cdis, the ferrofluid can-
not be ordered with an external magnetic field of 1.4 mT anymore.
The nematic ferrofluids in zero field formmagnetic domains as also
present in soft ferromagnets [18]. An external magnetic field
moves domain walls until the domains are aligned with the exter-
nal magnetic field. The ordering process is, in our case, observed
Fig. 5. The change of phase upon the addition of DBSA solution. The initial
ferrofluid (Sc-middle, cdis = 5.16 % (v/v)) was at the isotropic-nematic threshold
concentration. With a small addition of the DBSA solution in 1-butanol, the
ferrofluid undergoes the phase transition to the isotropic phase, while at high-
enough DBSA concentration, i.e. > 28 mM, the ferrofluid reverts to nematic phase
again, at � 0.2 % (v/v) lower ferrofluid concentration than was the initial one.
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with POM. When all NPLs are oriented, on average, in the same
direction along the capillary (45� to polarizer and analyzer), the
sample appears bright (Fig. 7). On the other hand, randomly ori-
ented isotropic phase between crossed polarizers appears black
(Fig. 7). The effect of a local increase of cdis can also be seen by
the naked eye immediately after the addition. A colloidally stable
ferrofluid of the BHF NPLs is dark brown with a distinctive shiny
look. The addition of DBSA locally makes the ferrofluid brighter
and opaque due to different scattering on aggregates than on the
colloidally stable NPLs (Fig. 8). After thorough mixing, the fer-
rofluid becomes shiny again as long as the cdis is low enough that
the aggregation does not prevail.

3.3. Effect of the NPLs saturation magnetization

To evaluate the effect of magnetic interaction strength on the
threshold concentration, we compared NPLs with different satura-
tion magnetization values, while the rest of the parameters were
kept the same. Since particle size and magnetization are intrinsi-
cally correlated, we cannot change the magnetization while keep-
ing the same size distribution of the Sc-substituted NPLs. Thus, we
decided to compare the threshold concentration of the Sc-
substituted with In-substituted samples. We selected the Sc-
bottom and In-bottom ferrofluids because they exhibited compara-
ble size distribution (Fig. 3(b), Table 1), the same colloidal stabi-
lization, and a quite different magnetization (Fig. 9(b), Table 1).
The In-bottom has lower saturation magnetization than Sc-
bottom, as was initially expected [17]. Both ferrofluids were
already in the nematic phase after the centrifugation procedure.
The initial concentration of the Sc-bottom was 7.4 % (v/v), while
the In-bottom was 8.2 % (v/v). The In-bottom nematic ferrofluid



Fig. 7. (a) A ferrofluid in zero field, where the top part of the suspension in the capillary is in the nematic phase, (b) MO response (of the same ferrofluid as in (a)) to an
external magnetic field applied at 45� to the polarizer.

Fig. 8. Aggregated (brighter and opaque) ferrofluid on the left and colloidally stable
ferrofluid (dark, shiny) on the right side.
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forms similar magnetic domains (Fig. 10) as the Sc-substituted
nematic ferrofluids and is therefore in a ferromagnetic phase. Dilu-
tion of the In-bottom revealed the threshold concentration at
(6.6 ± 0.2) % (v/v), which is � 2 % (v/v) higher than is the threshold
concentration of the Sc-bottom. This is clear evidence that magne-
tization has a high impact on the threshold concentration for the
isotropic-nematic phase transition [14]. Fig. 11 represents the Sc-
bottom and In-bottom threshold concentrations, based on the cal-
culated birefringence (see Supplementary Information S.1).

Mixing of the Sc- with In-substituted NPLs decreases the sam-
ple’s overall magnetization compared to the pure Sc-sample. Con-
sidering the results from the previous paragraph, we expect that
the threshold concentration of the Sc- and In-sample mixture will
be in-between, which was also proven as the threshold concentra-
5

tion of the mixture (1:1) was determined to be at (5.2 ± 0.1) % (v/v)
(Fig. 11). At the same time, we noticed that the mixed nematic fer-
rofluids (Sc-bottom and In-bottom samples) were inhomogeneous
and revealed some interesting stripe-like structures, not usually
observed in the BHF NPLs ferrofluids (Fig. 12(a)). Under the applied
external magnetic field of 1.4 mT, some thread-like long aggregate
structures eventually separated. Such behavior made us interested
to inspect other mixtures of NPLs that differ more than In-bottom
and Sc-bottom samples in the context of interparticle interactions.
We took the Sc-bottom and In-middle sample, the latter being in
the isotropic phase. The mixing of the two ferrofluids revealed
some stripe-like structures already in the absence of an external
magnetic field (Fig. 12(b)). The structures quickly separated under
the applied magnetic field of 1.4 mT but formed again after 20 min
in zero field. Such behavior can be explained with the difference in
In- and Sc-NPLs magnetization. The Sc-NPLs tend to order into the
nematic phase due to stronger ferromagnetic coupling. This results
in the phase separation of the ferrofluid mixture, where the Sc-
NPLs concentrate in nematic regions with higher orientational
order and magnetization, while In-NPLs are present in more disor-
dered areas.
3.4. Polydispersity and interactions between the NPLs

As shown before, the prevailing interactions between the NPLs
in ferrofluids are anisotropic magnetic and electrostatic [16]. While
the amount of added surfactant can control the latter, the anisotro-
pic magnetic interactions depend on magnetization determined
with the NPL type (Sc- or In-substituted in this case) and particle
size. In the studied ferrofluids, NPLs are polydispersed, and thus,
interactions are also polydisperse. We will analyze the polydisper-
sity of the interactions between two NPLs with parallel dipole
moments separated for a distance r in the direction of the dipoles
(see Supplementary Information S.2). In this case, the magnetic
attractive interaction energy is the largest, and the total interaction
between two different NPLs with magnetic moments pi,j and
charges ei,j can be written as

UtotðrÞ ¼ UdipðrÞ þ UelðrÞ ð1Þ

where UdipðrÞ ¼ �l0pipj
2pr3 and UelðrÞ ¼ eiej

4pee0r
e�jr (see Supplementary

Information S.2). Here, j is inverse Debye length. Fig. 13(a) shows
total interaction energy averaged over the size distribution of the
NPLs (Fig. 3). For comparison also repulsive electrostatic interaction
energy is shown. Fig. 13(b), (c) and (d) presents the total interaction
energy for all combinations of the NPLs sizes in histograms (Fig. 3),
where black lines present the average interaction energy. Because
the size distribution is relatively large (Fig. 3), the interaction



Fig. 9. Magnetic hysteresis of (a) Sc-bottom and Sc-middle and (b) Sc-bottom and In-bottom.

Fig. 10. POM image of magnetic domains in the In-bottom in a capillary with
dimensions 300 lm � 30 lm in zero field.

Fig. 11. Birefringence with a marked area of the phase transition from isotropic to
the nematic phase of the Sc- and In-substituted bottom and Sc-In-bottom mix. The
grainier image of the In-bottom nematic phase results in larger error bars. For the
measurements of birefringence, the magnetic field was applied along the long axis
of the capillary.
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between different size classes varies in amplitude and changes from
repulsive, for smaller, to attractive, for larger NPLs (Fig. 13(b), (c),
(d)).
4. Discussion

Shape anisotropy of the particles plays an essential role in the
liquid crystal behavior of suspensions. Onsager explained the
nematic ordering of the suspensions with anisotropic particles
[12]. At higher concentrations packing entropy overrules orienta-
tional entropy, making favorable conditions for the particles to
form a nematic phase. He also demonstrated that the nematic
ordering could be induced by the anisotropic shape only, which
was also supported with computer simulations [19,20]. Platelet
systems show various phases, such as nematic, lamellar, and
columnar, e.g. [8,21,22]. Platelet suspensions undergo the transi-
tion to the nematic phase at a specific threshold concentration.
Computer simulations have shown that for thin nonmagnetic pla-
telets without surface charge, the transition to the nematic phase
happens at an effective volume fraction (also called dimensionless
transition density) /NI;eff � 3� 4 , depending on the shape of a pla-

telet [23]. The effective volume fraction is calculated as /NI;eff ¼ N
VD

3

, where D is the equivalent diameter of the platelet and is related to
the excluded volume. For platelets of finite thickness, the threshold
concentration is considered to be largely independent of the aspect
ratio (h/D). For monodispersed nonmagnetic platelets, when h/
D > 1/7, the system exhibits a direct transition from the isotropic
to the columnar phase [19]. If the platelets have a surface charge,
they are effectively larger for about Debye screening length in each
direction, so the volume fraction of the platelets is effectively lar-
ger and the aspect ratio (h/D) effectively smaller, which affects
their phase behavior [8,24]. Intermediate range electrostatic repul-
sion (jD � 30–100) destabilizes the columnar phase in favor of
nematic order. In contrast, for longer-range repulsions (jD < 7), a
destabilization of the nematic phase in favor of lamellar order is
found [22]. The existence of different (i.e., nematic, lamellar, and
columnar) liquid crystal phases is therefore controlled by the
strength and range of the double-layer repulsion [22].

Table 2 shows the experimentally determined threshold con-
centrations /NI , the calculated effective volume fractions /NI;eff ,
and the rescaled volume fractions /NI;resc and /NI;eff ;resc considering
the Debye screening length. The kD was determined from the cdis
to be 9.5 nm [16], which gives jD around 5 (Table 2). The aspect
ratio of the BHF NPLs depends on the diameter of the NPLs because



Fig. 12. The stripe-like structures in the nematic mixtures of Sc- and In-ferrofluids; (a) In-bottom + Sc-bottom at 7.3 % (v/v) and (b) In-middle + Sc-bottom at 4.7 % (v/v).

Fig. 13. (a) Calculated interaction energy between a pair of disks with Eq. (1) averaged over the size of the NPLs for parallel dipole moments (see text) for the three ferrofluids
as marked. The polydispersity of the interaction: (b), (c), (d) shows total interaction energy for all combinations of the NPLs sizes in histograms (Fig. 3). The opacity of the lines
is proportional to the probability for a given pair. Black lines show average interaction energy. The Debye screening length is, in all cases, 9.5 nm.

Table 2
The experimentally determined threshold concentrations and calculated effective
aspect ratio, magnetic moment, surface charge, effective and rescaled volume
fractions, where Deff ¼ Dþ 2kD , heff ¼ hþ 2kD , and Veff ¼ p

4D
2
eff heff .

Sc-middle Sc-bottom In-bottom

/NI 0.052 0.046 0.066
h=Dh i 0.10 0.08 0.09
pmh i (10-18 A m2) 1.37 1.96 1.35
eh i (e0) 43 52 49

/NI;eff ¼ N
V D3
D E

1.1 1.1 1.6

/NI;resc ¼ N
V Veff
� �

0.20 0.16 0.23

/NI;eff ;resc ¼ N
V D3

eff

D E
2.6 2.4 3.4

jDh i 4.7 5.7 5.5
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the NPLs thickness does not vary significantly [16,25]. While the
effective volume fractions are very small, 1.1 for Sc-ferrofluids
and 1.6 for In-bottom, the rescaled ones (2.4–3.4) are much more
7

similar to the threshold values in a nonmagnetic system
[8,23,26] (Table 2). Higher magnetic interaction strength lowers
the threshold concentrations.

The dipolar magnetic interaction is strongly anisotropic and (on
average) attractive. On its own, it directs the assembly of disks into
columns, and without sufficient electrostatic repulsion, causes
aggregation. A ferromagnetic nematic ordering is a complicated
many-body problem. However, some features can be understood
from the pair interaction, a combination of magnetic and screened
electrostatic interaction. It can be purely repulsive, or it can be
repulsive at short range but attractive at larger distances, which
results in a minimum (Fig. 13). This minimum, when deep enough,
causes the formation of columns [27]. The SANS and SAXS mea-
surements of this system show that, while the minimum in the
interaction causes positional and orientational correlations, it does
not result in the formation of longer columns in the considered
systems [14,28]. There are two reasons for that. The first and main
reason is the centrifugation during the preparation of the samples
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in which aggregates and larger columns are discarded. The second
reason is the large polydispersity (40 %) in NPLs’ diameter, known
to disfavor columnar order [21] to avoid the effect of polydispersity
in favor of the lamellar phase. The polydispersity in diameter is
also reflected in the polydispersity of the interaction (Fig. 13(b)-
(d)), which is most likely the underlying cause of the phase separa-
tion observed in the mixtures of In- and Sc-samples. Platelets with
larger magnetic moments (Sc-sample) attract each other and form
elongated islands of the more ordered nematic phase. At the same
time, those for which repulsive electrostatic interaction prevails
(In-sample) remain in a less ordered surrounding phase.

The electrostatic interaction is determined by two parameters,
the surface charge and the Debye screening length. The first deter-
mines the magnitude and the second the range of the interaction.
Both have similar effects on the phase transition. Comparison
between In-bottom and Sc-middle, in which platelets have similar
average dipole moments but are of different diameters and, conse-
quently, of different average charges, shows that smaller charge
causes the transition to nematic phase at much smaller concentra-
tions. Effectively, the decrease of charge allows NPLs to get closer
to form better-oriented assemblies/longer columns (Fig. 13(a)).
On the other hand, the addition of the DBSA, which reduces the
Debye length, only slightly reduces the threshold concentration.
In this case, as shown in Fig. S3, not only can a pair of NPLs get clo-
ser at smaller Debye lengths, but they can also get trapped in a
minimum of the interaction. This process leads to reversible desta-
bilization of the ferrofluid.
5. Conclusions

We studied how the isotropic-nematic phase transition of fer-
rofluids made of barium hexaferrite nanoplatelets is affected by
the size distribution, magnetization of the nanoplatelets and ionic
strength. These are all parameters that also affect the colloidal sta-
bility of the ferrofluid. The results show that the transition from
the isotropic to nematic phase is dominated by the interplay
between the attractive dipolar magnetic and repulsive screened
electrostatic interaction. The increase of the magnitude of mag-
netic interaction or decrease in magnitude or/and range of the
electrostatic interaction cause that the interaction changes from
repulsive to attractive at shorter distances and shifts the transition
to the nematic phase to lower concentration.

Among the studied parameters, magnetization had the most
significant impact on the threshold concentration. At the same
time, the results show that the combination of all parameters has
to be in a delicate balance to provide attractive interaction at the
intermediate range, which favors nematic ordering, and strong
enough short-ranged repulsive interaction to prevent aggregation.
These findings will help to design and optimize new materials
exhibiting the ferromagnetic liquid phase.

Future investigations of this system will include computer sim-
ulations that could verify the existence of phases that we have not
detected in the currently studied system, e.g. columnar and lamel-
lar, present in some nonmagnetic systems.
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Nematic and Ferromagnetic Ordering in Suspensions of Magnetic
Nanoplatelets, Soft Matter 15 (27) (2019) 5412–5420.

[15] S. Ovtar, D. Lisjak, M. Drofenik, Barium Hexaferrite Suspensions for
Electrophoretic Deposition, J. Colloid Interface Sci. 337 (2009) 456.
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