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Nonlinear temperature variation of magnetic viscosity in nanoscale FeOOH particles
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Temperature variations of the magnetization and magnetic viscosity .S in 30-A particles of FeOOH are
reported. An average blocking tempeature T, =47 K is determined for this system from the temperature
variation of the difference susceptibility between the field-cooled and zero-field-cooled cases. The mea-
sured decrease of T, with applied field is used to determine an average magnetic moment ~7150up per

particle.

The relaxation data of the magnetization M(z) follow the equation M (t)/M(7,)=1

=S In(t /75), from which temperature variation of S is determined for the range 2 to 200 K. Below 7 K,
S is temperature independent signifying quantum tunneling. Above 7 K, initially S increaes linearly with
T, but the variation becomes increasingly nonlinear, reaching an apparent maximum at T, =47 K. The
temperature variation of S is characteristic of a phase transition at T, since the data fits well the equa-
tion S= A|(T —T,)/T,| ¥ with 4 =0.040(0.0076) and v=1.10(1.29) for T > T,(T<T,). An average
energy barrier {U)=2140 K and 7,=5X 1072 s are also estimated from the analysis of the data.

I. INTRODUCTION

Recently, the phenomenon of magnetic relaxation in
nanoscale magnetic particles has received considerable
attention, partly because of the prediction’? and subse-
quent observations of quantum tunneling of the magneti-
zation at low temperatures in a variety of systems.3~% In
a complex system with a distribution of the particle sizes
and barrier heights, it is found that the time dependence
of the magnetization M (¢) should follow the equation®>

M(1)=M (ty)[1—S In(t/75)] , (1)

where S is the magnetic viscosity, 7, is a constant, and
M(ty) is the magnetization at an initial time ¢,. For
quantum tunneling, S becomes temperature independent
below a crossover temperature T, whereas above T it is
expected to follow the equation

S=kyT/{U), 2)

where (U) is the average energy barrier which deter-
mines the blocking temperature T, in the static M (T, H)
studies according to the equation®*°

T,~(U)/30ky . 3)

The energy barrier U is believed to result from the mag-
netic anisotropy constant K so that U =KV where V is
the volume of the particle. For a system with a particle
size distribution, a distribution of U and hence T, is ex-
pected. A temperature-independent S in the liquid-
helium temperatures, followed by a linear temperature
dependence above T, has been observed in a number of
systems.3_8

In this paper, we report the results of a detailed study
of the temperature dependence of the magnetic viscosity
coefficient S in 30-A ferrihydrite (FeOOH) particles. In
recent papers'®!! magnetic, Mdssbauer, and electron spin
resonance studies in this system showed it to be a super-
paramagnetic system for temperatures 7= 100 K with
distinct anomalies observed near 50 K. However the
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significance of the changes observed near 50 K were not
fully understood. In the results reported here we have
covered the temperature region from 2 to about 200 K
for magnetic relaxation studies. By making measure-
ments at several fields and from the observation of the
temperature variation of S, we infer that the temperature
of about 47 K represents the average T, for this system.
Also, our observations show that on approach to T,
from both below and above, S attains a maximum value,
a behavior characteristic of a phase transition. Such an
apparent singular behavior of S around T, has not been
reported so far in any other system. Below 7. ~7 K, we
observe a temperature-independent S, characteristic of
quantum tunneling. The details of these results and dis-
cussion including comparison with theoretical predic-
tions wherever possible, are presented below.

II. EXPERIMENTAL DETAILS AND RESULTS

All the measurements reported here were carried out
on the commercial Nanocat sample of FeOOH.!?
Transmission electron microscopy measurements of this
sample show it to contain particles of average diameter of
about 30 A."® In earlier papers'® 1113 details of the crys-
tal structure of the particles and electronic state of Fe3*
have been given. The magnetic measurements reported
here were carried out on a superconducting quantum in-
terference magnetometer (Quantum Design Model
MPMS). For relaxation studies of the magnetization, the
sample was cooled to the desired temperature in a field
H, (=+100 Oe). Then after the temperature becomes
stable, the field was switched to H, (=—100 QOe). As
soon as H, becomes stable, M was measured as a function
of time (at about 60-s intervals) for about an hour. The
above protocol follows the procedures employed by other
researchers.® After completing these measurements, the
sample is then warmed to far above T, in zero field,
cooled again in H, to the new temperature and procedure
was repeated.

The temperature dependence of the magnetic suscepti-
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bility Y=M /H, in applied field H =100, 500, 1000 and
2000 Oe, is shown in Fig. 1. The two sets of data corre-
spond to the ZFC (zero-field-cooled) and the FC (field-
cooled) configurations. Here in the ZFC case, the sample
is cooled in zero field to 5 K, H is then applied and M
measured with increasing temperatures whereas in the
FC case, the sample is cooled to 5 K in the applied field
H followed by data collection with increasing tempera-
tures. The data for the ZFC case shows a broad peak at a
temperature T, (marked by arrows in Fig. 1) whose posi-
tion shifts to lower temperatures as H is increased. The
broad peak and the separation of y between the ZFC and
the FC cases has been observed in a variety of systems of
magnetic particles. >~ %1% For this system, T,~100 K for
H =100 Oe and we have shown that for T=100 K, M
scales as H /T signifying superparamagnetism.® In
literature, T, is usually associated with the blocking tem-
perature T,. However, we argue later that for particles
of different sizes, the average T, is lower than T,and T,
represents the temperature above which nearly all the
particles are deblocked.

In Fig. 2, we have plotted the difference susceptibility
Xrc—Xzrc against temperature for the four H values
shown in Fig.1. This difference represents the irreversible
part of the magnetization when the sample is cooled in H
and consequently it should be related to the remanent
magnetization M,. To verify this, we show in Fig. 3 M,
vs temperature for the sample cooled in H =2000 Oe to 5
K, then H is turned to zero (residual field is about 1 Oe)
followed by measurements of M, vs temperature. It is
generally argued® that the temperature at which M, falls
to half its value at T—0 K represents the average block-
ing temperature 7, for the system and dM,/dT
represents the distribution of the blocking temperatures.
From Fig. 3, we see that for H =2000 Oe, T, ~25 K us-
ing both criteria. From Fig. 2, a similar value is obtained
using the difference susceptibility Xpc—Xzpc for
H =2000 Oe. This use of the difference susceptibility to
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FIG. 1. Temperature dependence of the susceptibility
X =M /H at four applied fields. The upper (lower) set of data are
for the field-cooled (zero-field-cooled) cases. The arrows mark
the position of the peak zero-field-cooled susceptibilities.
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FIG. 2. The difference susceptibility y(FC)— x(ZFC), deter-
mined from Fig. 1, is plotted against temperature for four ap-
plied fields.

measure the average Tb for a system does not seem to
have been exploited before.

Using the data of Fig. 2 and the above procedures, the
variation of T, with the applied field H is shown in Fig. 4
where the solid line is a theoretical fit. We will return to
the discussion of this data later. For H =100 OQe, T, ~44
K, a value about half the magnitude of T, where the ZFC
susceptibility peaks for H =100 Oe. It is our view that
Tp does not represent the average T, but the temperature
above which nearly all the particles of various sizes are
deblocked and act as superparamagnets. This is clearly
seen in the scaling of M as H/T for T>100 K.'° Thus
in complex systems, a distinction between 7, and T,
needs to be clearly made.

Next we present the data on the relaxation studies with
the protocol H,; =100 Oe and H,= —100 Oe as described
earlier. In Fig. 5, we show the plots of the magnetization
M vs Int at several representative temperatures. The
linear behavior of M against Inz shows that the data fit
Eq. (1) with slope =—M (t,)S so that the magnitude of
magnetic viscosity S can be determined from the slopes
using the initial M (¢y). The temperature variation of S
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FIG. 3. The remanent magnetization M, and calculated
dM, /dr vs temperature for a sample cooled in H =2000 Oe.
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FIG. 4. Measured average blocking temperature T, against
applied field H. The solid line is Eq. (4).

from this analysis is shown in Fig. 6 in the temperature
range of 2 to 200 K. The remarkable result, not reported
so far in any other system, is that S peaks at T,. We also
note that whereas for T' < Tb, M remains positive (but de-
creases with time) when field is switched from + 100 to
—100 Oe, for T > Tb, M becomes negative on the field
switching (followed by increase in its magnitude with
time). These observations are easily understood if the
coercive field H, approaches zero as T, is approached
from below (or H, <100 Oe at T,). We have not carried
out a detailed temperature dependence of H,. However
at 10 K, H,.=~1500 Oe.

The details of the behavior of S vs temperature for the
lower-temperature region is shown in Fig. 7. Below about
7 K, S becomes nearly temperature independent signify-
ing the onset of the region of quantum tunneling of the
magnetization, reported recently in other systems
also.3™® Thus T,~7 K for this system. Above T,, in a
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FIG. 5. Time dependence of the magnetization M (¢) at
several representative temperatures, according to Eq. (1).
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FIG. 6. Temperature variation of the magnetic viscosity S.
Dotted lines are fits to Eq. (5) with parameters given in the text.

limited temperature range a case can be made for the ex-
pected linear temperature variation [Eq. (2)] due to
thermal effects for T << T ». However, as shown in Fig. 6,
the temperature variation of S over an extended tempera-
ture range is nonlinear. To the best of our knowledge, a
theory does not yet exist with which the results of Fig. 6
can be compared.

Another way to verify the logarithmic scaling for very
long times can be achieved by plotting M /M, vs
T In(t /7,), as suggested by Labarta et al.!* Such a rep-
resentation of our data is achieved by choosing
To=5X10712 5, as shown in Fig. 8 for selected tempera-
tures between 10 and 45 K. A good universal curve is ob-
tained, allowing the relaxation behavior to be extrapolat-
ed to times that are otherwise experimentally inaccessi-
ble.

10

FIG. 7. Details of temperature variation of S for lower tem-
peratures. The linear variation expected from Eq. (2) above 7 K
is indicated.
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FIG. 8. Plot of reduced magnetization M /M, vs T In(t/7,)
using the relaxation data at several temperatures indicated.

III. DISCUSSION

The variation of T, with applied H in Fig. 4 can be un-
derstood using the argument that H lowers the energy
barrier { U) to the new value { U ) —uH +u*H?*/4{(U).°
Then using Eq. (3) viz. (U ) ~30kyT,, we can write

T,(H)=T,(0){1—(uH /60ky T,(0)]}2, @)

where p is the average magnetic moment of the particles.
The solid line in Fig. 4 is fit to Eq. (4) with T,,(0)=47 K,
and p=0.48ky;. Although the fit to the data is quite
good, additional experiments will be carried out in the fu-
ture to test Eq. (4) over an extended range of magnetic
fields. The p=0.48ky yields u=7146u 5 as the magnetic
moment of the average superparamagnetic particles of
FeOOH. Let us compare this number with the one calcu-
lated from the known structural information of the parti-
cles. Although particles are not spherical, for simplicity
we assume them to be and to have a diameter of 30 A. ™
Using 5.9up as the moment of the Fe** ions separated by
a distance of about 3 A," total moment per particle
neglecting surface spins is calculated to be ==2925u,.
This number is 41% of the above calculation using Eq.
(4), a reasonable agreement considering that the volume
of the particles is not accurately known.

The calculation of the energy barrier { U) can be done
at least two ways. First using T, =(U)/30k, yields
(U)=14.10 K with T, =47 K. Second from the linear
fit in Fig. 7 and using Eq. (2), we find (U )=2140 K, a re-
sult about 50% higher than the first calculation. Consid-
ering that the interparticle interactions are not included
in the above calculations, the semiquantitative agreement
obtained here is quite reasonable. The interparticle in-
teractions can affect the calculation of T}.'

Next we consider the temperature dependence of S
over the extended temperature range to 200 K (Fig. 6).
The temperature variation of S on approach to T, is
characteristic of the singular behavior traditionally ob-
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served for certain variables near a phase transition. Con-
sequently we have fitted the data to the equation

S=ANT—T,)/T,|™" (5)

for both above and below T,. The dotted curve in Fig. 6
is fit to Eq. (5) with T, =47 K with the following parame-
ters: 4 =0.040 (1), v=1.10 (3) for T>T,, and
A =0.0076 (2) and v=1.29 (5) for T <T,. In making
this fit, T, was also allowed to vary in 1° steps and it was
found that T, =47 K gives the best overall fit with the
above parameters. (The quoted uncertainties are in the
last decimal place.) Although, at present, there is no
theoretical basis for Eq. (5), the good agreement obtained
in Fig. 6 demonstrates that there must be some truth to
the validity of Eq. (5). We hope that this paper will en-
courage theoretical developments about the critical
behavior of S around T,.

In Eq. (1), 1/7, represent the attempt frequency for the
relaxation rate 1/7=(1/7y) exp(—U /kgT) of the indivi-
dual particles for the barrier height U. It is the distribu-
tion of the barrier heights for a complex system which
leads to Eq. (1). For a measuring time 7=10? s usually
used the static M measurement, and 7,2=5X107!? s es-
timated in Fig. 8, leads to U =30.6kzT,. In Eq. (3) and
throughout this paper, we used the factor 30 (instead of
30.6) for simplicity. The point to note here is that the
magnitude of 7, affects the magnitude of this factor
which is often quoted to be anywhere between 25 and 32.
Our magnitude of 7 is in excellent agreement with the
recent measurements of Dickson et al.’

IV. CONCLUSIONS

The primary conclusions of this paper are as follows.
First, for a complex system consisting of distribution of
particle sizes, an average blocking temperature T, is a
very useful concept and its location does not necessarily
agree with T, the temperature where the ZFC suscepti-
bility peaks. Second, the magnetic viscosity coefficient S
has significant nonlinearity in its temperature depen-
dence, beginning with a temperature-independent region
at lower temperatures due to quantum tunneling and an
apparent critical behavior around T,. This result of the
apparent critical behavior is a new result not reported in
any system yet primarily because the reported measure-
ments have been limited to the lower temperatures. It is
hoped that this paper will encourage theoretical develop-
ments and the measurements of S around T, in other sys-
tems.

ACKNOWLEDGMENTS

This work was supported in part by the U.S. Depart-
ment of Energy Grant No. DE-FC22-93PC93053 award-
ed through the Consortium for Fossil Fuel Liquefaction
Science. Summer support for one of us (S.D.) at West Vir-
ginia University came from the Eberly Family Trust and
funds provided by Shenandoa University. Useful discus-
sions with J. Zhao and G. P. Huffman are also acknowl-
edged.



51 NONLINEAR TEMPERATURE VARIATION OF MAGNETIC...

*Permanent address: Department of Physical Sciences, Shenan-

doah University, Winchester, VA.
Author to whom correspondence should be sent.

1A. O. Caldera and A. J. Legget, Phys. Rev. Lett. 46, 211 (1981).

2E. M. Chudnovsky and L. Gunther, Phys. Rev. Lett. 60, 661
(1988); E. M. Chudnovsky and L. Gunther, Phys. Rev. B 37,
9455 (1988); B. Barbara and E. M. Chudnovsky, Phys. Lett. A
145, 205 (1990); E. M. Chudnovsky, O. Iglesias, and P. C.
Stamp, Phys. Rev. B 46, 5392 (1992); E. M.Chudnovsky, J.
Appl. Phys. 73, 6697 (1993).

3J. Tejada, X. X. Zhang, and LI. Balcells, J. Appl. Phys. 73,
6709 (1993); J. Tejada, X. X. Zhang, and E. M. Chudnovsky,
Phys. Rev. B 47, 14977 (1993), and references therein.

4B. Barbara, L. C. Sampaio, J. E. Wegrowe, B. A. Ratnam, A.
Merchand, C. Paulsen, M. A. Novak, J. L. Tholence, M.
Vehara, and D. Fruchart, J. Appl. Phys. 73, 6703 (1993), and
references therein.

5X. X. Zhang and J. Tejada, J. Appl. Phys. 75, 5637 (1994).

SR. H. Kodama, C. L. Deaman, A. E. Berkowitz, and M. B.
Maple, J. Appl. Phys.75, 5639 (1994).

7B. Barbara, A. Ratnam, A. Cavalleri, M. Cerdonio, and S. Vi-

2959

tale, J. Appl. Phys. 75, 5634 (1994).

8D. Awschalom, M. A. McCord, and G. Grinstein, Phys. Rev.
Lett. 65, 783 (1990); D. Awschalom et al., ibid. 68, 3092
(1992).

9C. P. Bean and J. D. Livingston, J. Appl. Phys. 30, 1205 (1959);
G. A. Candela and R. A. Haines, Appl. Phys. Lett. 34, 868
(1979); D. P. E. Dickson, N. M. K. Reid, C. Hunt, H. D. Wil-
liams, M. El-Hilo, and K. O’Grady, J. Magn. Magn. Mater.
125, 345 (1993).

10M, M. Ibrahim, G. Edwards, M. S. Seehra, B. Ganguly, and
G. P. Huffman, J. Appl. Phys. 75, 5873 (1994).

1B, Ganguly, F. E. Huggins, Z. Feng, and G. P. Huffman, Phys.
Rev. B 49, 3036 (1994).

12Mach 1, Inc., 340 East Church Road, King of Prussia, PA
19406.

133, Zhao, F. E. Huggins, Z. Feng, F. Lu, N. Shah, and G. P.
Huffman, J. Catal. 143, 499 (1993).

14A, Labarta, O. Iglesias, LI. Balcells, and F. Badia, Phys. Rev.
B. 48, 10204 (1993).

158, Morup and E. Tronc, Phys. Rev. Lett. B 72, 3278 (1994).



