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Abstract

The dynamic magnetic susceptibility of ferronematics (agaliquid crystals doped with magnetic nanoparticles been mea-
sured for high concentrations of nanoparticles. For a gg@nposition of the ferronematic (the same nanoparticlas tlae same
liquid crystal matrix) we have found the optimal volume centration of the magnetic particles, for which the largetative

enhancement of the dynamic magnetic susceptibility isiobtbupon the application of a bias magnetic field in the aqutr phase.

Keywords: ferronematics, magnetic susceptibility, phase transitionagnetic nanoparticles

1. Introduction aggregation of MPs in the nematic phase, and by the magnetic-
field-assisted disaggregation in the isotropic phase [14].

it i More recently, an FN with the same constituents, but with
liquid crystals (LCs), known as ferronematics (FNSs), have, goupled concentration of the nanoparticles was investi-

gained interest since they were invented in 1970 [1]. INGAP  gated [15]. The increased concentration of MPs has signifi-
ison with neat LCs, ferronematics are highly sensitive tgma cantly raised the value of thic bias magnetic field at which
netic field [1, 2]. Their susceptibility can be several osdef o enhancement gf saturates (to above 500 Oe), however, the
magnitude higher than the susceptibility of aneat LC [8JelV  5chievable maximal relative enhancemant/y’ has remained
a small amount of MPs can significantly modify the properties;q iy the samey 10%) as that for the lower concentration of
of LCs, and besides the increased sensitivity to magneta; fie \1ps These studies have shown, that tiffea, which might
FNs show plenty of interesting optical [4], magneto-oftleh e ysed for sensing low magnetic fields, can be significantly
eIectro—_opncaI [6], dielectric [5, 6] or structural [7, 8] char-  jjtered by modifying the composition, specifically, theurak
acteristics. _ _ concentration of magnetic nanoparticles.

Although, until now most of the studies were devoted t0  tha aim of the present work is to find an optimal volume

the static magnetic features of FNs, there are theoret@al p ., antration of magnetic particles to obtain a FN with high
pers focused on magnetodynamic properties [10, 11, 12, 13k qjsivity to low magnetic fields, i.e., to obtain the lsgeela-

Unfortunatel;(/j, Eowever,_ large Iamoulnt of theor?tlceﬂ pi;per tive enhancementy’/x’ as a response to thi bias magnetic
not suppqr.te y experlmeqta results. Recent.y,t € AYaM fio|ds in the widest possible range (without saturatiog’(f
susceptibility of ferronematics has been studied experime

tally [14, 15]. First, we observed in an LC doped with spharic
magnetic nanoparticles an enhancemgyitof the real part of 5 M aterials and Methods
the ac magnetic susceptibility’ after applying a lowdc bias

field (.a few Qe), jvhich retrns to i_ts original yalue suddenly The prepared samples were based on the calamitic ther-
(gnd irreversilhgrwhen th? Isotropic tc_) nematic phasesnra_n motropic LC n-hexylcyanobiphenyl (6CB) [16, 17]. This LC
tion oceurs [13]. Here Ay’ is the magnitude of the magnetic matrix was doped with spherical MPs purchased from Ocean

szsoeptibility_change in the_il/iqcinityhof the isotrct)]picgemaftic dNanoTech (as in our previous works [14, 15]). The mean diam-
phase transition temperatuiEhe enhancement has been found .40 of the Fe0, magnetic particles was = 20 nm. The par-

dependent on the magnitude of thebias field, however, it sat- ticles were coated with oleic acid and dissolved in chlonwfo

uLatetdl%I(ryeadytﬁbov? %O Oe, fh°¥v‘”9 ?T]enkgancemquﬁtgh q The suspension was admixed to the liquid crystal, and the sol
abou b on the relative scale. Thigeet has been explaine vent was let to evaporate. Ferronematic samples with two vol

phenomenologically by the elastic energy- and defect-atedi ume concentrations of nanoparticles, namgly:5x10-4 and
$»=10"2 were prepared.

*Corresponding author. For magnetic measurements the sample was filled into cylin-
Email addressnhudak@saske . sk (Natilia Tom&ovicova) drical capsules of 2.5 mm in diameter and 6.5 mm in length.

Colloidal suspensions of magnetic particles (MPs) in n@gmat
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The magnetic properties were measured with a SQUID mag-
netometer (Quantum Design MPMS 5XL) in a magnetic field
directed along the cylindrical axis of the capsules.

The phase transition temperatures of the samples were deter
mined by independent capacitance measurements in a capaci-
tor made of ITO-coated glass electrodes (AWAT). The capaci-
tor with the electrode area of approximately 5 s¥imm was
placed into a regulated thermostat system; the tempera@se
stabilized with the accuracy of 0.0%. The distance between
the electrodes (sample thickness) viilas- 5 um. The capaci-
tance was measured at the frequency of 1 kHz by a high preci-

sion capacitance bridge Andeen Hagerling. The samples were %1 T s00m o
first heated to the isotropic phase; then the measurement was 10 Oe
done in cooling at the rate of 1/Kin. The phase transition tem- 50x10°{  _u_ 282:;’: . N
peratures from the isotropic to the nematic phase were fatind /*
301.3 K, 297.9 K and at 293.5 K for the neat 6CB, the FN with .
¢1=5x10"* and the FN withp,=10"3, respectively. = 010 S,
£ (OSSR
3. Resultsand Discussion " 300077 / Q/o/o e
‘ A

In our previous works [14, 15] thac susceptibility of the 2 0x10° ?Z y 18/9?8/
ferronematics doped with these, 20 nm MPs have already been . ;ﬁé;’t’*‘” a)
examined in two volume concentrations,”4@nd 21074, It
has been shown that the higher volume concentration of MPs 1-°X10'5285 o o 00 05 310
raises the value of théc bias magnetic field, at which the en- Temperature (K)
hancement of’ saturates, by about two orders of magnitude AR
in comparison with the case of the lower volume concentnatio —— 1000 Oe o
of MPs. To examine how a further increment of the volume > ?gg 8:*“’* ;:L‘;‘;L‘;‘;?’;‘;: S
concentration of MPs influences the magnetic suscepyilifit 5.0x10° 4 I
FNs against the biasing magnetic field, new ferronematits wi 5““‘
higher volume concentrationg=5x10* and¢,=10"%) of the 40x10° 1
same magnetic particles were studied. The main resulteséth = l P =
investigations are shown in Figs. 1 and 2 #ig=5x10"* and E | .
$2=1073, respectively. < 3.0x10°1 |

The ac magnetic susceptibility was measured insaimag- F
netic field of 2 Oe, applied at the frequency of 10 M¥e note 2.0x10°-
here that the frequency dispersion properties of the dymami r%w#w%ﬁ;ﬁ\ b)
magnetic susceptibility has already been investigate}] fintl . o
the change in the ac magnetic susceptibility was found inde- e 290 205 300 305 310
pendent of the frequency in the range from 1 Hz to 650 Hz. Temperature (K)

After exposing the samples todt bias magnetic field in the
isotropic phase typically for 10 minutes, the same coolingFigure 1: Temperature dependence of the real padf the ac susceptibility
heating procedure was applied to the samples as in the previr the sample with the volume concentratign=5x10"* in a cooling-heating
ous works [14, 15]_ To determine the temperature dependencféde' with a prior application of dc biasing magnetic field as _indica_ted in the
. . egend. Solid and open symbols correspond to the data obtameooling and
of x’, the samples were first cooled down to the nematic phasg heating, respectively.
in temperature steps of 1 K (with a cooling rate of 0.5 Ke-
tween the steps). At each temperature, the susceptibibity w
determined after temperature stabilization for 3 minufeter
the cooling process, the same procedure was applied imheati
to complete the cycle.
Figure 1 shows the temperature dependence of the real part
x' of the ac magnetic susceptibility for the FN with the vol-
ume concentration of MP#,=5x10"* in a cooling-heating cy-
cle, after thedc bias magnetic field indicated in the legend was
applied in the isotropic phase (at 307 K). On cooling, in the
isotropic phasey’ has a roughly constant value. When the sam-
ple is passing through the isotropic-nematic phase tiansit
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x’ suddenly drops. The sudden drop is related to the presence
of particles, since the feature is absent in the neat liqujd-c
tal [14]. The magnitude of the sudden reductigyi grows with
rising thedc bias magnetic field applied in the isotropic phase;
Ay’ as well asy’ are an order of magnitude higher than for
ferronematics with lower concentrations [14, 15]. Thetieéa
magnitudeAy’/y’ of theac susceptibility drop at the isotropic-
to-nematic phase transition is significantly larger70% when
the largestic magnetic field is applied before the measurement)
than the highest achievablg’/y’ for ferronematics with con-
centrations 10* and 210 (~10%) [15]. Further cooling in

the nematic phase causes only a slight decregge Bimilarly

to that, heating in the nematic phase results in a slightams

of y’. Heating above the nematic-isotropic phase transition tem
perature, however, causes a considerable, though gramtued i
ment ofy’, indicating a kind of memoryfeect: the system re-
members the previously applieft bias magnetic field (even
its magnitude to some extent). This in contrast to the result
obtained at a low concentration of MPs, where cooling down
the FN into the nematic phase caused an irreversible drgp of
without any "memory fect” [14]. One has to note here, that
a much smaller, but noticeable increaseytfin the isotropic
phase during heating has also been found in the FN with the

4.4x10°4

4.0x10° 4
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volume concentration of2L0~* at highdc bias magnetic fields g

(500 Oe and 2000 Oe) [15].
Figure 2 shows the temperature dependence of the real part

T
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Temperature (K)

of theac susceptibility for the FN with the higher,=102 vol-
ume concentration of MPs. In this cggedecreases during the
cooling in both the isotropic and the nematic phase and thye dr
at the phase transition is either significantly smaller (fag-
netic fields 10-1000 Oe) or absent (for magnetic field 2 Oe and
5 Oe). In heating the samplg, increases linearly without any
change above the nematic-isotropic transition, i.e., intrest

to the FN with lowergp,=5x10"* concentration of MPs, here
no "'memory éfect” is observed as a response to the previously
applieddc bias magnetic field. On the other hand, as one can
see in Fig. 2, the increase of tde bias field contributes to a
slight increase of the absolute valueydfat a given tempera-
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ture, even in the nematic phase. Such a dependence alt the
bias magnetic field in the nematic phase was not observed at
lower concentrations of MPs (see e.g., Fig. 1).
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Figure 2: Temperature dependence of the real gadf the ac susceptibility

4. Conclusions

for the sample with the volume concentration = 10~2 in a cooling-heating
cycle, with a prior application of dc biasing magnetic field as indicated in the

. . legend. Solid and open symbols correspond to the data oltaimeooling and
From the results presented here and in our previoug, heating, respectively.

works [14, 15], several conclusions can be made omatimag-
netic susceptibility of ferronematics made of a specificn20
diameter spherical MPs (Ocean NanoTech) in the matrix of a
specific nematic LC, 6CB. Most importantly, we have found
that the optimal volume concentration of the MPs is around
¢ ~ 5x1074, for which the largest relative enhancemant /y’
is achieved as a responsedbias magnetic fields. For lower
¢ concentrations less MPs contribute to #iemagnetic sus-
ceptibility and, therefore, both the absolute valugofand the
enhancememy’ have a lower value.

For higher MP concentratiog, > 5x10~4 presumably the in-
tensified aggregation process of the MPs drastically ssgpse
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(or even terminates) the enhancemenyt/oinduced by thelc
bias magnetic field. To our interpretation, tihebias magnetic

field in this case is unable to brake the clusters of MP ag¢eega {1‘31

with a near-to-zero net magnetic moment [14] and therefore,

[12] E. Jarkova, H. Pleiner, H. Mler, H. Brand, J. Chem. Phys. 118 (2003)

2422-2430.

] Y. Raikher, V. Stepanov, J. Mol. Liq. 267 (2018) 367-376

N. Tomaovicova, J. Kowt, Y. Raikher, N.Eber, T. Toth-Katona,
V. Gdovinowa, J. Jadyn, R. Pirtak, P. Kogtansk, Soft Matter 12 (2016)

MPs in these clusters do not contribute much to the enhance-  5780-5786. ' )
ment of theac magnetic susceptibility. Naturally, a highde ~ [15] N. Tomaovicow, J. Ko, V. Gdovinow, N. Eber, T. Toth-Katona,

. . . J. Jadyn, P. Kogansk, Beilstein J. Nanotechnol. 8 (2017) 2515-2520.
bias field can break at least partially the MP clusters méie e [16] G. Gray, K. Harrison, J. Nash, Electron. Lett. 9 (1973p2131,

ciently and by that, the slight increaseydfwith the increase of  [17] G. czechowski, S. Czerkas, J. 2gd, Z. Naturforsch. A 56 (2001) 257—
thedc bias (see Fig. 2) can be explained. 261. ;
The most puzzling observation is made at the concentratiod8l T- Toth-Katona, V. Gdovinca, N. Tom&ovicowa, N. Eber, K. Fodor-
4 4 Csorba, A. Jukova, V. Zavisova, M. Timko, X. Chaud, P. Kagansk,
¢ = 5x10~" (and to some extent, g = 2x10~“ for largedc Soft Matter 14 (2018) 1647—1658.
bias magnetic fields 500 Oe [15]), where the largeal’/y’
changes are detected. Namely, in contrast to the irreversib
character of the féect at lower¢ concentrations (where the
enhancemenhy’ completely vanishes once the FN is cooled
down to the nematic phase), at this concentration uponrggati
above the nematic-to-isotropic phase transition tempesad
significant, gradual increase gfis measured (see Fig. 1). This
gradual increase of in the isotropic phase indicates that be-
sides the "trappingfect” of the topological defects in the ne-
matic phase [18], either the time scales (considering themx
mental conditions described above), or the temperatuhaeied
fluctuations (eventually both) are also needed for the bette
derstanding of the phenomenon. Therefore, for the futwee, b
sides the investigations of théfect on diferent FN composi-
tions (diferent MP-type an@r LC matrix), the clarification of
this open question is also crucial.
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