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Magnetic ac susceptibility of randomly arranged crystallifesvder sampleand well-oriented ke
crystallites has been measured as a function of applied magnetic field, temperature, and frequency.
The Fg clusters, made of eight iron ions and with form{iigacnsFe,0,(0H);,]®", have a ground
state S=10. From the magnetization datd(H) with the dc field, H, applied parallel and
perpendicular to the easy axis of the aligned sample difd) data for different frequencies, the
anisotropy fieldH,,~5 T and energy barridd/kg=26.9 K were obtained. Peaks in the curves of
x'(H) were clearly observed at fieldd,=nH,, with n=0,=1 for powder sample wherkl,
=2.4kO0e; anch=0, =1, =2, for an oriented sample wheky,=2.2 kOe. These peaks appearing
at H,=nH, in the curves ofy’(H) can be well described by the thermally assisted resonant
quantum tunneling of magnetization. €99 American Institute of Physics.
[S0021-897€09)75708-1

Recently, resonant quantum tunneling of magnetizatiomecently observed by measuring ti(H) at very low
has been found in molecular magnet MA~° and antiferro- temperature$! It was suggested that a possible source of
magnetic ferritin particle§ which is different from the quan- tunneling in the Mn, system could be a small transverse
tum tunneling of magnetization studied previousfyThe  magnetic field, perhaps of dipolar or hyperfine origin,
resonant tunneling of spin®r magnetizationis said to be whereas the Resystem is described by the spin Hamiltonian
thermally assisted, that is, the measured magnetizatiowith the transverse anisotropy, which may require separate
change(or susceptibility caused by the resonant tunneling theoretical investigatioX’ In this paper we report on the
effect is governed not only by the tunneling rate of the domi-magnetization and ac-susceptibility study on thg ¢tasters
nant spin levek) but also by the thermal population of the t0 gain a deeper understanding of the physics underlying the
very spin levels) simultaneously. It was found that the tun- fésonant tunneling of magnetization.
neling effect can be tuned by temperature and applied mag- F& clusters with formula [ (tacnsFe;0(0H)1,]° ",
netic field, which resulted in the observation of some charWhere tacn is the organic ligand trizacyclononahéiave
acteristic features[e.g., the jumps equally spaced in approximateD, symmetry. Magnetlc measurements showed
magnetization datil(H)'~* and peaks in the real part of that a Fg cluster has a spin ground sta®e=10, resulting

susceptibility y’ (H)].° Although the effects of the applied O™ tr:; competing aEtiferrlcs)magnetic coupling between
dc field on tunneling have also been observed in magnetig'ght_': lons of spins=5/2. _The T“ate”a's used n this
nanoparticles, no fine features have been obsdniadthe experiment are pure gerystallites with an average size of

studies of magnetic nanoparticlesxcept the antiferromag- 8;125 ?:.rlztgllll'tzn;.n Stlr?ge It ;sntlmnﬁ)ogs;g]entos mi?é‘g;z Ocrt]'lr):
netic ferritin particles, there are a large number of sfas y : Quantu 'gn sup ucting

sizable magnetic momenin each particle involved in a tun- quantum interference _dewcéSQUl[?) magnetometgr, a

. . . . sample composed of aligned crystallites embedded in a non-
neling event. This large number of spins and not very hlghmagnetic matrix was used. After putting the mixture of Fe
anisotropy of the particles will normally lead to an almostCrystallites and epoxy in a. field of 9.6 T for 12 h. a solid
continuous spectrum of the spin levels. Consequently no fin ylinder with a diameter of 3 mm and length of 6 ,mm Was
feature corresponding to the discrete levels will be observe btained. The good alignment of the crystallites is confirmed
Resonant tunneling of magnetization has also been a subje&, the dc-magnetization data shown in Fig. 1.

of intensive theoretical S_tUd'_&m _ Magnetization as a function of temperature was mea-
Tunneling of magnetization in a Fpowder sample Was  greq in zero field cooled and field cooled processes in a

small field of 5 Oe from 1.8 to 40 K, no blocking phenom-

dElectronic mail: phxxz@ust.hk enon was observed, in agreement with a previous artcle.
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FIG. 2. Temperature-dependent ac-magnetic susceptibility obtained on
FIG. 1. Magnetization as a function of dc-magnetic field applied parallelaligned crystallites in zero dc field with different frequencies.
and perpendicular to the easy axis of the sample, obtained at 1.8 and 2.5 K.

temperature-dependent susceptibility measured on the pow-

Figure 1 shows the magnetization as a function of dC_der sample, consistent with the values obtained on the ori-

magnetic fieldM(H), obtained at 1.8 and 2.5 K, with the SNted sample.

field applied parallel and perpendicular to the axis of the The ZC ?udsf;:feptlbtllltty asa Iunécstgon‘lof dc_t1;|1eldo_lffhas ?een
cylindrical sample. It is clearly seen that the magnetizatio easured at different temperatu(@sg—4 K wi Ireren

curves obtained at 1.8 and 2.5 K are almost superposed, i requencies(1-1500 Hy for the aligned sample and the

o . der sample. Figures(@ and 3b) show the field-
dicating a very weak temperature-dependent behavior ow , .
M(H) near the blocking temperature 1.3'*KTherefore, we dependeny’(H) obtained at 2.5 K for the powder sample

can consider that the magnetization curves measured at l.S%d aligned sample, respectively. It is evident that two peaks

should possess qualitatively the characteristics of that mea-
sured below the blocking temperature. As seen in Fig. 1, the
behavior ofM(H) for H parallel and perpendicular to the
axis of the sample are completely different. FFbparallel to
the sample axigM saturated at quite low fieltht ~5 kOe);
whereas, wheiid was applied perpendicularly to the sample
axis, M just nearly saturated up to 50 kOe. The quality of
alignment of the crystallites can be checked by the high field
magnetizationM (5 T) and the saturation magnetization
M (0) which is obtained by extrapolating the magnetization
curve(for H parallel to the axis of the samplm the range of
5and 1 T toH=0. In Fig. 1,M(5 T)/M(0)=~0.99 suggests
a misorientation no more than 1° and an Ising-type
anisotropy'* The anisotropy field can be taken approxi-
mately to be 5 °

Figure 2 shows the real pagt' (T) and imaginary part
x"(T) of the susceptibility versus temperature for 250,
499, 997, and 1490 Hz obtained on the aligned crystallites. It
is evident that peaks iy’ (T) and x”(T) shift to high tem-
peratures with increasinig For a system composed of iden-
tical magnetic clustersy”(T) shows a maximum at tempera-
ture T, when 27fr=1. The relaxation timer is given by

x' (1 0”'emu)

=10 expU/kgT), whereU is the anisotropy energy barrier ] Aligned Y,
for flipping the magnetic moment of the particle; is the ; (b)' ' |gr'1e L "
characteristic time of the system or the reciprocal of attempt 1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0
frequencyf,. Therefore, by fittingT,, obtained from Fig. 2

for different frequencies to Ih=In(fy2m) — (U/ksT,), fo H (kOe)

=1.54x10° Hz, andU/kB: 26.94 K were obtained. The en- FIG. 3. Real part of ac-magnetic susceptibility as a function of applied dc

ergy barrierU/kg=26.72K and the attem_pt frequendy field obtained onya) powder samplérandom distributed crystallitesand
=1.39<10°Hz have also been obtained from the (b) aligned crystallites.
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By optimizing the parameters which govern the tunnel-

— ing susceptibility such as temperature, ac-field frequency,
77 and magnetic field, the peak corresponding Hg=3H,
/ =6.6kOe is observed &t =6.56 kOe iny’(H) measured at
T=2 K with f=500Hz. The only peakexcept the peak at
H=0) observed in the powder sample might be caused by
the random distribution of easy axis which leads to a broad
distribution of the resonant tunneling fields. The broad dis-
8 tribution might smear out the higher order resonant tunneling
peaks, say, fon=2. Another feature that should be noted is

H=2H ° that the resonant fielt;=2.4 kOe in the powder sample is
higher than that in the aligned sample. This is due to the fact
that the position of resonance }(H) only depends on the

FIG. 4. Schematic diagram of thermally assisted resonant tunneling procesfije|d applied along the easy axis of magnetization. The field
Tunneling occurs when the field brings levels in opposite wells into reso- f .
nance. The effective energy barrldg; determined by the level dominating along the easy axis id cos6, whered is the angle between

the resonant tunneling. the applied field and easy axis, therefore the resonance
should always appear at a higher total applied field in a pow-
der sample than in aligned sampfes.

at H=0 and~2400 Oe and three peaks ldf,=nH, with We, therefore, conclude that th_e peaks appearing in

n=0, 1, 2 andH,=2.2 kOe appear iy’ (H) for the random x'(H) at fieldsH,=nH, can be ascribed to thermally as-

and aligned sample, respectively. sisted resonant tunneling of spins. The anisotropy field gf Fe
These peaks indicate that the relaxation rate increasddusters has been extracted from the dc-magnetization data,

markedly at regular intervals of the magnetic field when fieldVhich is agreena;:-nt with the electron paramagnetic reso-
is applied parallel to the easy axis of magnetization. Thd'@NC€ experment.

similar phenomenon observed in Mris attributed to reso- X.X.Z. is thankful for support from RGC of Hong Kong

nant tunneling betyveen energy Ievel; in _opposne well of thesrant Nos. HKUST6111/98P and DAG97/98. SE27

double-well potential. This interpretation is based on a single

spin of S=10 model with strong uniaxial anisotrogy{= . _ _ _ _
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