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Observation of multiple quantum transitions in magnetic nanoparticles
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Absorption at multiple resonance frequencies is observed in magnetic nanoparticles in strong similarity with
forbidden multiple quantum transitions known for paramagnetic ions. Temperature and concentration depen-
dences have been studied to reveal the origin of the signals. The results are discussed using a “quantization”
approach, considering resonance transitions between energy levels of a giant spin corresponding to the total
magnetic moment of a nanoparticle. The multiple quantum transitions are ascribed to both the effects of

anisotropy and dipole-dipole interactions between nanoparticles.
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Transition from quantum dynamics of one or several in-
teracting quantum objects to classical thermodynamics of
multiparticle systems is among the most interesting and gen-
eral problems of fundamental physics. With the development
of nanotechnology, more and more experimental studies are
conducted in this boundary area, including experiments with
magnetic nanoscale objects. Such systems vary from the
clusters coupled by strong exchange interactions in crystals
with paramagnetic impurities to molecular magnets and fur-
ther to superparamagnetic nanoparticles containing hundreds
or thousands of exchange-coupled spins.

Electron magnetic resonance (EMR) is a convenient
method to study magnetic behavior and spin dynamics in
nanoscale magnetic systems. The opportunity to use both
quantum and classical descriptions makes EMR an excellent
tool to study spin systems in the range of quantum-to-
classical transition, where classical and quantum consider-
ations can both be applied and compared with each other.
Recent years, typical quantum effects such as tunneling and
quantum interference were found in molecular magnets con-
taining 10-12 coupled spins (see, for example, Refs. 1). In
larger objects, such as nanoscale ferro- (ferri)magnetic par-
ticles, analysis of possible quantum effects is more compli-
cated and is not yet fully supported with experimental data.
Theoretical approaches based on computer simulations®
concentrate on the analysis of static magnetization and relax-
ation, while the magnetic resonance is mainly considered
from purely classical point of view.> Note that numerous
experimental EMR spectra in magnetic nanoparticles (see,
for example, Refs. 10-18) do not well correspond to the
theoretical predictions.

An alternative approach is also use where a nano-
particle is being considered as a giant exchange-coupled
cluster consisting of N atomic spins s. Only the lowest mul-
tiplet is populated, with S~ Ns. In the case of axial symme-
try with an easy axis n, the behavior of such a system is
described with the standard “paramagnetic” spin Hamil-
tonian as

d,19’20

Hifi=y(B-S)+D[S2 - S(S+1)13)], (1)

where v is the electron gyromagnetic ratio, 7 is the Plank
constant, B is the external magnetic field, and D is the effec-
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tive anisotropy constant. This is a simplified approach; it
does not take into account the upper multiplets with different
S and neglects contributions from spin waves. However, it
describes well the temperature and field dependences of the
nanoparticle magnetization.'"” Spin Hamiltonian [Eq. (1)]
was successfully used as well, to analyze the field and tem-
perature dependences of the nuclear spin relaxation rates in
suspensions of magnetic nanoparticles (magnetic resonance
imaging contrast agents).?”

Such “quantization” consideration differs in some re-
spects from the classical description. The classical picture
considers the magnetic energy of a ferromagnetic particle as
a continuous energy band. The Landau-Lifshitz equation is
used to describe the dynamics; damping is introduced phe-
nomenologically with longitudinal and transverse relaxation
rates of the same order and defined through each other. In
contrast, the quantization approach describes the situation
when there are distinct energy levels characterized by mag-
netic quantum numbers m, the lifetime on each level being
long enough to consider the population at each energy level
separately. Spin relaxation is described by the Bloch equa-
tions, with the longitudinal (energy) relaxation time 7' being,
in some cases, much longer than the transverse (phase) re-
laxation time 7.

In our previous work,?! we applied and compared both
approaches for the description of the EMR signal observed in
superparamagnetic nanoparticles®> and demonstrated that the
quantization approach [Eq. (1)] can describe adequately ma-
jor features of the EMR line shape and its temperature be-
havior. Besides, the T, value was measured and found to be
considerably longer than 7,. In the present study, we report
results of the EMR experiments with the superparamagnetic
nanoparticles and discuss features related to quantal behavior
of these systems, similar to those observed in clusters
coupled by strong exchange interactions and molecular mag-
nets.

The superparamagnetic nanoparticles used in the experi-
ments were the maghemite (y-Fe,05, T-=860 K) nanopar-
ticles with the surface treated with an organic corona. Two
series of samples from two different preparation runs (series
1 and series 2) with nominally the same composition and
particle size were used. Synthesis and characterization of the
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FIG. 1. EMR spectra of the maghemite nanoparticles (series 1)
in (a) toluene and (b) polymer. Temperatures are indicated in the
figure.

particles are described in Ref. 21. According to transition
electron microscopy characterization, the particles are nearly
spherical, with the mean diameter of 4.8 nm and log-normal
dispersion 0=0.15. Dense ferrofluid has nanoparticle content
around 40 wt %. To prepare experimental samples with dif-
ferent concentrations, the ferrofluid was dispersed in liquid
(toluene) and solid (polystyrene) matrices. The electron mag-
netic resonance studies were performed using a Bruker EMX
spectrometer operating at w/27=9.8 GHz (X band). A com-
mercial gas-flow cryostat and ARS closed-circle cryostat
CSW-202AE were used in the variable temperature experi-
ments.

Typical EMR signals are shown in Fig. 1. As one can see,
the major spectral feature is observed around g factor of 2. It
consists of a broad slightly asymmetric component and a
narrow feature. With decrease in temperature, the broad com-
ponent becomes much broader and symmetric, while the nar-
row component quickly decreases in amplitude, keeping
practically the same width. These general features are con-
sistent with the experimental data reported by other
authors.11:13.14.16,17

The temperature dependence of the total intensity I (de-
termined through double integration of the curve) is de-
scribed with the Langevin function, L(uBy/kgT), with
uBy/ kg=760+100 K (here, u is the magnetic moment of the
particle, B, is the resonance field, and kj is the Boltzmann
constant). The intensity of the narrow feature in both liquid
and solid systems can be described with the activation law as
exp(—E,/kzT) with the characteristic temperature, E,/kg
~850 K (series 1) and ~780 K (series 2). Note that these
values are very close to the temperature coefficient wB/ kg,
obtained from the fitting of the total intensity.

The detailed description and discussion of these major
features at g=2 is published in Ref. 21. The quantization
approach was used based on summation of the resonance
transitions over the whole energy spectrum given by the spin
Hamiltonian [Eq. (1)], with proper account for the equilib-
rium populations and transition probabilities. This allowed to
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FIG. 2. (Color online) Multiple quantum transitions (k=2,3,4)
in the suspension of the nanoparticles in toluene (series 2).

explain the double-feature shape of the main EMR signal and
its temperature behavior. In particular, the narrow component
results from the contribution of the states with small |m,|,
which are not much affected by the anisotropy field and thus
not broadened by the random distribution of the symmetry
axes. Since these states lie well above of the ground energy
level, the intensity of the narrow feature decreases exponen-
tially upon cooling.

Let us now concentrate on the main subject of this paper,
the spectral lines observed at the lower fields, By,=B/k,
where By is the resonance field of the main resonance and k
are integer numbers, 2, 3, and 4 (see Fig. 2). The operating
frequency of the EMR spectrometer is kept constant, thus
these lines correspond to the transitions at the double, triple,
etc., resonance frequencies. Their intensities decrease
sharply with k increasing, the relative magnitudes being in-
dependent on the microwave power. The latter enables one to
exclude the spin-wave resonances and other nonlinear ferro-
magnetic resonance effects. Such multiple quantum transi-
tions are well known in electron paramagnetic resonance
(EPR) spectroscopy,”® where they are explained with the
nonsecular terms in the crystal field and dipolar interaction
between paramagnetic centers.

In similarity with EPR, let us refer to those signals as
multiple quantum transitions, 2Q, 3Q, 4Q, and the main sig-
nal as 1Q. As far as we know, no study of such effects in
relatively large magnetic objects such as magnetic nanopar-
ticles has been reported to date. According to our recent re-
sults, similar features with g=3.97 can be observed in nano-
particles of different types and sizes, in particular, magnetite
nanoparticles with rather broad distribution of the particle
size around the mean value of =9 nm.>* The intensity of the
2Q peak as well as the intensity of the narrow spectral com-
ponent at g=2 are considerably lower in magnetite systems
than in maghemite particles of smaller size. Besides, the
Fe;0, systems demonstrate additional low-field signals as
well, with g=4.3 of clearly paramagnetic nature, which can
be ascribed to the residue of the isolated Fe’* ions.!6->*

Figure 3 demonstrates the temperature dependence of the
double integrated intensity of 2Q resonance line normalized
to the intensity of the major component 1Q, both in the dense
and diluted samples. The ratio I,43/1,q is nearly constant at
higher temperatures and steeply decreases in the low-
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FIG. 3. (Color online) Temperature dependence of the relative
intensity of 2Q resonance in dense ferrofluid (circles) and diluted in
polymer with ¢=0.01 wt % (triangles), series 1. The curves are cal-
culated using Eq. (3) (solid line) and Eq. (4) (dotted line).

temperature range. Note, however, that the experimental er-
ror grows considerably at low temperatures due to broaden-
ing and overlapping of the 1Q and 2Q signals.

The dependence of 1,4/, on the concentration ¢ of the
nanoparticles is shown in Fig. 4. As one can see, the relative
intensity of the signal slightly grows with increase in c,
pointing to the role of the interparticle interactions. The
shape of the 2Q line depends on the concentration as well:
the narrow component becomes more pronounced in well-
diluted samples.

Let us discuss the obtained results and try to interpret
them based on the spin Hamiltonian [Eq. (1)], corresponding
to the lowest multiplet of a large exchange-coupled cluster.
In the reference frame with the axis z directed along B and
making angle 6 with the anisotropy axis n, one gets,?
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FIG. 4. (Color online) Concentration dependence of the relative
intensity I,q/1;q at room temperature. Triangles: diluted in toluene
and dense liquid; stars: diluted in polymer, series 2. Open circles:
diluted in polymer; filled circle: dense liquid, series 1. Inset: 2Q
signal in dense ferrofluid (solid trace) and diluted in polymer with
¢=0.01 (dotted).
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A ~ D A~ SIS+
H/h:yBSz+5{(3cosz0—1){55—%]
+sin Ocos GS,(S, +S_) + (S, +5.)S.]

A++§E)}. (2)

The bulk anisotropy of maghemite is weak and cubic,?® but
surface effects in small particles are known to cause some
additional axial anisotropy.*!'?” Here, for simplicity, we
consider axial anisotropy with S|D|< yB. In the zeroth ap-
proximation, the energy levels are determined by the first
two terms of Eq. (2) and correspond to the eigenvalues m of
the operator S,. The microwave field, B, exp(iwt) perpen-
dicular to z, induces the allowed transitions with Am==1.
Transitions with Am=+2 are forbidden in this approxima-
tion but would be allowed within the first-order perturbation
theory, considering admixing of the adjacent states |m+1)

due to the nondiagonal matrix elements of the operators S S
[the third term in Eq. (2)]. The probabilities of the transi-
tions, m—m+2, induced by the microwave field
B, exp(2iyBr) can be calculated in the first order of pertur-
bation theory.?? To find the total intensity of the 2Q transi-
tions, one should perform summation of the transition prob-
abilities over m, taking into account the thermal distribution
of the energy level populations. Assuming S> 1, we get

Lo\ o2, o (ﬁ)z[f—ﬂ(f)]
<11Q>am'so_8sn1 ecos 6 BO §2L(§0) ’ (3)

where E=MVB/2kgT, &=2¢&, and B,=-2SD (this term cor-
responds to the anisotropy field in classical description). At
random orientations of the anisotropy axes, the numeric fac-
tor in Eq. (3) is averaged to 16/15.

Another reason why the forbidden multiple quantum tran-
sitions may become allowed is the magnetic dipole-dipole
interactions between particles. The corresponding spin

Hamiltonian?} contains two-particle operators S,aS B where

a, B=z, +, —, and indices i, j correspond to interacting par-
ticles at the distance rij. In this case, the 2Q resonance ab-

sorption becomes possible due to the terms §Zi§t]~+3‘ti§z j cor-
responding to Am;=Am;=+1. As a result, we get

(I&) _ 2( 3MV sin 6, cos 6’,-/-)2[L(§)]2
dip BVS fL(fo) '

ij
where 6;; is the angle between r;; and B. The summation
over i,j should be performed when a number of particles are
interacting. Multiple quantum transitions with k=3,4 (Fig.
2) can be obtained from the same Hamiltonian with the per-
turbation theory of higher orders.

Equations (3) and (4) have similar temperature depen-
dences. Both predict saturation to a constant at high tempera-
tures (“paramagnetic limit,” £€<1), a dull maximum at
£~0.2, and decrease to zero as ~7 at low temperatures
(“ferromagnetic” limit, £> 1). Typical curves calculated with
Eqgs. (3) and (4) are shown in Fig. 3. In both cases, the value
of MVB,/kz=800 K was used. The solid curve corresponds
to Eq. (3) with B,=450 G. The dotted curve was calculated

4
e )
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using Eq. (4). In this case, the angular dependence was av-
eraged to 2/15, and only four nearest neighbors were taken
into account with r7"'=8.4 nm.

A qualitative agreement with the experiment can be seen
at high temperatures; however, in the low-temperature range,
the decrease of the 2Q signal is much steeper than predicted,
thus resembling the temperature behavior of the narrow spec-
tral feature at g=2. Unfortunately, the broadening and over-
lapping of the main and 2Q resonances do not allow us to
obtain accurate estimations in the low-temperature range.

Besides, the multiple quantum signals are not shifted to
lower fields upon cooling, similarly to the narrow 1Q feature
and in contrast with the broader EMR component. This cor-
relation between the narrow 1Q component and 2Q signal
can be explained by the role of the central (low-|m|) states of
the ground spin multiplet. According to our model, these
states are responsible for the narrow 1Q peak and, at the
same time, provide the maximum multiple-quantum prob-
abilities. It should also be noted that numerical modeling
performed for S= 100 in Ref. 28 predicts pronounced quan-
tal effects for small |m|’s and transfer to classical behavior as
|m| increases. Significantly, lower intensities of the narrow
component and 2Q signal observed in the particles of larger
size®® are consistent with this model and indicate weakening
of the quantum features with increase in particle size.

The concentration dependence of the 2Q signal (Fig. 4)
indicates that both the anisotropy and dipole-dipole mecha-
nism make comparable contributions, with the dipole-dipole
mechanism playing more pronounced role in high-density
samples. Estimation of the anisotropy field using Eq. (3)
yield B,=500 G, which is in agreement with the earlier
estimations?! based on the spectral shape of the EMR spectra
in the same material. Assuming that nearest neighbors con-
tribute the most to the dipole mechanism, the average dis-
tance between the two nearest particles can be estimated
from Eq. (4) as rj;"" ~8 nm. This seems reasonable for our
materials, where nanoparticles are covered with an organic
corona preventing tight contact. Also, this is in good agree-
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ment with the estimation of ™" from the analysis of the
EMR and optical experiments with the field-induced orienta-
tion of the aggregates (chains) consisting of a number of
dipolar-coupled nanoparticles.?"*® According to the angular
dependence of 2Q probability [Eq. (4)], partial alignment of
the dipolar-coupled chains along B can decrease the 2Q in-
tensity in liquid suspensions as compared to solid ones; this
agrees with the experimental data shown in Fig. 4.

Note that, according to Eq. (3), the 2Q probability falls to
zero both at =0 and 7/2. As a result, the inhomogeneous
broadening caused by random orientation of the anisotropy
axis is greatly reduced. Further, the homogeneous part of the
2Q linewidth in the magnetic-field units should be half the
1Q one because of g=4 instead of 2. As a result, the 2Q line
is expected to be relatively narrow, in good agreement with
the experiment.

In conclusion, multiple quantum resonances with k=2, 3,
and 4 have been found in the EMR spectra of maghemite
nanoparticles dispersed in solid and liquid media. At higher
temperatures, both the intensity and the line shape of the 2Q
line are consistent with the model based on the spin Hamil-
tonian related to the ground spin multiplet of a particle con-
sidered as a giant cluster coupled by exchange interactions.
The fitting parameters, such as the anisotropy and dipolar
fields, correspond well to independent estimations. The
quantitative agreement is broken, however, at low tempera-
tures, where the intensity of the low-field features sharply
decreases. Further studies, both experimental and theoretical,
would provide more insight to the behavior of such boundary
multispin systems.
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