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Experiments on negative and positive magnetoviscosity in an alternating magnetic field
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Recently it has been predicted and shown experimentally that the viscosity of a magnetic fluid flowing
through a capillary pipéHagen-Poiseuille floyvcan be reduced under the influence of an alternating, linearly
polarized magnetic field. We present experimental results of the amplitude and frequency dependence of this
“negative viscosity effect.” Experimental data are quantitatively compared with results we have obtained by
numeric integration of a prevailing mod¢51063-651X98)12711-3

PACS numbe(s): 83.85.Jn, 47.15:x, 75.50.Mm

[. INTRODUCTION the direction of the fieldH and the local angular velocity of
the particle is measured hg.

When at the beginning of this century Einstein estimated Later, in 1994, Shliomis and Moroz¢9] investigated the
the viscosity for a suspension of hard sphdigshe did not  additional viscosity generated in a flow with vorticity due to
consider the possibility that the spheres could as well ban alternating, linearly polarized magnetic field. They postu-
made from magnetic material. Indeed such complex andated a negative viscosity contributiod <<0) for a certain
man-made magnetic fluids were not available before theange of the frequency and field strength of the applied mag-
1960s. They are colloidal dispersions of magnetic nanopametic field. This “negative viscosity effect” can be under-
ticles in a liquid carrief2]. In order to prevent the particles stood as a transfer of energy from the magnetic field into
from sticking together a molecular coating by surfactants igotational motion of the particles. They act like nanosize mo-
applied. Since the properties and location of these fluids cators and actively reduce the friction between neighboring
easily be influenced by an external magnetic field, they havéluid layers.
recently attracted much scientific and technological interest The performance of these nanomotors depends on the
[3-5]. Already existing applications include magnetic fluid mechanisms by which they respond to a change of the exter-
rotary seals which can be found in 60% of the PC’s hardhal magnetic field. These mechanisms are the Brownian re-
drives, sink-float separation of minerals, diagnostics in meditaxation and the Na relaxation. In the case of Brownian
cine, the magnetic clutch, and tunable dampers. relaxation, a particle rotates together with its magnetic mo-

Some of the applications utilize the fact that the viscosityment which is fixed relative to the crystal axis of the particle.
of the magnetic fluid increases in a stationary magnetic fieldThis mechanism is characterized by a rotational diffusion
This was already discovered in 1969 by McTad6gin an  time 7z of hydrodynamical origin which is given by
experiment investigating magnetic fluid in a Hagen-
Poiseuille flow. The external magnetic field hinders the free 310Vh
rotation of the magnetic nanoparticles and thus increases the BT T RT
viscosity of the flow. A theoretical treatment giving the vis-
cosity of dilute suspensions and accounting for the BrowniarHere 7, is the viscosity of the carrier liquidy,, the hydro-
rotational motion of the particles was presented by Shliomigjynamic effective volume of the particle, akd@ the thermal
in 1972[7] and later modified in a review article in 1988].  energy. The second mechanism is the rotation of the mag-

2

For the reduced viscosity he obtained netic moment of the particle relative to the crystal axis of the
5 particle, the Nel relaxation. Its characteristic relaxation time
=ﬂ= §¢ isinz,B (1) 7N IS expected to be much larger than the Brownian relax-
e 7 2 ME—L ' ation time for our ferrofluid2]. It is obvious that only the

first mechanism contributes to the negative viscosity effect
Here ¢, denotes the volume fraction of the hydrodynamicwhereas the N relaxation in this context can be seen as a
effective volume of the particles, i.e., the volume of the mag-parasitic effect.
netic particles with their surfactants in the fluid. The Lange- The negative viscosity effect has recently been detected
vin parameteg=mH/KT characterizes the ratio between the by Bacri et al. [10] by means of a colloidal suspension of
energy of the magnetic momemtof the particle in the mag- Co-ferrite (Co FgQ,) particles of 10 nm. We use a different
netic fieldH and its thermal energgT. The Langevin func- material, namely magnetite (f®,), and present measure-
tion L is given byL(§)=coth@)—1/¢. The angle between ments for the amplitude and frequency dependence of the
negative viscosity effect, which are quantitatively compared
with the theoretical predictions.
* Author to whom correspondence should be addressed. FAX: Our paper is organized as follows. After introducing the
++391-6718108. Electronic address: reinhard.richter@physik.uniexperimental setup in Sec. Il, Sec. Ill describes the experi-
magdeburg.de mental findings. In Sec. IV we quantitatively compare the

1063-651X/98/565)/628717)/$15.00 PRE 58 6287 © 1998 The American Physical Society



6288 A. ZEUNER, R. RICHTER, AND |. REHBERG PRE 58

25
PC Synthe- Amplifier Upper |
sizer- 4‘ vessel 00 |
board
)
9 & 15
N3 c [
. = 2
GPIB- S ©
Interface / > U |:|§ g g 107} —
L o [T
// “1”
5t j
Pressure
sensors ¢ ‘_'i
0 1 1 1 1 f

0 5 10 15 20 25 30 35
Diameter (nm)

Peri- Solenoid

staltic

pump Lower peference pipe  Solenoid pipe FIG. 2. Distribution of the particle size as measured with the
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FIG. 1. Scheme of the experimental setup. ratio of the viscosities is determined. Due to the short settling

) ) ) . . time of the flow the pressure drop with and without a mag-
results regarding the negative viscosity effect with the theonetic field can be measured within 4 s.

retical description given in Ref$9,10. The conclusion is The pipe system is filled with the magnetic fluitF)

presented in Sec. V. under investigation. We have selected a water based disper-
sion of magnetite particles, namely, EMG 705 available from
Il. EXPERIMENTAL SETUP Ferrofluidics Corporation. Its properties at room temperature

_ _ . (T=295.2 K) are densitypy==1190 kgm 3, surface ten-
We established a continuous flow of magnetic fluid in asjon ¢=4.75x102 kgs 2, initial magnetic permeability

closed system of pipes in order to favor an automated datﬁ:1_56, magnetic saturatioM=0.02 T, and dynamic
acquisition, suitable to scan the extended parameter SPaG@scosity 7=6x10"3 Nsm 2 according to the manufac-
Figure 1 depicts the experimental setup. An upper vessel igyrer. The anisotropy constant of magnetite is given to be
connected in series with a vertical pipe and two capillaryk =gx10* Jm 3 [2], and the domain magnetization is ex-
pipes of diameter 1 mm to a lower vessel. The latter is Useﬁected to beM4=0.56 T[2].

as a reservoir. A peristaltic pum@Watson-Marlow, type: The distribution of the diameter of the magnetite particles
WM 505-UR/220 and an overflow maintain a constant fluid js gisplayed in Fig. 2. It has been estimated from a set of 130
level in the upper vessel thus establishing a constant pressugg nples measured by means of a transmission electron mi-
drop across the two capillary pipes. Ong of.the capillaries I$roscope(Philips CM200 and an object recognition soft-
mounrt]ed |r; the(;:enter of a sglenmd which is fg&'ﬁed by Wayyare (AnalySIS 2.1). For the arithmetic mean diameter we
ter. The solenoid is connected to a power amplifi& 2400 ey . . .

. LT . obtaind=12.2 nm. With the diameters of the particles we
of HK Audio) which is driven b_y a synthesizer blog(r‘d/SB—. calculate the average magnetic dipole moment of the par-
100 of Quatech Ing.mounted in a 486-PC. A digital multi- ticles to bem=1.1x10~2* V'sm by means of the identity

P DMM h I )
meter(Prema 600] captures the voltage drop across =M Voo, Whervere=(1/N)2iN(7T/6)di3 denotes the av-

the load resistors in order to control the amplitude of the 4 vol fthe b il h . heri
alternating field. Two electric pressure sensors measure tfgaged volume ol ih€ bare particles, when assuming spheri-

H — — 24 3
pressure drop across the capillary pipe in the solenoi(‘f_al particles. The value OVCO'E_Z'_OZE;X 12 m" IS two
(Apsy) and across the reference pipkfe). Their voltage ~UMes larger than the value of %8.0*> m" for the volume
is simultaneously recorded by two multimetetBrema of the particle whl_ch would be obtained from the mean di-
DMM 6001) connected via a GPIB-Interface to the com- ametgr of the partlclgs. i h d vol f th
puter. Via the Hagen-Poiseuille formula for the mass flow Qsmg Eq.(2), and taking the averaged volume of the
rate one obtains for the ratio of viscosities with(,y) and particles as the hydrodynamic effective volume, one gets

— —6 i i
without () a magnetic field the expression T8, core— 1.5X 10 s. Note that _thls number is only a lower
bound of the Brownian relaxation time, because the hydro-

Nmag  APsolmag APret dynamic effective volume is believed to be determined by
7 = Ap’ Ap ) (3)  the surfactant layer around the particles. In addition, the ag-
sol refmag glomeration of particles would also tend to increase this
whereA pso magis the pressure difference across the capillarynumber. _ o .
pipe in the solenoid with a magnetic field, ang;ef mag is In order to determine the relaxation times experimentally,
the pressure difference across the reference pipe in the pre§e have measured the complex magnetic ac susceptibility

follows, effective relaxation timergz=9.4x10"° s. This effective
relaxation time is determined by a combination of the
_ Tmag™ 7 Tmag Brownian and Nel relaxation times. An estimate of the ef-
Ty g -1 (4 fective relaxation time is given bj12]
An advantage of the experimental arrangement is its ro- Tefi= ™N7B _ (5)

bustness to fluctuations in the temperature because only the
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0.25 IV. COMPARISON WITH THEORY
= 020 In the following we perform a comparison of our experi-
2 sl mental data with the predictions of a theoretical model re-
8 ' cently proposed9]. We start with the integration of a set of
S 0.10 | ordinary differential equations given in R¢fl0] which are
2 based on that model. Subsequently we fit this model to the
§ 0.05 1 experimental data. In the third part we focus on the qualita-
o 0.00 tive features that experiment and model have in common.
-0.05 . . ' )
0 10 20 30 40 A. The model equations
@ Magnetic Field (kA/m) The ordinary differential equations suggestedf] for a
0.14 flow of small vorticity are
' f (Hz)
_ 012 + 1002 ~ dfe dll’lLe -1 &
S o0 010 5 TBW:_<d_ge) (1——9005(wt)), (7
2 008 108 =
S o006} . dF_ 41 1) o o
el _1 ] — — —
3 0.04 7B dt 2 Le ge gO COE{wt)- ( )
=]
®  o002¢ o )
T 0.00 Here &,=mH/KT denotes the effective field, arg} is de-
0'02 : . . . fined over the amplitudél, of the magnetic field. Solving
Bt 3 5 9 12 15 this equation up to relaxation and averaging the relaxed so-
®) Magnetic Field (kA/m) lution over one period of the external magnetic figjd

= £ycost) the function
FIG. 3. (a) Reduced viscosity as a function of the magnetic field

for six different frequencies of the magnetic fielth) enlargement 1
of (a). 9(w7g,&0)= Egocos(wt)L(ge)F(ge) 9
Using this equation we estimate the Brownian relaxatiorwas estimated. It determines the reduced viscosgjtyby
time from means of the equation
3
TN Teff nr(wTB-§0)25¢g(wTBa§0)- (10
8= (6)
TN~ Teff

However, solving Eq(8) becomes complicated, because the
poles ofF at £,=0 have to be taken into account. In order to
overcome these problems we prefer to solve a mathemati-
cally equivalent system, consisting of E) and the equa-
tion for the derivative of the product daf andF:

A(ée)=L(£F(&e). 11

to be 75 gy 9.4X¥ 10 ° s, where a value of abod s has
been used as an estimatef [2].

[ll. EXPERIMENTAL RESULTS

For a set of 14 different values of the driving frequency

the reduced viscosity;, has been measured in dependencd=rom Egs.(7) and(8) we obtain
on the amplitude of the alternating magnetic field. Figure
3(a) gives six representative curves. Each point has been dA 3Le—&e B

: ; 8= =LetA| & cofwt)—1]. (12
obtained from an average of ten independent measurements dt 28t
of the reduced viscosity. All curves show a continuous in-
crease ofy, for higher values of the amplitude of the mag- Now the functiong(w7g,&,) is determined by
netic field. In order to unveil subtleties in the vicinity of the L
origin we focus our attention to the enlargement given in Fig. L
3(b). The curves for 1002 Hz and 3005 Hz continue to show 9(@7g,80) =7 £0COL WD A(£Le). 13
a monotonous increase starting from a plateaupat 0.
However, for higher frequencies we clearly observe a negaWe solve the systems of Eq¥) and(12) using an Adams-
tive viscosity contribution, which becomes more prominentBashforth-Moulton predictor-corrector method of fourth or-
with increasing values of the driving frequency. At the sameder up to relaxation and calculate the integral over one pe-
time the center of the minimum is shifted to higher values ofriod as given by Eq(13). The initial conditions are(0)
the amplitude of the magnetic field. For 22321 Hz we ob-=¢&, and A(0)~0, similar to those in Ref[10]. The re-
serve a reduction of the magnetoviscosity of about 1%. Anquired starting values for this method are calculated using
other remarkable feature is the similar shape of the curves dhe classical Runge-Kutta method of fourth order. Note that
the reduced viscosity oncg, =0 is surpassed. in comparison to the well known Runge-Kutta formulas of
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0.08 with &(t) = ¢y,cod, which is the limit of Eqs(9) and(13) for
w— 0, yields the same results for the volume fraction and the
0.06 | gn .
G magnetic dipole moment, but no value for the Brownian re-
E Lml laxation time.
& A possible explanation of the increase of the Brownian
0.02 | relaxation time with decreasing frequency might be particle
0.00 aggregation(dimers, trimers Those aggregates behave like
0.6 large particles with a largeg. They might be broken up at
higher driving frequencies due to the shearing forces. An-
05 r other explanation is connected with the surfactant layer
= around the magnetite. Presumably that layer does not have a
& 04 1 sharp outer boundary. Due to hydration there will be a con-
03 | tinuous transition to the pure carrier flupaten. The size of
. that layer might be reduced because of the larger shearing
0.2 ' . : : forces at higher frequencies.
18 - - - . The values ofrg g can be described by a law
E 15 + . mEwm pm B m
= . 1 1
€ 12 5 . 1 = — +5.6f. (16)
= ma(f)  7TBo
c 9
g [ . . . . ] The corresponding curve is shown as a solid line. The fit
0 5 10 15 20 25 yields 7g¢=3.7X 1074 s. It can be interpreted as the
Frequency (kHz) Brownian relaxation time in the limit of zero frequency of

N _ _ the magnetic field, i.e., in the limit where we assume that the
FIG. 4. Results of the fitting procedure with E340). The solid  sjze of the hydration layer is maximal. We cannot provide

line is the fit according to E(16). any explanation for the fitted value 5.6 of the slope of this
curve.
the same order the applied method requires only half the The value ofrg ¢, determined from the measurement of
number of evaluations of the complicated derivatives. the complex magnetic ac susceptibility is in the same order
of magnitude as the values of ;.
B. Quantitative comparison The results for the hydrodynamic effective volume frac-

tion ¢y, g increase first drastically with the driving fre-
quency, but are approximately constant for frequencies larger
than 5 kHz. The values seem rather large in comparison to
the value ¢ 4ngommax= 0.64 of the largest possible volume
fraction of randomized ordered hard spheres.

In order to further evaluate these values, we estimate in
the following the volume fraction using alternative proce-
dures. In accordance with literature there exist different types

The Brownian relaxation time obtained from the fitting . .
rocedurer - decavs with the driving frequency. The value of volume fractions, namely, the volume fraction of the mag-
P B fit Y girea Y- netic active materiakp,,, the volume fraction of the bare

obtained for 1002 Hz seems to be special. The explanation is_ . )
that 75 ¢, cannot be determined for very low frequencies particlesd e, and the hydrodynamic effective volume frac-
- Bt ) - o'tion ¢y, . They follow the relationd,< ¢eore< én, i-€., the
which is caused by the fact that there is no phase shift be\;oIume fractionsp,, and rovide lower bounds fog
tween the field and the orientation of the magnetic dipoles in The equation m PeoreP h

this limit. Precisely speaking, this means that

Next we fit Eq.(10) to our experimental data. The solid
lines in Figs. 8a) and 3b) display the curves obtained by a
fit utilizing Marquart’s method13]. The fitting parameters,
namely, the magnetic dipole moment the volume fraction
¢, and the Brownian relaxation timez, are shown as a
function of the driving frequency in Fig. 4 bottom to top,
respectively.

_ag M,
im 2 =0, (14) = (17

The fitting procedure gives a value of abouk80 * s at  ggjimates the volume fractiafy, of the magnetic active ma-
this frequency. It is obvious that this value has no physicalg g in the fluid. In the case of our magnetic fluid one yields
meaning, it must be considered as an artifact of the f|tt|ng¢mzo'036 with the values provided in Sec. II.
procedure fo.r low frequencies. Npte Fhat the values for the' "4 \olume fractionbeo,=N Voo Of the bare particlesn(
yolume fractlon.am_j the r'nagnetllc dipole moment are nots {hae number of particles per voluindas to be higher,
influenced by this singularity. A fit to the temporal averagepeca se the saturation magnetization of small particles is
of Eq. (1), known to be approximately up to 20% smaller than the do-
. ) main magnetization of the same matefibd|. Next we esti-
( 0 _ L1 [TEMLAEM) q 15  Mate ¢eqe from the density of the ferrofluigye . It is de-
9(078—080)=F | =5 (&b (19 . o .
0 §(H)—L(&(1)) termined primarily by the density of watgs, o and the
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density of magnetitepagnerite=5.18x 10° kg/m®. We as- 8

500 —&—
sume that the volume of the constituents is conserved under %gg ~
mixing: £ st 0.00 —=—

2 0.25 ——
Pmagnetit@core"' PHZO(l_ Dcord = PMF » E 4 8?2 :
. . L
which yields ©
(=
o
g 27
PMF~ PH,0 =
¢core:—_ =0.045
Pmagnetite” PH,0 0

0 5 10 15 20 25
for the volume fractiong ... This result fullfills the 20% (a) Frequency (kHz)
rule mentioned above.

As a third alternative, we try to estimate the effective 5.00 =
volume fraction directly from the experimental results of the a%0
particle diameter and the effective Brownian relaxation time 0.00 —=
78.sus We are using the equation 02

o 0.75 ——
énh=nVj (18 d
to determine the hydrodynamic effective volume fraction
¢, . We obtain an estimate of the particle densityia the
equationn=M¢/m and get a value oh=1.74x10°??> m3 0 , , ,
using the numbers presented abovg.is determined by the 1.0 1.1 1.2 1.3
effective relaxation time measured via the ac susceptibility (b) ©1g

and using Eq(2). The produchV), yields 2.2 as an estimate |G, 5. (a) Contour lines for the reduced viscosity #0in the

of the volume fraction. This value is much too large to be ofpjane spanned by amplitude and frequency of the magnetic (i®!d.
physical relevance. An error calculation for this value yieldsreduced viscosity;,(H,f) =g x 2 ¢x 100, with =0.2 determined

a resulting error of about 75%, when assuming errors for th@y numerical integration of the differential equations given in
saturation magnetization, the estimated effective relaxatioref.[10].

time, the domain magnetization, and the mean diameter of

5%, 20%, 20%, and 10%, respectively. We believe that the . T . .
unphysical value reflects the difficulties of the interpretationr(aduced viscosity in dependence on the amplitaidinate

of V}, in a nondilute suspension, where particle interactionand on the frequencyabscissh of the external magnetic

cannot be neglected. Similar difficulties with quantitativefleld are shown. In F.'g' @ the equivalent '30"065 of the
. . . . P calculated reduced viscosity are plotted, assuming a volume
comparisons for suspensions with a concentration similar t

the one used by us arose even for the case of static magne?f@cuon $n=0.2. The axes are the_ amplitude qnd .the
citfcle frequency of the nondimensional magnetic field

flel'qulél\%lues for the magnetic dipole moment show a be_rnultiplied by the Brownian relaxation time. In both plots

havior similar to the results for the effective hydrodynamicthe same symbols denote the same level of the reduced
. o : : . " viscosity.

volume fraction. They first increase drastically with the driv- Both contour blots are in qood qualitative aareement

ing frequency but seem to saturate for frequencies larger tha‘Ph P 9 9 9 '

8 kHz. The results of the fit for the magnetic dipoteare in ey both _sho_w a neutr_al line 7 =0) r_narked by fuI_I
the same order of magnitude as the valme=1.1 squares. This line is starting at the abscissa and bending to

X 10" Vsm, as calculated in Sec. Il. More precisely for higher frequencies. Right and below this line in both plots a

) 7 .~ range of negative viscosity is located, whereas left and above
frequencies above 2 kHz the values for the magnetic deOI(fmhe line an area of positive viscosity is situated. However

moment from our fit are about one half larger than this mea;

. ) A E= . both plots do not agree quantitatively. Obviously the curva-
;urec_l value, which yields a fz_actor f.5=1.1 in the result- tyre of the corresponding isolines differs. In addition the dis-
:jng diameter of the bare particles compared to the measurgce between neighboring isolines varies. Thus the fre-
iameter. - :
. . . n xis and the axis f nn m n
For the interpretation of the different values of the threeggghcéhirsb; adli;eeara trjngf‘;;;?onm be mapped on to
fitting parameters, namely, the Brownian relaxation time, the A quantitative prediction of the models proposed9nL0]
magnetic dipole moment, and the hydrodynamic effectiv s given by the equation '
volume fraction, one has to keep in mind that they are no
orthogonal. As a consequence their values tend to influence 1
each other during the fitting procedure. 2af. T8 (19
n

C. Qualitative comparison — isolines of the reduced viscosity

In the following we compare the contour plot for the derived for the pointf,, where the neutral line meets the
experimental results as shown in Figapwith the theoreti- frequency axis. We use this relation as an alternative way to
cal one in Fig. B). In Fig. 5a) the isolines of the measured determine a value for the Brownian relaxation time
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150 T T T T TABLE |I. Determined Brownian relaxation times.

120 | Method Value(s)

§ 90 + TB, core 1.5% 1076
< T fi 7.8x10 6-7.1x10°°

£ 60t TBn 1.0x10°*

TB,sus 9.4x10°°

30 ¢ T8O 3.7x1074

0 n 1 1 )
0 5 10 15 20 25

mind that the fitting parameters are not orthogonal. In spite

FIG. 6. The inverse of the Brownian relaxation time versus theOf the;e dImCUItI.eS I.t 'S Wort.h stressmg t.he faCt that the
. ; o Brownian relaxation time obtained via the viscosity measure-
driving frequency. The open triangles denetg;;, the solid circle ment coincides with th btained via th t of
denotesry ¢, and the open square markg ,. The solid line is ent concides wi € one obtained via the measurement o

! o ' the ac susceptibility.
the fit according to Eq(16). .

(i) A second reason for the frequency dependence can be

the formation and destruction of aggregates of particles in

Frequency (kHz)

g = ~10% s the fluid. The theory if10] was only developed for a dilute
no2wf, ' dispersion, where chain formation is not important. In this
connection it seems worthwhile to point out that the first and
using the frequency,~1500 Hz from Fig. %a). only measurement of the negative viscosity effect was per-

In order to provide an overview on the different relaxationformed with a high volume fractiog,,. of about 2094 10]
times measured in this paper, we have plotted in Fig. 6 thén order to observe the relatively marginal effect at all. To
inverse of the Brownian relaxation time versus the frequencynake closer contact with the theoretical assumptions, we
where they have been obtained. The open triangles corrdrave reduced the volume fraction of the bare particles to
spond torg ¢ as obtained by the fitting procedure. The solid ¢,.=0.045 and still resolve a negative viscosity of maxi-
line corresponds to the fit already presented in Fig. 4. Itanal 1%. However, our volume fractios.. could still be
intersection with the ordinate defines the value ofg}/. too large in order to satisfy the assumptions of the static as
This value determines the location on tkexis. The open well as the dynamic theory.
square marksg ,, which has been obtained at a frequency For the quantitative interpretation of all the fitting
of f,=1500 Hz. 75 qsis displayed by a solid circle. It is parameters it must be kept in mind that the applicability
determined viarg gy& 1/(27f ), Where ., is the fre-  of the theory to our experiment is questionable for two
guency at which the imaginary part of the ac susceptibility isreasons.
maximal. f ., has been measured to be 1700 Hz. We con- (i) The experiment deals with a broad distribution of
sider it as extremely remarkable that the value obtained witlthe particle size and therefore as well distributions of
such a different method agrees reasonably well with the datéhe magnetic moment and the Brownian relaxation time. In
obtained via the examination of the magnetoviscosity at thisontrast the theory assumes particles which are mono-
frequency. We conclude that the frequency dependence alisperse.
the Brownian relaxation, as obtained by the fits of the mag- (ii) In addition, the situation becomes more complicated
netoviscosity, time is of physical origin. because the negative viscosity effect has been predicted for

Finally, Table I displays the five values of the Brownian ideal nanomotors only, i.e., faty/7z>1. In our case, how-
relaxation time determined by the different procedures deever, it is not clear whether the Hlerelaxation can be ne-
scribed in the text. glected completely because of the broad distribution of the
particle size.

Considering these two discrepancies it is remarkable that
) ) o despite the complexity of the experimental situation all
Our data can be considered to be in qualitative agreemenfyalitative features predicted by the model, including the

with the theoretical predictions, but the quantitative comparinegaﬂve viscosity effect, can be observed in the experiment.
son reveals two unexpected features: The first intriguing ob-

servgtion is_ values of the hydrodynami_c effective volun_"ne V. CONCLUSION
fraction which seem to be much too high. That value is,
however, extremely hard to interpret in a nondilute suspen- We have presented a quantitative comparison of a mea-
sion. The most remarkable fact is the frequency dependencirement of the negative viscosity effect of a ferrofluid with
of the effective Brownian relaxation time. Two reasons carthe theoretical model. Moreover we performed a measure-
be found why the Brownian relaxation time would be fre- ment of the negative viscosity effect of a ferrofluid based on
guency dependent. magnetite.

(i) We have argued that the thickness of the surfactant We find a reasonable qualitative agreement between our
layer might be frequency dependent. However, with increasmeasurements and the theory given in R&f] for the mag-
ing layer thickness the volume fraction should also increasenetoviscosity. However, a complete quantitative agreement
The opposite was observed in the results of the fit. Thus thisould not be found. The quantitative comparison unveils two
cannot be the full explanation, although it must be kept inunexpected features. First the fitting procedure yields values

D. Discussion
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