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Raman spectroscopy on surfacted ferrofluids in a magnetic field
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We investigated the effect of an external magnetic field up to 0.25 T on the Raman spectra of surfacted
ferrofluids with various magnetic-particle concentrations. With increasing magnetic field the Raman spectra,
which display the characteristic broad bands associated with vibrations of surfactant and water molecules,
show a pronounced decrease in intensity in the range up to 50 mT. We interpret this behavior as due to an
increase of the local particle concentration in the magnetic fluid. At larger fields a magnetic excitation with an
intensity growing in proportion to the magnetization of the ferrofluid becomes apparent at around 4460 cm
We consider both effects as evidence for the formation of a solid structure by the magnetic nanoparticles in the
presence of a magnetic field.
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[. INTRODUCTION liquid and from liquid to solid. Furthermore, the effects of
clustering on water diffusion was investigated by means of

Magnetic fluids are complex liquids forming stable colloi- nuclear magnetic resonance spectrosd@dy. Light scatter-
dal systems, which consist of magnetic nanograins, e.g., irotflg in general and Raman spectroscopy in particular are a
oxide, dispersed in an organic or inorganic carrier liquifi ~ very powerful and sensitive tool to search for particle inter-
The particles have typical dimensions between 5 and 20 nnfctions and structures. First measurements on ferrofluids us-
Because of their small size the most favorable magnetic staf@g transmission Raman spectroscopy were performed to
of the nanoparticles is of a single domain. Therefore, magstudy the effect of the magnetic particles on Otelated
netic fluids display superparamagnetic behaj/&r Stability ~ modes in watef22].
of the ferrofluid is attained by balance of counteracting in- The present study focuses on the behavior of surfacted
teractions. On one hand, thermal motion and electrostatic dnagnetic fluids in a homogeneous magnetic field up to 0.25
surfactant-mediated repulsion keep the grains apart; on thk using Raman spectroscopy in backscattering geometry and
other hand, van der Waals forces and magnetic dipole inteiwith particular emphasis on the possible formation of super-
actions lead to particle attracti¢8]. To prevent the agglom- structures. For that purpose we systematically varied tem-
eration of particles various mechanisms of repulsion are apPerature and magnetic field as well as the particle concentra-
plied. According to the different types of stabilization, tion of the samples. Measurements were performed with
magnetic fluids are divided into two groups called ionic parallel and crossed linear polarization of the incident and
(IFF) and surfactedSFB ferrofluids[4]. The stabilization of ~ scattered light in order to assess Raman selection rules. The
the IFFs is achieved by charging the magnetic particles elec@ffects of an external magnetic field on the Raman spectra of
trostatically[5], in which case OH or H;O" ions are ad- surfacted ferrofluids can be summarized as follows: the over-
sorbed at the grains. Steric repulsion in the SFFs is achieved! intensity of the Raman-scattered light decreases with in-
by covering the grains with a protective layer, for example,creasing field in a similar manner as it does for higher par-
oleic acid or a tensidgs, 7). ticle concentrations. In addition, at high fields a broad peak

Great interest in magnetic fluids resides in their manifoldappears in the spectra at about 4400~ ¢nits intensity ex-
and peculiar physical and chemical properfi@$]. In recent  hibits as a function of magnetic field the same saturation
years, special emphasis has been laid on the investigation Behavior as the magnetization of the ferrofluid, thus, we at-
the interactions between magnetic particles in the fluid andribute this peak to a magnetic excitation. All these effects
particularly the formation of structures, clusters, and othe@re no longer observed at low particle concentrations. Our
configurations under the influence of a magnetic fl@ld—  results can be consistently explained if one assumes that in
13]. A few studies have dealt with the field-induced phasethe presence of a field there is a local increase in the concen-
and structural behavior of dipolar colloids. For instance, thelration of magnetic particles because of the formation of an
theoretical work by Sano and Dgi4] predicts a magneti- ordered structure due to an enhanced magnetic-dipole inter-
cally induced phase transition from the gaseous to the liquidction between nanomagnets. Further evidence for the gen-
state, whereas Monte Carlo simulations even yield evidencgration of structures in SFFs was obtained from Raman mea-
for the formation of nanoparticle clusters with long-rangesurements where the samples were first frozen in a magnetic
order with and without magnetic field5-17. The genera- field and then thawed without field.
tion of structures as a function of magnetic field were ex-
plored experimentally by means of transmission spectros-
copy [18] and birefringence measuremek9,20. In the
former case, it was found that structure formation occurs in  The magnetic liquids used in this study are SFF consisting
two steps corresponding to the phase transitions from gas @f a colloidal water solution of magnetite (§&) nan-

Il. EXPERIMENTAL SETUP
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T o T

I T P 6000 cm!, which is attributed to light scattering by the

L g:g |$FIZE.[IDI1 SFF 4 surfactant(marlipal and laurin acid Surfactant molecules
295 K not only cover the nanoparticles but are also present in free
] form in the liquid. This assumption was verified by measure-
0.3 vol% ments of marlipal and laurin acid diluted in an aqueous so-
lution without magnetic particles, which shows a similar Ra-
1500 k 4 man spectrum as the ferrofluid. Furthermore, the well-
defined peaks at around 430 cthand at 3400 cm! are

1.4 vals associated with molecular vibrations of water. The low-
- energy peak corresponds to rotational vibrations, the so-
called librations of the KO molecule, whereas the superpo-
sition of the main OH-stretching modes of water at
~ 3233 cm?, 3393 cm!, and 3511 cm?! give rise to the
broad peak centered at 3400 ¢h[22,23. Obviously, the
less the concentration of magnetic particles and thus of sur-
factant, the stronger are the OH-stretching modes as com-
" 7 vol% pared to the background.
500 b ] An interesting observation concerns the change in overall
10 volsg intensity of the Raman spectra for the dilution series, which
in absolute terms decreases with increasing particle concen-
L l ] tration (see Fig. 1 Ferrofluids are nontransparent liquids in

1000

| 5 vol%

Intensity (counts)

Surfactant the visible range owing to the strong dispersion of light by
the nanometer-size particles of the colloid. This leads to
P L small effective volumes for Raman scattering. As the dis-
0 I P 4??3 b tances between the nanograins get larger when the particle
Raman Shift (cm ) concentration decreases, the scattering volume and thus the

FIG. 1. Room-temperature Raman spectra for different nanopalj-mens'ty ,Of the_ whole Raman spec;trum INCIEASES. Particu-
ticle concentrations of a water-based surfacted ferrofi@gn |21y the intensity of the OH-stretching modes increases no-
taken with parallel linear polarization. The spectra were shifted verliceably because the ferrofluid was diluted with water. We
tically for clarity and the corresponding baselines are indicated. FopnoW below that a somewhat similar behavior of the Raman
comparison, the Raman spectrum of an aqueous solution wititensity is observed for a given SFF when a magnetic field
roughly 10 vol % surfactant is also shown. is applied.

Figure 2 displays parallel as well as crossed polarized
ograins with a surfactant bilayer of dodecantaurin) acid ~ Raman spectra of the ferrofluid with a concentration of 7%
and marlipal. The average diameter of the grains is arounBy volume for different magnetic fields up to 0.2 T. The
10 nm. Starting at 10% by volume, a given ferrofluid wasOH-stretching modes of water exhibit clear polarization se-
diluted several times so that the concentration ranged bdection rules since they are absent in depolarized spectra
tween 10 and 0.3 vol %. For the Raman experiments we usddFig. 2(b)] with exception of the peak at 3511 crhwhich
a single-grating spectrometer of the LABRAM type corresponds to a stretching mod#2,23. The effect of the
equipped with a notchfilter for rejection of the laser light andapplied magnetic field on the Raman spectra of the SFF in
a microscope for micro-Raman measurements in backscattepoth polarizations is twofold: with increasing field the back-
ing. Spectra were excited using the 514.5 nm line of an Arground decreases in intensity, whereas a broad peak centered
ion laser. The samples were loaded into quartz tubes to avoit around 4400 cm' with full width at half maximum
water evaporation. The tubes were mounted on a brass block3000 cm ! becomes increasingly apparent in the spectra
that was kept at a constant temperature with a Peltier coolingdashed curve in Fig. (B) for crossed polarizatign Both
unit. During the measurements in the frozen state the tubegffects of the magnetic field were observed for all samples of
were placed into a cold-finger cryostat and cooled down tdhe dilution series, but they were much less pronounced at
liquid nitrogen temperature. The magnetic field was generlow concentrations.
ated by two permanent supermagnets and applied perpen- The integrated intensity of the background and a Gaussian
dicular to the direction of the incident laser beam. Thepeak at a fixed energy of 4400 crhfor three concentra-
strength of the magnetic field was varied by changing thdions are plotted in Fig. 3 as a function of the applied mag-

separation between pole pieces. netic field together with the measured magnetization of the
SFF[24]. From these data it becomes clear that the decrease
IIl. RESULTS AND DISCUSSION of the background intensity goes together with the appear-

ance of the high-energy peak. The intensity of the latter fol-
Figure 1 shows polarized Raman spectra for five differentows the saturation behavior of the magnetization, as the ex-
concentrations of the SFF dilution series measured withouernal field increases. As expected for a fluid with
magnetic field. The spectra display a broad but structureduperparamagnetic behavior, the saturation field does not de-
background extending over the whole spectral range up tpend on concentration. In contrast, the absolute value of the
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in the intensity of the Raman spectra. Such a change in the
_ 7 local concentration of magnetic particles can be explained
Raman Shift (cm™ ) only by assuming that the nanograins attract each other due
to dipole-dipole interactions when the magnetic moments
orient themselves in the external field. In this case, it is likely
fields taken at room temperature with) parallel and(b) crossed that nanoDart.ldeS form needle-shap_ed str_uctures and clus-
o . ters, as predicted by Monte Carlo simulatidri$,16 and

polarization. The dashed curve represents the Gaussian peak asso-

S . . .
ciated with the magnetic excitation used for fitting the 0.2 T spec-O%S(erVecj In optlgal mIC'I’OSCOF[\lS.]. qu t.o' the local nature'
trum. of the changes in particle density, significant concentration

gradients are expected to occur depending on the local

magnetization in saturation decreases proportionally to thetrength of the magnetic field. As a matter of fact, the ferrof-
density of magnetic moments, i.e., nanograins. In full accorluids exhibit pronounced magnetostriction effects. In prin-
dance, the magnetic-field induced changes in the Ramagiple, the detection of those gradients is possible using our
spectra are the same but weaker as the particle concentratiaricroscope setup. Such experiments are under consideration
is reduced. In fact, for the most diluted flui@.3 vol % the  and will be published elsewhere.
background decreases very little in intensity and the high- We now turn to the discussion of the origin of the mag-
energy excitation is barely observable. netic field induced peak at 4400 crh whose intensity in-

By comparing the effect of magnetic field on the back-creases in proportion to the magnetization. This behavior is
ground with the changes in the Raman intensity as a functiobetter appreciated in the spectra of Figh)ZXor crossed po-
of concentration we are led to the conclusion that the fieldlarization. On the assumption that the distances between the
while it magnetizes the ferrofluid, gives rise to an increase irparticles are reduced in a magnetic field, we attribute this
the local density of ferromagnetic particles. This results in gpeak to a magnetic excitation caused by fluctuations in the

0 1
0 1000 2000 3000 4000 5000 6000

FIG. 2. Raman spectraunshifted of the surfacted ferrofluid
with a concentration of 7 vol % for different external magnetic
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magnetization of the ferrofluid. Within linear-response 1 RRLURY | PR
theory the relation between the electric field of the light @ Te0 BM 2BKY

and the induced polarizatioR of a magnetic material with ; ggg e 82 A Y
magnetizatiorM is given by[25] 3. 150 —¥— 0.2 ¢
300 4: 150 —— 0 5ok [ 43 3
P=goxE+ie;GM XE, (1) M 5: 295 —— 0 0T 02T
c
where g, is the vacuum permittivityy(M) is the electric § I polal;zatllg/n
susceptibility which, in turn, is a function d1 and iG P o00 L vore
=dxij /oMy (for ijk any cyclic permutation oky2) is the 3
susceptibility derivative. The components of the magnetiza-§

tion have thermal fluctuations whose power spectra deter
mine the frequency distribution of the scattered light. The
second term of Eq.1) represents the Faraday-rotation 100 |
mechanism for light scattering due to the contributions of the
average valuéM,), wherez is taken as the direction of the

applied field. In solids, the contribution of the magnetization SFF
to the first term in Eq(1) gives rise to negligible coupling to 0 e i M R .
the light. However, it turns out that this term leads to strong 0 1000 2000 3000 4000 5000 6000
scattering for liquids due to fluctuations of the refractive in- Raman Shift (cm")
dex. The magnetization power spectrum required for the in- — ———
elastic light scattering cross section can be determined by th (b) SFF T(K) B(T)
fluctuation-dissipation theorem from the transverse part of eng=—=0 |
the response function due to Faraday rotation. The result fo gj fgg __;; g'g
the cross section read25s] 150 4: 150 —o— 0
5:295 = 0
dz—gocw 0N G hoyM,)|(ese))+ |2 g _|_polarization
dewS (R Y z Sel)+ 8 7VO|°/o-
S
wq 2 > 100 -
L p—— @ %
2
with w,,&,, andwg,eg the frequency and polarization vec- =
tor of the incident and scattered photon, respectivélthe 50 -
scattering volumefiw the Raman shifty=gug/f the gy- [ 7 e T
romagnetic ratio of the nanograins in Bohr magneton units, ¢t - 73
and n(w) the thermal occupation number of the magnetic | .-
excitation. The transverse cross secti@, which corre- ob===i" oy
sponds to scattering witk,z or y,z crossed polarization, has 0 1000 2000 3000 4000 5000 6000
a Lorentzian lineshape centered on the frequengyand Raman Shift (cm™)
with a widthT".
According to Eq(2) we assign the peak at 4400 cfto FIG. 4. (a) Polarized andb) depolarized Raman spectra of the

a collective magnetic excitation of the magnetic dipole sys-surfacted ferrofluid with 7 vol % particle concentration for different
tem in the ferrofluid. The frequency of this excitatiomg  temperatures and magnetic fields. The inset illustrates the
=B, is determined by the strength of the gyromagnetictemperature-field cycle followed in the experiment. Dashed curves
ratio and the macroscopic magnetic fieR=Bgy+ uoM, represent again the Gaussian peak used for the magnetic excitation
whereB, is the external field angk, is the vacuum perme- to fit the spectra taken at point(8ee inset

ability. For single-domain nanopatrticles consisting of

10°-10* atoms, as in our case of SFFs of superparamagnetifield. In spite of this, we were able to fit the Raman spectra
charactef?2], it holds thaty>1 since it is proportional to the for different magnetic fields using a constant value of
number of magnetic atoms in a nanograin. The particle-sizd400 cm'! for wo. This might be an indication that the
distribution is very broad £50% of the mean sizewhich  feature observed at high fields corresponds toxmrdamped
leads to the broad Gaussian peak observed in the Ramawllective excitation of the magnetic moments of the nan-
spectra at high magnetic fielddashed curve in Fig.(B)]. ograins; a mode which exists in strongly disordered systems
Furthermore, we notice that ER) predicts that the scatter- [26]. In this case, the light-scattering line shape given by Eq.
ing intensity of the magnetic excitation should increase lin-(2) yields a broad peak centered at the inverse of the relax-
early with thez component of the magnetization, in agree-ation time.

ment with our observation&see Fig. 3. The characteristic Further insight into the properties of the magnetic excita-
frequencywg, however, is expected to depend on magnetidion and its relation to the build up of structures in the SFF
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can be gained from Raman measurements along #gether undergoing an disorder-order phase transition, hence
temperature-field cycle, as depicted in the inset to Fig. 4. Foforming an ordered structure in the presence of a external
each point on the cycle denoted by numbers a Raman speniagnetic field. By applying the field in the frozen state, such
trum of the 7 vol% sample was measured in parallel anghase transformation is inhibited and a magnetic excitation
crossed polarization, as shown in Figéa)dand (b), respec- does not appear in the Raman spectra. Further spectroscopi-
tively. As the magnetic field is raised at room temperature ircal evidence for the nucleation of the ordered phase might be
going from 1 to 2, ordered structures can form in the ferrof-gained from the Rayleigh scattering signal.

luid and the magnetic excitation clearly shows up in the

spectra in both polarizations. Then the sample is frozen in a V. CONCLUSIONS

field of 0.2 T, which causes an overall decrease in intensity We have investioated the generation of particle structures
but the magnetic excitation remains observable mainly in 9 9 P

depolarized spectra. This is important for two reasons: FirstInduced by a magnetic field in surfacted ferrofluids of differ-

the observation of the excitation in the frozen state indicateg nt concentrations using Raman spectroscopy. Evidence of

that it is associated with fluctuations in the orientation of thestructu_re formauon a'f‘d the concomitant reduction Of. th_e In-
terparticle distances is obtained from the decrease in inten-

magnetic moments of the nanoparticles but not to the reori= v ot the backaround in the Raman spectra and the appear-
entation of the grains themselves, as they were nanomagnets Y 9 P PP

Second, the weakness of the Raman signal at 4400 ¢m ance of.a r_nagr_wetjc excitation at around 4400~ énas the
paraIIeI’ polarization when the liquid freezdgompare magnetic field is increased at room temperature. These ef-

dashed lines in Figs.(@ and (b)] is due to the suppression fec_ts are very weak or a_lbsent for low particle concentrations
of the mechanism for polarized scattering represented by th\(/%relrfethaebllc:eeltdoI?j:ﬂ())lhes?r;;ethti;;ofﬁen ri[:t%e';lértgfg; ?iroeﬁ ths
first term of Eq.(1), which is only active if magnetization- 9

induced fluctuations of the density and hence of the refracgr)]ltlefﬁ}::\{ﬁactirz)iricftfr:ecg:irgﬁfag%(ﬂngf i?learnt%\;gcr:?i?\mﬁg %ZTiir'
tive index are possible. Finally, quenching the field in the 9 mag

iipoles of the nanograins in the structure formed before by

frozen state has no influence on the spectra; the magnetﬁe application of an external field. In this way, we provided
excitation are still observed because the structure formed beg- PP : Y P

fore cooling remains intact. After raising the temperature tot

ambient conditions the original spectra are recovered.
Another interesting experiment consists of the reversal o

the sequence in the temperature-field cycle. If the ferrofluid"

is frozen_before the magnetic field is ap_plleq, the spectra at ACKNOWLEDGMENTS
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urther insight into the behavior of surfacted ferrofluids in
he presence of magnetic fields. Future experiments will aim
1at revealing the exact mechanism for structure generation as
ell as their forms, symmetries, and anisotropies.
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