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We singled out the surface and bulk spin dynamics in magnetic hollow nanoparticles by means of
nuclear magnetic resonance relaxometry. Experimental 1H-NMR-dispersion curves (NMR-D), measured
across a wide frequency range (104 Hz < f < 3 × 108 Hz), show the presence of a high-frequency
contribution to the longitudinal relaxation rate, evidenced for the first time and ascribed to the surface spin
dynamics. The nuclear longitudinal relaxation rates were successfully analyzed by means of a
phenomenological model accounting for the two spin populations, i.e., surface and core spins. The fit
of the longitudinal NMR-D data by means of this model allowed for the estimation of the hyperfine
coupling constant of the surface spins, and of the superparamagnetic 1=τN and surface-paramagnetic-like
1=τsurfC spin-spin correlation frequency, the last one being larger by more than 1 order of magnitude. These
experimental results provide a substantial contribution to the basic knowledge of spin dynamics in
nanoscale systems.
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The electronic spin dynamics in iron oxide magnetic
nanoparticles (MNPs) have been quite extensively inves-
tigated over the past 25 years [1–9]. However, a complete
understanding remains elusive, in particular when surface
effects are considered [10–13]. The effect of the spin
disorder near the surface in MNPs with “full” magnetic
core (FMNPs) is indeed not easy to be detected exper-
imentally, due to the low fraction of surface spins compared
to core ones. Moreover, even if an excellent control of the
crystallinity and the size distribution has recently been
achieved, different synthesis procedures strongly affect the
properties and the thickness of the surface spin corona [14].
Some years ago, “hollow” systems were synthesized [15]
with the idea to increase the surface to volume ratio,
allowing one to enhance the probability to observe the
dynamics of surface spins. Despite the interest that the

hollow geometry has piqued for unravelling fundamental
magnetic dynamics and for possible applications in nano-
medicine, sensoristics, magnetic storage, and quantum
information [16–20], relatively few studies focused on
the hollow magnetic nanoparticles (HMNPs) static and
dynamic magnetic properties [21–30]. None have clearly
unraveled the surface spin dynamics.
Owing to the time window of the investigated dynamics

in nanostructured systems at room temperature (i.e., corre-
lation times of the order 10−5-10−12 s), the experimental
techniques able to reveal the electronic correlation times
should probe frequencies faster than 104 Hz. Mossbauer
spectroscopy, inelastic neutron scattering, muon spin res-
onance (μSR), AC magnetometry, and NMR relaxometry
are examples of suitable experimental techniques. For
instance, 1H NMR can be performed on MNPs solutions
in a wide frequency range (∼104–109 Hz), thus being able
to probe dynamics occurring at different timescales, like,
e.g., molecular rotation, diffusion, Néel reversal, and
paramagnetic spin reorientation, here included the surface
spins dynamics. Remarkably, biomedical applications of
aqueous solutions of MNPs utilize NMR and NMR-
dispersion (NMR-D) experimental studies of the magnetic
spin dynamics for optimizing their therapeutic (e.g., mag-
netic hyperthermia [15,31]) and diagnostic (MRI [16]) uses
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in the clinic. Applications of MNPs as sensors, magnetic
storage, and quantum information systems have also been
realized [14,19,20].
From a fundamental perspective, the required low con-

centration of MNPs (i.e., ½Fe� < 0.5 mmol=l) in such NMR
aqueous solutions leads to negligible interparticle inter-
actions, thus allowing a simpler modeling strategy. In more
detail, 1H NMR relaxation in the presence of MNPs occurs
when the hyperfine dipolar (outersphere model) and/or
contact interactions between the 1H nuclear spin and the
MNP’s electronic spin are modulated by a specific dynam-
ics, whose frequency is resonant with the proton (i.e.,
hydrogen nucleus) Larmor angular frequency ωL. Given a
Larmor frequency fL ¼ ωL=2π, in the weak collision
approach [32,33] the nuclear longitudinal relaxation rate
(i.e., 1=T1, also called spin-lattice relaxation rate) is
proportional to the spectral density of the electronic spin
fluctuations JðωÞ calculated at ωL. It is widely known that
the dynamics of the superparamagnetic electronic spins of
FMNPs could be highly efficient in increasing the relax-
ation rate of the proton magnetization in the solution.
Several investigations [34–38], dedicated to dynamical
studies on FMNPs by means of 1H-NMR relaxometry,
succeeded in revealing an effective correlation time τeff
accounting for the Néel flipping time of the FMNPs’
electronic magnetization (i.e., τN) and for the Brownian
rotation and diffusional time of the nanoparticles in
solution. The existing experimental data and theories
accounting for FMNPs foresee a strong decrease of
1=T1 in the frequency region f > 10 MHz, where the
density of the electronic spin fluctuations drops down [36].
In the above framework, the contribution to the NMR

signal coming from the (bulk water) hydrogen nuclei
interacting with the surface spins is generally neglected.
In this work, we investigated full and hollow magnetic
nanoparticles, comparing their spin dynamics in the range
104 Hz < f < 3 × 108 Hz. A signature of the surface spin
dynamics occurring at f > 10–100 MHz is evidenced, to
the best of our knowledge, for the first time. Thuswe showed
the capability of the wide band 1H NMR technique to be
sensitive to the surface spin dynamics in MNPs, a largely
investigated fundamental problem for decades [1,39,40] and
a possible crucial issue for many applications.
A sample composed of a nanosized full maghemite core

(FMNP) with diameter d, named F_d, and coated with oleic
acid has been synthesized using the well-established pro-
tocol proposed by Sun et al. [41]. Starting from the FMNP
sample, MNPs with HMNPs have been synthesized follow-
ing a procedure based on the Kirkendall effect [42–50].
Iron pentacarbonyl [Fe(Co)5] was decomposed in a cont-
rolled atmosphere at around 220 °C in oleylamine and octa-
decene [43–51]. The resulting iron-based nanoparticles (NPs)
are oxidized at 220 °C in solution by means of oleic acid
[44,45]. The hollow topology results from the different self-
diffusion velocity of iron and oxygen ions [42,44]. By this
synthetic strategy five samples of hollow magnetic nano-
particles characterized by an internalDint and an externalDext

diameter and named as H_Dint=Dext, all coated with oleic
acid, were obtained. The structural and morphological
analysis was performed using x-ray diffraction (XRD)
measurements [TT 3003 diffractometer equipped with a
secondary graphite monochromator, employing CuKα radi-
ation (λ ¼ 1.5418 Å)]. Transmission electron microscopy
(TEM), performed by aHitachi S-5500microscope operating
at 30 KV, was utilized for the size and morphological
characterization. The static dc magnetization vs temperature
(2–300 K, data not reported; see also [21,41,42]) and vs
magnetic field (0–7 Tesla) was measured by means of a
Quantum Design MPMS-XL7 SQUID magnetometer. The
1H longitudinal relaxation time (T1) NMR measurements
were performed at room temperature by means of the fast-
field-cycling (FFC) technique in the range 10 kHz–10 MHz,
and by Fourier Transform (FT)-NMR wide band spectrom-
eters in the range 10–300 MHz (magnetic field till 7 Tesla).
For measuring T1 we used the typical saturation π=2-π=2
recovery sequence. It isworth noting that thevalue of the ratio
T2=T1 (∼1) at the lowest frequency and the zero field cooling-
field cooling (ZFC-FC) plus δM curves (data not reported)
showed that there is no particle aggregation.
The TEM and superconducting quantum interference

device (SQUID) magnetometer results (see [21,45,46] for
further details on size distribution) are shown in Fig. 1,
where M vs μ0H curves were collected at room temperature
(i.e., T ≈ 300 K) on NPs samples dispersed in solution
(concentration 3 mMol < c < 35 mMol). From these data
[52], we obtained the diameters d, Dint, Dext; the bulk
superparamagnetic volume VSPM; the saturation magneti-
zation Ms; the blocking temperature TB; and the total
magnetic volume V tot, reported in Table I. It is worth noting

FIG. 1. (a) Example TEM images of full F_5 (left) and hollow
H_3=7 (right) samples. (b) Magnetization vs field at room
temperature is shown for full (b) and hollow (c) samples in
solution, subtracted by the diamagnetic contribution of the
solvent and the sample holder. The curve fits discussed in the
text are also shown. The experimental data are available here [52].

PHYSICAL REVIEW LETTERS 134, 216703 (2025)

216703-2



that all the magnetic measurements were performed on the
same solutions used in the NMR investigation.
The reference sample F_5 (full, d ¼ 5 nm) displays

superparamagnetic behavior at room temperature (i.e.,
Hc and Mr ≈ 0), with saturation magnetization Ms ≃
66 emu=gγ-Fe2O3 [Fig. 1(b)]. On the other hand, all the
M vs H curves of HMNPs display an additional linear
contribution [Fig. 1(c)] which prevents the magnetization
from reaching saturation even at very high fields. The linear
contribution was first observed by Cabot [21] and ascribed
to the spins at the shell surface and crystallite interfaces,
which are strongly pinned along local axes due to surface
anisotropy. Following the idea of two independent spin
populations as proposed in Refs. [21–23,47,54] we fitted
the experimental data of Fig. 2 by means of a linear
combination of a Langevin function accounting for the bulk
superparamagnetic spins, and a linear contribution account-
ing for the surface paramagnetic spins:

MðHÞ ¼ MsL

�
MsVSPMμ0H

kBT

�
þ χPMH; ð1Þ

where kB is the Boltzmann constant, VSPMð≤ VtotÞ is the
volume corresponding to the bulk core spins, and χPM is the
paramagnetic (PM)-like susceptibility of the surface spin
corona. The fitting results are shown as red solid curves in
Fig. 1 with the values of the main fitting parameters, i.e.,
Ms, VSPM, and χPM, listed in Table I, together with the
blocking temperature TB, extracted from ZFC-FC curves
recorded at 2.5 mT (data not shown). For all HMNPs, VSPM
was found proportional to the extracted value of Ms, which
is consistently smaller than 50 emu=gγ-Fe2O3. This value is
lower than that observed in full nanoparticles (FMNPs) of
similar size or in bulk maghemite (i.e., 76 emu=gγ-Fe2O3

[55]). Additionally, it is worth observing that the response
of the surface spin to an external and static magnetic field is
well described by a PM-like susceptibility, whose value is
an indication of the degree of the frustration at the surface
(i.e., higher χPM indicated higher frustration [15]). Among
the investigated samples, we note that H_5=13 displays
lower χPM, thus indicating a lower number of surface spins.
The evidence is in line with the observation of a thicker
shell for H_5=13 (i.e., 4 nm thick) compared to other
samples, as a thicker shell typically hosts larger crystallites
and fewer surface spins.
Since the magnetization measurements allowed a clear

observation of the surface spins’ effect on static magnetic
properties, to single out the dynamical effects we per-
formed 1H-NMR relaxation measurements. As already
pointed out, these measurements allow one to access
spin dynamics frequencies in the range 104–3 × 108 Hz.
The experimental 1H-NMR D profiles of the nuclear
longitudinal “effective” relaxation rate of our samples,
i.e., subtracted by the longitudinal relaxation rate of the
bare solvent [Effective relaxation rate ¼ ð1=T1Þ ¼
ð1=T1;NPþsolÞ − ð1=T1;solÞ, where ð1=T1;NPþsolÞ and
ð1=T1;solÞ are the longitudinal relaxation rates of the
nanoparticle solution and of the bare solvent, respectively],
versus the Larmor frequency νL for both full and hollow
samples are shown as full circles in Fig. 2 (the experimental
data are available here [52]).
For superparamagnetic full core nanoparticles (with

d < 20 nm), the nuclear longitudinal effective relaxation
rate (from now on for brevity: longitudinal relaxation rate)
the profile is generally explained using the Roch model
[56] or its alternatives [38,56–58]. By focusing on the
model of Ref. [56], we recall that the longitudinal relax-
ation rate is described by the equation

1

TSPM
1

¼ 32π

135000
μ2SPMγ

2
I

�
NAC
rD

��
7P

LðxÞ
x

JFðωS; τD; τNÞ þ
�
7ð1 − PÞLðxÞ

x
þ 3

�
1 − L2ðxÞ − 2LðxÞ

x

��
× JFðωI; τD; τNÞ

þ 3L2ðxÞJA
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

2ωIτD
p 	


; ð2Þ

TABLE I. List of the parameters extracted from TEM images (Dint, Dext; V tot is calculated from Dint and Dext) and from the fitting of
the M vs H curves [Eq. (1)] collected on nanoparticle solutions at room temperature (Ms, VSPM, and χPM). Dint and Dext are the internal
and external diameters of the hollow NPs, d is the core diameter of the full NP, V tot is the total magnetic volume, Ms is the saturation
magnetization, VSPM is the volume of the part containing superparamagnetic bulk spins [see Eq. (1)], χPM is the paramagneticlike
susceptibility of the surface spin corona, and TB is the blocking temperature extracted from MFC-MZFC measured at 2.5 mT [53].

Sample Dint (nm) Dext or d (nm) V tot (nm3) Ms (emu=gγ-Fe2O3) ðVSPM=V totÞ χPM (emu=gγ-Fe2O3 Tesla) TB (K)

F_5 � � � 5(0.3) 65(8) 66(4) 0.92 0(0.1) 14(5)
H_3=7 2.8(0.3) 7.4(0.3) 200(15) 31(2) 0.64 2.7(0.3) 16(5)
H_6=12 6.0(0.2) 12.0(0.3) 791(30) 35(2) 0.48 2.9(0.5) 56(5)
H_5=13 5.0(0.2) 13.0(0.3) 1084(21) 41(2) 0.69 1.9(0.4) 81(5)
H_8=15 8.3(0.4) 15.0(0.5) 1467(53) 47(3) 0.66 4.0(0.5) 49(5)
H_10=16 10.0(0.4) 16.0(0.4) 1620(32) 40(2) 0.42 4.6(0.5) 60(5)
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where γS, γI are the gyromagnetic ratio of electron
and proton respectively, μSPM ¼ total magnetic moment of
the superparamagnetic (SPM), spins, NA ¼ Avogadro num-
ber, LðxÞ is the Langevin function, as defined in Eq. (1),
where x ¼ ðMsVSPMμ0H=kBTÞ, C ¼ nanoparticles concen-
tration in Mol=l, D ¼ water translational diffusion coeffi-
cient, r ¼ minimum approach distance of the protons to the
nanoparticle, τD ¼ diffusion correlation time, τN ¼ Neél
reversal time, ωI and ωS are the proton and the electron
Larmor frequency respectively, P is an empirical parameter
in the Roch model whose value is 1 when the magnetic
anisotropy is maximum, and JA and JF are the Ayant and
Freed spectral function, respectively. JA and JF account for
the low and high field inflection points of the NMR-D
profile, respectively. It is worth noting that the Ayant
function inflection occurs at ωIτD ∼ 1 (see Fig. 3). At
intermediate fields the relaxation rates are a combination
of the high and low field contributions weighted by factors
depending on the Langevin function. At high fields the Freed
spectral density function JFðω; τD; τNÞ shows an inflection
at ωIτ

Core
C ∼ 1 (where 1=τCoreC ¼ τ−1D þ τ−1N ). The Ayant

function is the limit of the Freed function when ωτN ≫ 1.

Referring to the longitudinal relaxation rate deduced
from the Roch model as 1=TSPM

1 , from Fig. 2 (where
1=TSPM

1 is reported as a dashed red line) one observes that
(i) the FMNP profile can be fitted by simply using Eq. (2)
and (ii) the HMNP is not fitted by Eq. (2), particularly for
what concerns the peak shape and the high fields data.
As HMNP profiles cannot be fitted by Eq. (2), we

propose a novel phenomenological model that includes the
surface spin contribution, which is not taken into account in
previously reported literature [39–51,54]. The spins of the
inner and outer surfaces constitute a disordered layer on the
nanoparticle boundary that can be thought of as a spherical
corona (see yellow area in Fig. 1), with a certain thickness,
that can be evaluated by means of Mossbauer spectroscopy
under an intense magnetic field [29]. Owing to their lower
coordination, the surface spins are expected to flip along
the easy axes’ directions faster than the “core” ones. Their
faster dynamics would contribute to the longitudinal 1H
relaxation at high frequency, where the “core” super-
paramagnetic contribution is low. Thus, for ωL >
10–100 MHz the surface spins contribution is expected
to dominate the HMNP nuclear relaxation rate.
Based on the proposed model, the 1H NMR 1=T1

relaxation rate of the HMNPs samples can be described
as a linear combination of a paramagnetic contribution
1=TPM

1 , from the interaction of the 1Hnuclei with the surface
spins, and a 1=TSPM

1 relaxation [56] associatedwith the spins
of the magnetic core, Eq. (2). The PM surface spin con-
tribution was modeled using a Bloembergen-Purcell-Pound
(BPP)-like function, as largely suggested by literature on
paramagnetic systems [32–37]. Thus, the longitudinal re-
laxation rate 1=T1 for the hollow systems can be written as

1

T1

¼ 1

TSPM
1

þ 1

TPM
1

¼ 1

TSPM
1

þχPMT× ÃðNACÞ
τSurfc

1þω2ðτSurfc Þ2
ð3Þ

FIG. 2. Experimental NMR D curves (black circles) for the
different investigated samples [52]. The red dashed lines re-
present the best fitting curves by means of Roch’s model. The
blue lines describe the proposed heuristic model (see main text),
which includes the surface spin contribution. The discrepancy
obtained in the high field region between the Roch’s model and
our proposed fitting model is evidenced as an example by the red
circle in Fig. (c). The iron concentration in the measured solution
(a)–(f) are 0.75 mmol, 4 mmol, 0.75 mmol, 1.68 mmol,
1.18 mmol, 2.77 mmol respectively.

FIG. 3. (a) Different contributions to the longitudinal proton
relaxation: the Freed JFðωÞ and Ayant JAðωÞ spectral density
functions, the squared Langevin function L2ðxÞ, and the BPP
function JPMðωÞ accounting for the surface, the last one intro-
duced in the present work. (b) Effective longitudinal relaxation
rate 1=T1 (see main text) vs field (NMR (D) as predicted from
our phenomenological model accounting for the superparamag-
netic “bulk” (1=TSPM

1 ), and for the total relaxation (1=T1) which
includes the paramagneticlike surface spins.
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where χPM is the magnetic susceptibility, T is the temper-
ature, Ã is the geometrical hyperfine constant [59–61], and
τSurfc is the surface effective correlation time representing
the flipping time of the surface spins. At a first approxi-
mation, in the picture described by Eq. (3), the surface PM
spins and the core SPM spins act independently, a
hypothesis justified by the small number of core and
surface spins that interact.
Fig. 3(a) illustrates the frequency dependence of the

primary contributions to ð1=TSPM
1 Þ, i.e., the Freed JFðωÞ

function, the Ayant JAðωÞ function, the Langevin L(x)
contribution, and of the spectral density JPMðωÞ that
accounts for the surface spins. Figure 3(b) represents the
expected frequency dependence of 1=T1 and 1=TSPM

1 ;
see Eq. (3).
We fitted the experimental data of Fig. 2 by means of

Eq. (3) fixing in the ð1=T1Þ expression some physical
quantities obtained from the DC magnetic measurements,
i.e., the saturation magnetizationMs, the volume of the bulk
superparamagnetic core VSPM and the paramagnetic-like
χPM. If we define the effective core spin correlation
frequency as 1=τcoreC ¼ 1=τN þ 1=τD (neglecting the
Brownian relaxation rate 1=τB), the free parameters are
the Neel time τN , the correlation time τSurfc of the surface
spins, and the hyperfine constant Ã. The blue lines of Fig. 2
represent the best fitting curves. As one can easily see, the
agreement with the experimental data significantly
improves the early fitting done by the simple Roch’s model
(red line). In fact, we were able to reproduce not only the
low frequency dispersion and the position of the maxima
but also the increased high frequency (i.e., > 100 MHz)
contribution to the relaxation. Remarkably, the agreement
at high frequencies can be ascribed to the surface spins’ PM
component [second term in Eq. (3)]. In Table II the results
of the fit are reported.
From Table II it can be noticed first that τN is in the

typical range of SPM materials. Instead, the effective
correlation time τSurfC accounts for a faster dynamics,
consistently with the picture of low coordinated and highly

disordered surface spins with respect to the core ones. For
the H_10=16 sample, the surface spin contribution is
dominant, as expected from characterization data, Fig. 1,
and Table I. It is important to remark that, even if exper-
imentally we reached a high external applied field corre-
sponding to a relatively high frequency νL ¼ 300 MHz, our
frequency window was not enough wide to observe on the
experimental data the inflection point of JPMðωÞ expected at
frequencyωSurf

c ¼ 1=τSurfC . One should notice that τSurfC is not
only defining the dispersion, but also the amplitude of the
dispersion, thus allowing for an estimation of this parameter.
The estimated value for 1=τSurfC has here to be considered as a
lower limit for the frequency of the surface spin fluctuations.
As seen from column 3 of Table II, the PM nuclear-

electron hyperfine coupling χPMT · Ã is in the typical range
of paramagnetic substances previously studied in the
literature [21,59,62].
In conclusion, we provided experimental evidence of the

surface spin dynamics in magnetic nanoparticles with
hollow geometry, revealed by 1H-NMR relaxometry data.
These data were fitted using a phenomenological model of
the nuclear spin-lattice relaxation rate ð1=T1Þ, whose
expression contains two contributions, one from core spins
and the other from surface spins. In this model, at room
temperature the nanoparticle surface spins were described
as an independent paramagneticlike population, with a
dynamics more than 1 order of magnitude (τSurfC ∼ 10−11 s)
faster than the one of the core spins (Néel correlation time
τNC ∼ 10−9 s). Future planned studies of ð1=T1Þ vs temper-
ature could confirm the existence and magnitude of the
correlation time τSurfC , by detecting the surface spins
freezing through the observation of a very low temperature
(T < 20–30 K) anomaly expected when τSurfc · ωL ≈ 1 (see,
e.g., [34]). By means of our findings, we demonstrated the
capability of 1H NMR relaxometry to single out different
correlation times in a system composed by more than one
electronic spin reservoir, and to contribute understanding
the fundamental mechanisms of magnetic dynamics in
nanoscale systems. Applications of our findings can also
be envisaged in different fields, like, e.g., biomedicine,
environment, magnetic data storage, sensoristics, and
quantum information.
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TABLE II. Parameters extracted from the fit of the experimen-
tal NMR-D curves of FMNPs and HMNPs by means of Eq. (3).
τN ¼ Neél flipping time of the superparamagnetic spins, τSurfC ¼
surface effective correlation time, χPM is the paramagnetic
susceptibility, T is the temperature, Ã is the geometrical hyperfine
constant.

Sample τN (10−9 s) τSurfC (10−11 s) χPMT · Ã (1011 rad2 s−2)

F_5 0.2 (0.1) � � �
H_3=7 0.6(0.1) 3.4 (0.7) 0.5(0.1)
H_6=12 2.6(0.5) 2.0(1.2) 2.5(0.6)
H_5=13 1.4(0.6) 5.5(2.2) 1.8(0.5)
H_8=15 3.5(0.7) 4.3(1.5) 3.0(0.8)
H_10=16 25(9) 2.9(1.2) 0.6(0.1)
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