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Abstract. The electron spin resonance (ESR) spectrometer, a very sensitive instrument with fast detecting
window to explore quantum phase transitions for magnetic nanoparticles, was exploited to study the
fascinating interplay between thermal and quantum fluctuations in the vicinity of a quantum critical
point. We have measured ESR in ferrofluid samples containing nanosize particles of FeaOs. The evolution
of the ESR spectrum with temperature suggests that quantum tunneling of spins occurs in single domain
magnetic particles in the low temperature regime. The effects of various microwave fields, particle sizes,
and temperatures on the magnetic states of single domain spinel ferrite nanoparticles are investigated.
We can consistently explain experimental data assuming that, as the temperature decreases, the spectrum
changes from superparamagnetic (SPR) to blocked SPR and finally evolves quantum superparamagnetic
behaviour as the temperature lowers down further. A nanoparticle system of a highly anisotropic magnetic
material can be qualitatively specified by a simple quantum spin model, or by the Heisenberg model with

strong easy-plane anisotropy.

PACS. 76.30.-v Electron paramagnetic resonance and relaxation — 75.40.Cx Static properties (order
parameter, static susceptibility, heat capacities, critical exponents, etc.) — 05.30.-d Quantum statistical
mechanics — 75.50.Dd Nonmetallic ferromagnetic materials

1 Introduction

A quantum phase transition can differ fundamentally from
a classical thermal transition because of its non-analyticity
in the ground state energy of the infinite lattice system [1].
Unusual electronic and magnetic characteristics are preva-
lent at nonzero temperatures such as the metal-insulator
transition in transition-metal oxides [2], non Fermi-liquid
behavior of highly correlated f-electron compounds [3,4],
abnormal symmetry states of high-T,. superconducting
cuprates [5-8], and novel bistability of semiconductor het-
erostructures. The investigation of the remarkable prop-
erties of these systems attracts great efforts of researchers
in condensed matter physics. The physics underlying the
quantum phase transitions described above is quite in-
volved and in many cases, has not been completely un-
derstood so far. In the high-T;. superconductors, for ex-
ample, the superconductivity gives a direct way to study
the quantum order-disorder transition. In heavy-Fermion
materials, the characterization of the magnetic instability
at T = 0 is complicated due to the presence of charge car-
riers and substitutional disorder. In spin glasses [9], one

# e-mail: jtlue@phys.nthu.edu.tw

can vary the strength of quantum fluctuations to tune the
spin glass phase into the paramagnetic phase.

Spin glasses [10,11] consist of random magnetic spins
and random lattice sites in a material. Single magnetic
domain nanoparticles, with a very high surface to vol-
ume ratio, exhibit strong frustration and disorder in the
surface spins. A surface spin-glass layer is proved to be
ubiquitous in magnetic nanoparticles at low tempera-
tures [12,13]. The strong surface anisotropic field provides
channels for quantum tunneling (QT) between spin-glass
and quantum paramagnet. Macroscopic quantum tunnel-
ing of the magnetization [14] in single domain particles
has been suggested to explain a plateau in the mag-
netic viscosity at low temperatures in particular systems
such as Thg 5Ceq sFes [15], CoFeyO4 [16], FeC [17], and
NiFe;04 [18]. The low temperature magnetic viscosity of
these systems shows a constant value below a finite tem-
perature reflecting the independence of thermally over-
barrier transitions and is the signature of quantum tun-
neling of the magnetization. Although there are some re-
lated evidences [15-18] about our results, we provide an
alternative theory and experimental tool to survey ana-
lytically.

In this work, electron spin resonance (ESR) spectrom-
etry is exploited to study the magnetic states of single
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domain spinel ferrite nanoparticles. As the temperature
decreases, the spectrum changes from superparamagnetic
resonance (SPR) to blocked SPR and arrives at quantum
SPR as the temperature lowers down further. A nanopar-
ticle system of a highly anisotropic magnet can be quali-
tatively specified by a simple quantum spin model, or the
Heisenberg model with strong easy-plane anisotropy [19].
Disordered spin-glass-like nanoparticles [12,13] become
quantum paramagnets under anisotropy-assisted quantum
tunneling. We tacitly assumed that an alternative ap-
proach would lead to a better understanding of the fas-
cinating interplay in the vicinity of the quantum critical
point in magnetic nanoparticles.

2 Theory

The Hamiltonian [19] of the Heisenberg model with strong
easy-plane anisotropy with internal transverse fields of
without applying an external field is given by

N N
H:fzz]ijaiffj*FZ(Uz‘x)Qa (1)
ij i

where o’s are the Pauli spin matrices, J;; > 0 are the
longitudinal exchange couplings and I' is the transverse
anisotropy parameter for the spin-spin interaction caus-
ing quantum tunneling. Long-range force dominates the
system for J;; > I'. We can express H = Hy + Hi,
where Hy and H; correspond, respectively, to the first
and second terms in the right hand side of equation (1),
and commute with each other. The ground state of Hy
is long-range magnetically ordered and prefers ferromag-
netism at low temperatures, while the ground state of Hy
favors the quantum paramagnetism. As the particle size
decreases, the anisotropic field I" increases up to a critical
value [20,21], upon which a point of non-analyticity in the
ground state energy is generated. The ground state of the
total system varies from the magnetic long-range-order
ground state Hy to the paramagnetic ground state Hj.
This means that the ground state energy is not continuous
across the critical point at 7' = 0. But many experiments
demonstrated that at some nonzero temperatures, though
very low, an interplay between quantum and thermal fluc-
tuations occurs.

In the case of applying an external transverse field,
we consider the corresponding Hamiltonian in the same
Heisenberg model [22] as

N N
H:—ZJZ‘J‘O'Z‘O'J‘—FIZO'?. (2)
i, i

The ground state of the first term prefers that the spins
on neighboring ions are parallel to each other and become
ferromagnetic for J;; > I', whereas the second term al-
lows quantum tunneling between the spin up |1) j and spin
down [[) ; states with amplitudes being proportional to
the transverse field I". Both the off-diagonal terms of
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in equations (1) and (2) flip the orientation of the spin
on a site by quantum tunneling. There can be a level-
crossing field where an excited state becomes the ground
state at the critical field and creates a point of nonanalyt-
icity of the ground state energy as a function of I. The
second-order quantum phase transition usually occurs at
the physically inaccessible 7' = 0 where it freezes into a
fluctuationless ground state. The transverse critical field
emanating a quantum phase transition occurring at 7' > 0
is smaller than the critical value I, for T' = 0 which de-
creases as the particle sizes reduce.

3 Sample preparation methods

Magnetic nanoparticles were prepared by co-precipitation
method as conventionally implemented to make ferroflu-
ids in the past [23]. A mixture of 2 g of hydrated ferrous
chloride (FeCls - 4H20) and 5.4 g of hydrated ferric chlo-
ride (FeCls - 6H20) was dissolved in 300 c.c. of hot water,
in which a solution of 5 g of sodium hydroxide was added
with constant stirring. Black Fe;O,4 particles were precip-
itated in water with a little remnant of sodium hydroxide.
By adding oil acid and heating, FesO4 nanoparticles sur-
rounded by surfactant were aggregated after adding hy-
drochloric acid. Washing the precipitation with water and
then adding a solvent such as cyclohexane, the ferrofluid is
finally produced. Other spinel ferrites can be prepared by
replacing FeCly by NiSO4, MnCly, or MgSO4. The fer-
rofluid of nanometer size looks apparently transparent.
The shapes of most nanoparticles appear spherical, lead-
ing to non-demagnetization effect as examined by a trans-
mission electron microscope (TEM).

The EPR experiment was performed by a continu-
ous wave Bruker EMX-10 spectrometer operated at the
X-band (9.46 GHz) at temperatures between 3.8 K and
400 K that is controlled by a flow-helium cryostat system
with a stability of 0.1 K. A standard field modulation of
frequency at 100 kHz and a phase sensitive detector was
implemented to detect the field derivation of the absorbed
power. The microwave absorption signal was recorded at a
magnetic modulation field of 1.6 Oe at a microwave power
of 0.8 to 20 mW. The samples were initially zero-field
cooled at 3.8 K and then heated to measure the EPR
spectra at different temperatures.

4 Results and discussion

At high temperatures, single domain magnetic nanopar-
ticles are thermally free to orient their spin directions
and exhibit superparamagnetic properties. The relaxation
time 7 depends on temperatures as [24]

T, =7, exp(K, V/k,T), (3)

where K, is the magnetic anisotropy constant, V is the
particle volume, and 79 is a typical time constant of
the order 1071% ~ 10712 s [25,26]. Below the block-
ing temperature Tpg, depending on a typical time scale
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of measurements 7, the slow down of thermal motion
implies the magnetic nanoparticles to undergo a transi-
tion from superparamagnetic to blocked SPR which be-
haves like a ferromagnetic state for the total system. The
electron paramagnetic resonance experiment reveals that
the anisotropy field decreases as the measuring temper-
ature increases above the blocking temperature wherein
7, ~ 10719 s. However, the zero-field-cooled magnetiza-
tion measurement indicates that the super paramagnetic
relaxation time is estimated to be 7,, ~ 10 s. Since the
time scale for observing the ESR spectra is much shorter
than that for magnetization measurements, the blocking
temperature TS for ESR is much higher than that of
the magnetization measurements T75'. The ratio of the
two blocking temperatures, with a prosaic manipulating
of equation (3), is given by

TE _n(r,/7,) "
Ty

In(r, /7,)
Inserting the values of 7, 7., T = 30 K, and TH =
4.5 K, we can estimate the 7, to be about 107! s which is
in agreement with the results of other experiments [25,26].
Therefore the ESR provides an excellent method to de-
tect the quantum phase transition at temperatures higher
than T'= 0.

The temperature dependent EPR spectra for Fe3Oy
nanoparticles obtained from 220 K to 4 K are specified
by curves as shown in Figure 1. The tiny spectrum cen-
tered at g ~ 4.3 is attributed to the isolated spin 685/2
of the remnant Fe3" ions when the second-order crystal
field coefficient with axial symmetry vanishes while that
with rhombic symmetry persists [27]. The relatively nar-
row SPR line (~100 Gauss) fades and the broad blocked
SPR resonance line (~1500 Gauss) manifests as the tem-
perature decreases to about 35 K. Since the anisotropic
field H, for Fe3O4 nanoparticles is fairly small (an order
of 50 G), the SPR line is almost centered at the resonance
magnetic field Hy = 3375 G for free electron spins. This
line position almost is not shifted as temperatures decrease
on account of this small H,. The linewidth reveals abnor-
mal broadening (~1500 Gauss) below the blocking tem-
perature (63 K) and the broad line grows and becomes
prevalent until the temperature reaches 22 K. The SPR
line width depends on the domain size of particles and
the anisotropic field. The narrowing of the SPR linewidth
at high temperatures is attributed to the thermal fluctua-
tions of the magnetic nanoparticles while the broadening
of the blocked SPR results from the line up of the magne-
tizations of all particles that enhances the anisotropic field
at low temperatures. At even lower temperatures wherein
the quantum paramagnetic state is reached, the quantum
tunneling of the surface spin glass largely reduces the do-
main size within each nanoparticle. The linwidth is very
sharp in the QSP state.

As temperatures decrease to 20 K, there is a re-
nascence of an anomalous paramagnetic resonance with a
linewidth of about 60 Gauss at g ~ 2 with the amplitude
growing and decaying until the temperature decreases to
about 8 K. An anomalous paramagnetic resonance prevails
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Fig. 1. The ESR spectra for Fe3sO4 ferrofluid measured at
various temperatures between 220 K and 4 K. The spectra
below 20 K are canted to express the same resonance position
without turbidity of signals.

behaving like a free exchange-coupled giant spin which
largely reduces the linewidth to about 10 Gauss as ex-
pressed to be a quantum superparamagnetic state. The
anisotropic field K| increases as temperature decreases
resulting in a higher tunneling rate. The domain size of
the quantum SP particle decreases attributing to promi-
nent transfer of magnetic domains into surface spin glass
state.

Considering that the strong surface anisotropic field
would destroy the internal exchange force making the
long-range ferromagnetic state to become paramagnetic
can better elucidate this quantum paramagnetic state ex-
isting at low temperatures. Below 8 K, the amplitude of
paramagnetic resonance decreases resulting from the com-
mencement of maximizing the anisotropic field and the
reducing of thermally assisted paramagnetic resonance.

The demagnetization vanishes in the case of spheri-

cal nanoparticles and in case of the anisotropic field be-
ing small comparing to the external field, the microwave
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frequency at magnetic resonance may be evaluated as
follows

w:’Y\/(HO+Ha)(HO+Ha+Hd)7 (5)

where 7 is the gyromagnetic ratio, Hy is the applied reso-
nant field, H, is the crystalline anisotropy field, and H is
the demagnetization field. If the anisotropy is small com-
pared to the Zeeman energy, the resonance condition can
be approximated by the sum of external and anisotropy
field, one can use the first order approximation of the an-
gular dependence [27]. The intensity of the magnetic res-
onance spectrum at field H can be calculated as

I(H) ocl/d/L[H(HoJrHaJer), W]
x P(r)sinddrddde, (6)

where L[H — (Hy + H, + Hg), W] is a Gaussian or
Lorentzian lineshape, W is the individual line width for a
particle of a given size, and P(r) is the particle size dis-
tribution assuming to be a log-normal-like [10]. Figure 2
reveals the simulated total spectrum for mixed nanopar-
ticles with the most probable particle size of 3.8 nm with
a distribution range of 0.74 nm. The inset of Figure 2
shows that the line width sharply broadens as the particle
size increases from 1 nm to 3 nm. The small nanoparti-
cles contributing to the SPR have a line width of about
100 Gauss while large particles yield a board FMR-like
line. This simulation clearly delineates the SPR linewidth
strongly depending on the sizes of nanoparticles. The nar-
rowing factor f of the line width due to thermal motion is
estimated to be f = 75, /7 & M Hoexp(K.V/ksT)/v0,
where M, is the magnitization of a single particle, 75, is
the thermal fluctuation time, 77, is the Larmor precession
time, and 7y is the gyro-magnetic ratio. Hence, the line-
width of superparamagnetic resonance (f < 1) should be
proportional to the exponent of the particle volume V.
Figure 3 portraits the occurrence of the amplitude
peak at low temperatures and the linewidth variations for
super paramagnetic, ferrimagnetic, and quantum param-
agnetic resonance, which are about 100 G, 1500 G, and
10 G respectively. The spin susceptibility which is propor-
tional to the integration of the intensity is hidden in the
very broad spectrum line at low temperatures. The line
width of the paramagnetic resonance signal arising from
quantum fluctuations is independent of temperatures. The
demarcation illustrates that the emergence of the inter-
play between quantum and thermal fluctuations, magnetic
long-range order, and superparamagnets, respectively, oc-
curs at temperatures from 4 K to 22 K, from 22 K to
63 K and above 63 K. Two prominent critical points asso-
ciated with the classically thermally driven from SPR to
blocked SPR and the quantum tunneling from magnetic
long-range order to quantum paramagnet are appraised.
The sharply narrowing down of the linewidth for quan-
tum SPR may be attributed to largely reducing of the do-
main size by quantum tunneling yielding the same result
as Figure 2. The amplitude of the quantum paramagnetic
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Fig. 2. The simulated SPR spectra for various particle sizes.
The main curve is the combined spectrum for a log-Gaussian
distribution of particle sizes at the most probable size of 3.8 nm
with a width of 0.74 nm while the inset represents subtle curves
for various particle sizes. The reduction factor of the signal
amplitude is indicated following the size.
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Fig. 3. The ESR line widths and amplitudes at various tem-
peratures for FesOgs ferrofluid are displayed to specify three
magnetic states.

resonance increases to a maximum value at 8 K as the
temperature decreases which is different from the appear-
ance of the line width. The amplitude reaches to maximum
due to thermal fluctuations in the quantum critical point
at 8 K.

The temperature dependence of the quantum param-
agnetic spin susceptibility of FesO4 nanoparticles which is
proportional to the double integral of the field derivative
of the absorption curve, is plotted in Figure 4. Finite tem-
peratures spanning across the quantum critical region is
controvertible. The inset of Figure 4 indicates the log-to-
log plot of spin susceptibility x versus t within the critical
region. The best fitting of the critical exponent obtained
for the simple power law dependence y o<t~ , where ¢ is
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Spin susceptibility (arb.unit)

T(K)

Fig. 4. The spin susceptibility (the double integral of the field
derivative curve) Fe3Oy4 ferrofluid at various temperatures, the
inset is the log-log plot of the static spin susceptibility versus
the reduced temperature ¢ = T /T, which reveals a peak at
log(t) = 0. The slopes are estimated to be about 1.7 and 2.3 in
the low and high temperature regions, respectively. The spin
susceptibility is taken the double integration between 3300 G ~
3450 G of the QPR parts so that the data points are different
with Figure 3.

the reduced temperature T'/T,. for the paramagnetic state,
implies v &~ 2.3 + 0.2 on the low temperature side, and
v & 1.7 £ 0.2 on the high temperature side, respectively.
Figure 5 shows the amplitudes of quantum paramag-
netic resonance spectra for various spinel ferrite nanopar-
ticles. We have prepared four spinel ferrites with differ-
ent crystalline anisotropy. The corresponding linewidths
are about 550 Gauss, 25 Gauss, and 35 Gauss with re-
spect to MnFe;O4, MgFesO,4, and NiFe;O4 nanoparti-
cles. The critical temperature increases with the crys-
talline anisotropy that is in accord with the Heisenberg
model with strong easy-plane anisotropy. Apparently, we
found that Fe3O4 nanoparticles which have a higher crys-
talline anisotropy field (K, = —13 kJm™3) exhibit the
QT at higher temperature ~8 K, while the spinel fer-
rites NiFeoOy4 (or MgFe;04), and MnFe;O4 which have
K, = —6.9 kJm™3 and K, = —4 kJm~3 respectively,
have T, ~ 6 K and T, < 4 K. We clearly demonstrate
that the low temperature paramagnetic resonance spec-
trum is indeed anisotropic field dependent and agrees with
the theory. The cross-over temperature for blocked SPR
to quantum superparamagnetic resonance increases with
the anisotropic constant as shown in Figure 6.

In presence of transverse magnetic field, the Heisen-
berg model presumes the occurrence of QT. This trans-
verse field includes the inherited internal anisotropic field
and the external applied microwave field. As the total
transverse field exceeds the critical value, the second term
of the Hamiltonian in equation (2) allows the quantum
tunneling between the down spin ||) ; and up spin 1) ;
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Fig. 5. The amplitude of superparamagnetic resonance for
various spinel ferrites which are characterized by different
anisotropy fields.

50 |

304 COFE:O‘

I'\a’IgFe?O4 IVInFe?O:

T T T TTT] T

1 10 100
anisotropy energy density K (kamz)

Fig. 6. The cross-over temperature for blocked SPR to quan-
tum superparamagnetic resonance (QSP) increases with the
anisotropic constant for various ferrites.

states. Figure 7 delineates the SPR amplitudes of Fe3Oy4
nanoparticles increasing with transverse microwave fields.
The inset shows that the critical temperature increases
with the microwave field. The occurrence of lowering down
the critical temperature as the microwave field decreases
alluding the evidence of the quantum tunneling nature
where the transverse magnetic field H reduces the barrier
energy for quantum tunneling as given by [14]

U= K- H/H.), (7)

where H, = 2 K/Mj, My is the magnetic moment per unit
volume of the material.
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Fig. 7. The amplitude of SPR signal of Fe3O4 with different
transverse microwave magnetic fields. The inset shows an in-
crease of the critical temperatures on various transverse fields
where a nonzero interception of T, at zero applied field implies
that the internal anisotropy field dominates QPT.

The size dependence on quantum paramagnetic ampli-
tudes in magnetite nanoparticles is depicted in Figure 8.
To include the large surface anisotropic field for nanopar-
ticles, the anisotropic energy AE, of the observed magne-
tization relaxation rate as dictated in equation (3) should
be replaced by AE, = K.V = K,V + K,S, where
V = 4(d/2)3, S = 4r(d/2)?, K, and K, are the vol-
ume and surface anisotropic constant, respectively. We
can apparently obtain that the effective anisotropic en-
ergy density is inversely proportional to the size of the
nanoparticle as

Ko = Kot DK, (®)
Previous works [20,21] denoted that the anisotropic field
for magnetic nanoparticles is enhanced by two or three
orders of magnitude over that of bulk values. Accordingly,
this experiment illustrates that for magnetite with par-
ticle size of 10 nm, no QT was observed by any strong
transverse field at temperatures above 4 K.

Finally we compare the ESR results to the magneti-
zation measurements governed by apparently slower ob-
serving time scales. To justify the existence of SP, blocked
SP and quantum SP states at various temperatures, we
used the Co-ferrite nanopartiles which have a much larger
anisotropic field. The magnetization for CoFesO4 ferro
fluid as a function of temperatures was measured by a
MPMS2 superconducting quantum unit interference de-
vice (SQUID) as shown in Figure 9. Above T the par-
ticles are superparamagnetic where the field cooled (FC)
and zero field cooled (ZFC) curves merge that elucidates
the alignment of the anisotropic spins for the field cooled
spectrum. T'wo remarkable transition points were denoted
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Fig. 8. The critical temperature of QPT decreases as the size
of Fe3O4 nanoparticles increases.
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Fig. 9. Temperature dependence of the magnetization of
CoFes04 measured in modes of FC at an external field of 10 G
(open circles) and ZFC (closed circles). The inset illustrates
the reciprocal susceptibility versus T'. Two remarkable points,
T, and T, indicate the transition from SP to blocked SP, and
from blocked SP into quantum SP.

as Tp and T, in the ZFC curve to represent the block-
ing state between 24 K and 11 K and the cross tempera-
ture at 11 K. Above Tp, the Co-ferrite nanoparticles ex-
hibit superparamagnetism due to thermal fluctuations of
the magnetic moments while blocked to the original ferri-
magnetic order at temperatures below Tg. There was an
unconventional increase of magnetization below T, and
seemed to be blocked again at 2.4 K. We have attributed
the unconventional increase of magnetization below T,
to a quantum superparamagnetic state. The activated
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Fig. 10. The plot of the magnetization as a function of temper-
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energy of Co-ferrite nanoparticles at the blocking tem-
perature is estimated to be F, ~ 30kgTp = K,V. With
K, ~ 6 x 105 erg/cm?® and Tg ~ 24 K, we can evaluate
V ~ 31.6 nm?, which corresponds to a particle diameter
of ~3.1 nm.

The reciprocal susceptibility x ! of Co-ferrite NPs is
plotted in the inset of Figure 9. The magnetic susceptibil-
ity at temperatures between ), and T, and above T'p fol-
lows the Curie law. The susceptibility is inverse linearly
proportional to the temperature. The slope of the curve is
represented as the reciprocal of Curie constant C, where
C = Ng?>S(S + 1)u%/3kp. The Curie constant above the
blocking temperature T is smaller than that of below T¢
indicating that the number N of spins responsible for the
Curie like behavior below T is clearly smaller than the NV
above T resulting from the main part of the spins is in-
volved in the blocked state. So it is difficult to conclude
about the increase or decrease of the effective spin (i.e.
magnetic moment) from the inverse slope. However, in
conjunction with the evidence of ESR measurement, it
clearly demonstrates that the increasing magnetic moment
is not due to thermal activation of small size components.

We have performed the SQUID measurement (Fig. 10)
for Fe3Oy4 ferrofluid that has a rather low anisotropic field
H, to stimulate quantum tunneling. The transition tem-
perature measured by SQUID for the SPR to FMR-like
transition (near 14 K) is much lower than the result as
appraised in Figure 3 owing to the much lower blocking
temperature of SQUID than that of ESR. The small peak
at 250 K is attributed to the liquid to solid phase change.

5 Conclusion

We have studied the ESR response of ferrofluid FesOy4
samples as a function of temperatures. The experimental
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data can be consistently explained in the framework of a
qualitative model of the evolution of the nanoparticle mag-
netic system with decreasing temperatures from the super-
paramagnetic, to blocked superparamagnetic and finally
to the quantum tunneling regime. Size and anisotropy
dependence of the transition temperature agree with the
Heisenberg model with strong easy-plane anisotropy. The
critical temperatures of the quantum superparamagnetic
resonance spectra are also proportional to the intensity
of transverse magnetic field in accord to the Heisenberg
model in the external transverse field. Plausibility of a
quantum phase transition might occur as a consequence
of the critical exponent v = 1.7 ~ 2.3. More evidences
for clues of this eventual QT should be provided such as
measurements of heat capacity and ac susceptibility. The
possibility of QPT in magnetic nanoparticles is vital in
theoretical and experimental point of view.
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ulated discussion. This work was supported from the National
Science Council of the Republic of China under the contract
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