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The size-dependent chemical tunability of spin-lattice relaxation rate in magnetic nanocrystals has been
investigated in size and composition-controlled colloidal superparamagnetic CoxFe3-xO4 nanocrystals employing
pump-probe Faraday rotation measurements. With the increase of cobalt content in CoxFe3-xO4 nanocrystals,
spin-lattice relaxation rate increased due to the increasing spin-orbit coupling strength regardless of the
particle size. However, the range of the chemical tunability of spin-lattice relaxation was narrower in the
smaller nanocrystals and the size dependence of spin-lattice relaxation rate became weaker with increasing
cobalt content. These observations were explained in terms of weaker chemical tunability of spin-orbit coupling
on the surface than in the interior of the nanocrystals using a simple model for spin-lattice relaxation rate
that has both surface and interior contributions.

1. Introduction

Dynamics of spin relaxation in magnetic materials is a topic
of active investigations in magnetism research in recent years.1-3

The rate of energy and momentum flow between the spin and
lattice, determining the time evolution of the magnetization, is
not only of fundamental interest in the study of magnetism but
also has a strong technological relevance in the application of
magnetic materials in spin-based electronic or data storage
devices.4-6

One of the key factors determining the rate of energy flow
from spin to lattice degrees of freedom, i.e., spin-lattice
relaxation, is spin-orbit coupling,7,8 which can often be tuned
by varying the stoichiometry of the materials. For example, the
average spin-orbit coupling in ferrites (MxFe3-xO4, M )
divalent metal ion) can be tuned by varying the identity and
composition of M.9,10 Earlier studies on the dynamics of
spin-lattice relaxation and its correlation to the structure of
the magnetic materials have focused primarily on bulk and thin
film phases.11-14 Recently, interests in the dynamic magnetism
in nanoscale magnetic materials have been growing rapidly,3

since the reduction in length scale generally has a strong
influence on the dynamics of energy relaxation in various
degrees of freedom.15

The dynamics of energy relaxation in nanoscale materials has
been well-studied for the electronic relaxation in semiconductors
and metals, where the quantum confinement in combination with
the large surface area plays a critical role in modifying the
dynamics.16-18 In the case of spin-lattice relaxation in magnetic
materials, a large portion of the surface in nanocrystals can also
influence the dynamics of spin-lattice relaxation due to the
potentially different spin-orbit coupling or (and) vibronic
coupling from the bulk. Recently, our group reported the
observation of the size-dependent spin-lattice relaxation rate
in Fe3O4 nanocrystals, where the rate became faster with the
decreasing particle size.19,20 The faster spin-lattice relaxation
in the smaller nanocrystals was ascribed to the stronger
spin-orbit coupling on the surface due to the generally weaker

ligand field on the surface that enhances the effective spin-orbit
coupling strength compared to the bulk.

One interesting question that arises from this earlier study is
whether the relative efficiency of the surface of the nanocrystals
in spin-lattice relaxation will vary with spin-orbit coupling
of the bulk phase. An equivalent question from a different
perspective is how the large surface area in nanocrystals would
affect the chemical tunability of the spin-lattice relaxation rate.

In this report, we discuss the chemical tunabililty of the
spin-lattice relaxation rate in nanoscale magnetic materials
using size and composition-controlled colloidal superparamag-
netic CoxFe3-xO4 nanocrystals as the model system. CoxFe3-xO4

is particularly useful for the purpose of this study, since
magnetocrystalline anisotropy reflecting the bulk spin-orbit
coupling strength can be varied by ∼20-fold by tuning cobalt
content (x) without changing the lattice structure and static
magnetization significantly.21-25 Furthermore, the highly dis-
persible nature of the superparamagnetic nanocrystals in liquid
medium allows us to study the dynamic magnetism unaffected
by the interparticle magnetic dipole-dipole interaction.26 While
superparamagnetism is less useful for device applications, fine-
tunability of the size and stoichiometry of the nanocrystals offers
a unique opportunity to obtain a useful insight into the dynamics
of spin-lattice relaxation in nanoscale materials.

To measure the spin-lattice relaxation rate of CoxFe3-xO4

nanocrystals, we employed the pump-probe Faraday rotation
technique that allowed us to monitor the time-dependent
magnetization with a very high time resolution (<100 fs). The
results of this study indicate that the chemical tunability of the
spin-lattice relaxation rate becomes weaker with decreasing
particle size and that the size dependence of the spin-lattice
relaxation rate becomes weaker with increasing bulk spin-orbit
coupling. These observations were explained in terms of the
weaker chemical tunability of spin-orbit coupling on the surface
than in the interior of the nanocrystal using a simple model for
spin-lattice relaxation that has both surface and interior
contributions.
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2. Experimental Section

Synthesis and Characterization of Nanocrystals. Spherical
CoxFe3-xO4 nanocrystals passivated with oleic acid with varying
cobalt content (x) in the range of 0 < x < 0.9 and diameter range
of 5-15 nm were synthesized following the previously reported
procedure and its variations.27,28 For instance, 7 nm CoxFe3-xO4

nanocrystals were synthesized by thermally decomposing iron
acetylacetonate (Fe(acac)3) and cobalt acetylacetonate (Co-
(acac)2) with a mixture of oleic acid, oleylamine, and 1,2-
dodecanediol at 290 °C in benzyl ether. Tuning of cobalt content
was achieved by varying the molar ratio of Fe(acac)3 and
Co(acac)2. CoxFe3-xO4 nanocrystals of different diameters were
prepared by varying the reaction temperature and time. The size
and crystal structure of the nanocrystals were examined by
transmission electron microscopy (TEM) and X-ray diffraction
(XRD). Figure 1a shows the TEM images of 7 nm CoxFe3-xO4

nanocrystals of varying cobalt content that exhibit less than 10%
size dispersity. XRD patterns of all CoxFe3-xO4 nanocrystals
(Figure 1b) are very similar, consistent with the identical crystal
structures (cubic inverse spinel) of Fe3O4 and CoFe2O4 with
<0.2% difference in bulk lattice parameters: a ) 8.391 and 8.381
Å for Fe3O4 and CoFe2O4, respectively.

Cobalt content (x) in CoxFe3-xO4 nanocrystals was determined
via elemental analysis of the nanocrystal samples employing
inductively coupled plasma atomic emission spectroscopy (ICP-
AES). For this measurement, dried CoxFe3-xO4 nanocrystal
samples were digested in 1 mL of aqueous (12 M) HCl solution.
The solution further diluted to a ppm level of metal ion
concentration in 1% aqueous HNO3 solution was used to
measure both Fe and Co ion concentrations.

Measurement of Static Mass Magnetization and Blocking
Temperature. The static mass magnetization of CoxFe3-xO4

nanocrystal samples was measured by using a superconducting

quantum interference device (SQUID) magnetometer (MPMS-
XL, Quantum Design). Saturation magnetization of CoxFe3-xO4

nanocrystal samples was obtained from the field-dependent
magnetization measurement at the temperature of 5 K. Similar
to the results from previous study, the saturation magnetization
exhibited only a very weak dependence on cobalt content
(<4%).29 To estimate the magnetic anisotropy constant (Kaniso)
of the nanocrystals, blocking temperature (TB) was also obtained
from the zero-field-cooled (ZFC) magnetization measurement
within the temperature range of 10-300 K. In the ZFC curve,
the temperature at which the magnetization reaches the maxi-
mum value was taken as TB. The magnetic anisotropy constant
(Kaniso), partially reflecting the strength of spin-orbit coupling,
was obtained from Kaniso ) 25kBTB/V, where kB is the Boltzmann
constant and V is the volume of the nanocrystal.21 For all the
SQUID measurements, the nanocrystal samples were dispersed
in liquid eicosane to avoid the aggregation and subsequently
solidified to prevent the agitation of the nanocrystals in the
matrix during the measurements.

Time-Resolved Faraday Rotation Measurement. The
spin-lattice relaxation rate in CoxFe3-xO4 nanocrystals following
an optical excitation was measured employing the pump-probe
Faraday rotation technique. Faraday rotation is a magnetooptic
technique that measures the relative magnitude of the magne-
tization indirectly from the rotation of the polarization angle of
the linearly polarized light passing through the magnetic
material. The Faraday rotation angle (θ) of the probe light is
proportional to M · k, where M is the magnetization vector of
the sample and k is the wavevector of the probe light. In this
work, the reduced magnetization of the nanocrystals by the
absorption of the pump pulse recovers via spin-lattice relax-
ation. By measuring Faraday rotation as a function of the
pump-probe time delay, θ(t), information on the time-depend-
ent magnetization was obtained.30

Figure 2 shows the experimental setup employed in this study.
Linearly polarized 790 nm pulses from an amplified titanium:
sapphire laser (pulse width ) 60 fs, repetition rate ) 3 kHz,
fwhm width ) 150 µm) were used as the pump. Linearly
polarized probe pulses in the visible or near-infrared regions
were derived from the white light continuum generated by
focusing 2 µJ of 790 nm pulse on a 1-mm-thick sapphire crystal.
The time resolution of the measurement was ∼100 fs based on
instrument limited signal rise time. The spectral bandwidth
(20-30 nm fwhm) and wavelength of the probe beam were
controlled by adjusting the width and the position of the slit in
the prism dispersion compensator. A Glan linear polarizer was
used to set the polarization angle of the probe light before it
entered the sample. A Wollaston prism was placed after the
sample, with its polarization axis set at 45° with respect to the

Figure 1. (a) Transmission electron micrographs of 7 nm CoxFe3-xO4

nanocrystals. (b) X-ray diffraction pattern of 7 nm CoxFe3-xO4

nanocrystals.

Figure 2. Experimental setup for pump-probe Faraday rotation
measurement. The differential signal from balanced photodiode (∆S)
between with and without pump pulse normalized to the intensity of
the probe beam (R) correcting for the absorption of probe by the sample
is proportional to the differential Faraday rotation (∆θ) between with
and without pump for small values of ∆S/R.
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Glan polarizer. Faraday rotation was measured from the intensity
difference between the two orthogonal polarization components
of the probe light detected by a pair of balanced photodiodes.
In this process, time-dependent absorption of the probe light
by the sample was corrected for by simultaneously measuring
the total intensity of the transmitted probe light. The external
magnetic field of 0.35 T was provided by a pair of permanent
magnets in the direction either parallel or antiparallel to the
direction of the probe beam. Pump-probe Faraday rotation
normalized to static Faraday rotation, ∆θ(t)/θ0, was taken to
represent the time-dependent fractional changes in magnetization
|∆M(t)|/|M0|. To remove any potential nonmagnetic contribution
to the Faraday rotation signal, the difference between the two
data sets obtained with the magnetic fields parallel and anti-
parellel to the probe beam was taken to report ∆θ(t)/θ0.

For all the measurements, colloidal CoxFe3-xO4 nanocrystal
samples dispersed in 1-octadecene at room temperature were
used. The sample solutions were continuously circulated at the
linear speed of several meters/second through a jet nozzle (400
µm thick, 4 mm wide) to prevent a potential thermal effect and
sample damage by the repeated exposure of the same sample
region to the pump beam. The relatively high viscosity of
1-octadecene provided a sufficiently stable jet stream with a
flat surface for the reliable measurements of Faraday rotation.
The concentration of nanocrystals was maintained near 10-5

M or below to avoid interparticle dipole-dipole interaction that
can potentially influence the dynamics.26 Since the absorbance
of CoxFe3-xO4 nanocrystal samples at the pump wavelength (λ
) 790 nm) varied slightly with cobalt content (Figure S1,
Supporting Information), the pump fluence was adjusted to
ensure the same average excitation density, i.e., number of
photons absorbed per unit volume of nanocrystal, in all the
measurements. All the fluence values reported here are the
average fluence within the fwhm (30 µm) of the probe beam.

3. Results and Discussion

Measurement of Spin-Lattice Relaxation Rate of Spheri-
cal CoxFe3-xO4 Nanocrystals. The spin-lattice relaxation rate
of CoxFe3-xO4 nanocrystals was obtained from the pump-probe
Faraday rotation data showing the recovery of the magnetization
following the optically induced demagnetization. Figure 3 shows
the representative pump-probe Faraday rotation data from 7
nm Co0.9Fe2.1O4 nanocrystals under the external magnetic field
applied parallel (∆θ1) and antiparallel (∆θ2) to the direction of
the probe beam. All the reported ∆θ(t)/θ0 data here were
obtained from ∆θ(t) ) (∆θ2 - ∆θ1)/2 to remove the potential
nonmagnetic component of the signal not sensitive to the polarity

of the external magnetic field. The general feature of the
pump-probe Faraday rotation data of CoxFe3-xO4 nanocrystals
is the immediate demagnetization by the absorption of the pump
beam followed by the recovery of the magnetization. While the
photoinduced ultrafast demagnetization in magnetic materials
is also a topic of strong interest by itself,11,31-33 we will mainly
focus on the dynamics of the recovery of the magnetization
occurring via spin-lattice relaxation in this study.

The time scale of spin-lattice relaxation (τSLR) was extracted
by biexponetial fitting of ∆θ(t)/θ0 data. For all the data, the
recovery of the signal could be fitted with two exponential time
constants: ∼10 ps and several hundreds of picoseconds. Such
multiexponential recovery of magnetization has been previously
observed in a number of ferromagnetic thin films.12,34,35 Here,
the recovery of ∆θ(t)/θ0 on the time scale of hundreds of
picoseconds is of interest, which is ascribed to spin-lattice
relaxation. The origin of the dynamics on ∼10 ps time scale,
on the other hand, is less clear although the dynamics on the
short time scale has been previously associated with spin-spin
relaxation between spin waves of different wavelengths in
ferromagnetic metals.36 Rotational diffusion of the nanocrystal
in the solvent medium and directional fluctuation of magnetiza-
tion is much slower than the time scale of the process we are
interested in in this study and do not affect the dynamics reported
here.25

To obtain a reliable spin-lattice relaxation rate of photoex-
cited CoxFe3-xO4 nanocrystals, the Faraday rotation data were
obtained at several different probe wavelengths and excitation
fluences to check the consistency of the dynamics. Figure 4a
shows ∆θ(t)/θ0 data from 7 nm Co0.9Fe2.1O4 nanocrystals probed
at three different wavelengths, λ ) 560, 635, and 900 nm. The
dynamics represented in these data do not exhibit significant
spectral dependence as expected from ∆θ(t)/θ0 representing the
magnetization dynamics.14

To avoid potential alteration of the dynamics of magnetization
recovery by the heated lattice, the dependence of ∆θ(t)/θ0 on

Figure 3. Pump-probe Faraday rotation data of 7 nm Co0.9Fe2.1O4

nanocrystals under opposite external magnetic fields.

Figure 4. (a) Probe wavelength-dependent ∆θ(t)/θ0 of 7 nm
Co0.9Fe2.1O4 nanocrystals. (b) Excitation fluence-dependent ∆θ(t)/θ0 data
normalized to pump fluence.
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the excitation intensity was also checked. Figure 4b shows ∆θ(t)/
θ0 data from 7 nm Co0.9Fe2.1O4 nanocrystals at three different
excitation fluences normalized to the excitation fluence. At these
fluences, the amplitudes of the signal increased linearly to the
excitation fluence and were almost identical when normalized
to the excitation fluence. At higher excitation fluences, however,
peak amplitude near zero time delay began to saturate and
exhibited a nonmonotonic recovery dynamics. (Data not shown.)
In this study, the excitation fluence was maintained on the low
side of the linear regime (<50 mJ/cm2) to avoid any potential
complications by the heated lattice. According to our earlier
study on the transient lattice temperature in photoexcited Fe3O4

nanocrystals, the initial temperature rise a few picoseconds after
the excitation at the pump fluence of this study was <100 K
and became <50 K within 100 ps in 7 nm nanocrystals.37

Insensitivity of the dynamics to the pump fluence shown in
Figure 4b suggests that the relatively low temperature rise and
fast cooling of the lattice combined with high Curie temperature
of CoxFe3-xO4 does not affect the dynamics of the magnetization
recovery. In this study, all the reported spin-lattice relaxation
rates are the average of the values obtained from the measure-
ments at these probe wavelengths and at the excitation fluence
of <50 mJ/cm2.

Chemical Tuning of Spin-Lattice Relaxation Rate of
CoxFe3-xO4 Nanocrystals. To investigate the effect of varying
cobalt content (x) on spin-lattice relaxation rate and examine
the correlation with spin-orbit coupling, the pump-probe
Faraday rotation data of CoxFe3-xO4 nanocrystal samples were
obtained in the range of 0 < x < 0.9. Figure 5a-e shows ∆θ(t)/
θ0 data of 7 nm CoxFe3-xO4 nanocrystals measured with 790
nm pump and 635 nm probe. Spin-lattice relaxation time (τSLR)
obtained as described in the previous section is also displayed
for each value of x. Figure 6a shows the spin-lattice relaxation
rate (1/τSLR) as a function of x. As cobalt content increases from
x ) 0 to 0.9, 1/τSLR also increases by ∼60%. On the other hand,

transient absorption dynamics did not exhibit significant de-
pendence on cobalt content, suggesting relatively week influence
of cobalt substitution on the dynamics of electronic relaxation
(Figure S2, Supporting Information).

In principle, the dependence of τSLR on cobalt content can
originate from the differences in both spin-orbit coupling and
vibronic coupling, since spin-lattice relaxation requires both
of them. Because CoFe2O4 and Fe3O4 have very similar lattice
structures, heat capacities, and vibrational spectra,21-23 while
their bulk magnetocrystalline anisotropies are different by a
factor of ∼20 (1.1-1.3 × 104 J/m3 for Fe3O4, 1.8-3.0 × 105

J/m3 for CoFe2O4),24,25 x-dependent τSLR observed in CoxFe3-xO4

nanocrystals can be ascribed mainly to the differences in
spin-orbit coupling.

To further examine the connection between the spin-lattice
relaxation rate (1/τSLR) with spin-orbit coupling of CoxFe3-xO4

nanocrystals, x-dependence of magnetic anisotropy (Kaniso) is
also measured as shown in Figure 6b. For bulk magnetic
materials, magnetocrystalline anisotropy (Kmca) reflecting the
strength of spin-orbit coupling of the bulk is the dominating
component of the total magnetic anisotropy (Kaniso). In materials
with simple uniaxial anisotropy, Kmca essentially represents the
difference in spin-orbit energy between the direction of easy
and hard axes, which is quadratically proportional to spin-orbit
coupling.38 For this reason, the spin-lattice relaxation rate of
bulk magnetic materials was often correlated with Kmca in the
earlier studies. In this study, we will use Kaniso as only an
approximate parameter reflecting average spin-orbit coupling
strength in CoxFe3-xO4 nanocrystals as will be discussed further
in detail later.

In panels a and b of Figure 6, both 1/τSLR and Kaniso exhibit
a similar trend, including the initial increase in the range of 0
< x < 0.3 and subsequent saturation at higher values of x. This
resemblance strongly indicates that the variation of spin-lattice
relaxation rate is correlated with x-dependent spin-orbit

Figure 5. Cobalt content-dependent ∆θ(t) data of 7 nm CoxFe3-xO4

nanocrystals, x ) 0, 0.09, 0.18, 0.3, and 0.9 for panels a to e,
respectively.

Figure 6. (a) Spin-lattice relaxation rate (1/τSLR) and (b) magnetic
anisotropy constant (Kaniso) of 7 nm CoxFe3-xO4 nanocrystals as a
function of cobalt content (x).
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coupling strength in CoxFe3-xO4 nanocrystals. However, Kaniso

should be taken more cautiously as a measure of the average
spin-orbit coupling strength of CoxFe3-xO4 nanocrystals. In the
case of nanocrystals, other contributing components to Kaniso,
such as surface anisotropy (Ks), become significant and can even
dominate in small nanocrystals. For spherical magnetic nano-
crystals of diameter d, the following empirical relationship has
often been used to describe Kaniso, although Ks is a more complex
function of the surface and lattice structure in reality.

The connection between surface anisotropy (Ks) and surface
spin-orbit coupling is more complicated than in the bulk due
to the complexity of the surface structure and symmetry that
influences the surface anisotropy.39,40 This introduces some
uncertainty in Kaniso as the parameter representing the average
spin-orbit coupling of the nanocrystals, making a quantitative
correlation between Kaniso and 1/τSLR more challenging in
nanocrystals than in bulk. Nevertheless, the similarity of
x-dependence of 1/τSLR and Kaniso shown in panels a and b of
Figure 6 clearly exhibits the tunability of the spin-lattice
relaxation rate in nanocrystals via chemical tuning of the average
spin-orbit coupling strength of the nanocrystals.

It is noteworthy to point out that the 60% change in
spin-lattice relaxation rate observed in 7 nm CoxFe3-xO4

nanocrystals within the range of 0 < x < 0.9 in Figure 6a is
narrower than what one might expect in the bulk phase. In the
bulk phase of CoxFe3-xO4, magnetocrystalline anisotropy in-
creases by ∼20-fold from Fe3O4 to CoFe2O4. According to the
earlier studies on spin relaxation dynamics in thin films of
chromium chalcogenides, the spin-lattice relaxation rate in-
creased roughly linearly to bulk magnetocrystalline anisotropy
although the correlation was crude.41 In a recent study by Hübner
et al., the spin-lattice relaxation rate in bulk metallic ferro-
magnets was predicted to be quadratically proportional to Kmca

at high temperatures, while more comprehensive experimental
verification has yet to be made.8 Despite the uncertainties in
the correlation between spin-orbit coupling and spin-lattice
relaxation rate from the studies in bulk, the range of spin-lattice
relaxation rates observed in CoxFe3-xO4 nanocrystals still seems
significantly narrower than that of Kmca.

This raises an interesting question on whether the chemical
tuning of the spin-lattice relaxation rate is affected by the length
scale of the materials. Considering our recent findings of the
presence of the size effect on spin-lattice relaxation rate in
Fe3O4 nanocrystals arising from the stronger spin-orbit coupling
of the surface,20 such a possibility is conceivable. To examine
whether the range of chemical tuning in nanocrystals differs
from that of the bulk, information on the spin-lattice relaxation
rate in bulk CoxFe3-xO4 is needed. Unfortunately, the data on
the spin-lattice relaxation rate in the bulk phase required to
make a direct comparison with the result from this work are
not so far available. Although previous studies employing

ferromagnetic resonance investigated the spin relaxation rate
indirectly from the resonance line width, it was considered to
reflect mostly spin-spin relaxation rather than spin-lattice
relaxation.42 Despite the lack of bulk data, a valuable insight
can be obtained by comparing the spin-lattice relaxation rates
in CoxFe3-xO4 nanocrystals of varying particle sizes. In the next
section, we will discuss how the chemical tuning of the
spin-lattice relaxation is influenced by the size of the nano-
crystals in more detail.

Size Effect on Chemical Tuning of Spin-Lattice Relax-
ation in CoxFe3-xO4 Nanocrystals. To investigate the potential
effect of varying the size on the chemical tuning of the
spin-lattice relaxation rate in CoxFe3-xO4 nanocrystals, more
extensive measurements of x-dependent spin-lattice relaxation
rate were made at varying particle sizes. The diameter of the
spherical CoxFe3-xO4 nanocrystal was varied in the range of
5-15 nm, while keeping all the samples below the superpara-
magnetic limit. The spin-lattice relaxation rates (1/τSLR) of these
nanocrystal samples measured under identical excitation densi-
ties are summarized in Table 1.

In Figure 7, the ranges of the chemical tuning of the
spin-lattice relaxation rates of CoxFe3-xO4 nanocrystals are
compared for the two particle diameters, 7 and 10 nm. To
delineate the difference more clearly, relative values of 1/τSLR

normalized to that of Fe3O4 nanocrystal samples are compared.
For both sizes, the spin-lattice relaxation becomes faster with
the increase of cobalt content. However, the ranges of the
relative and absolute values of 1/τSLR are larger in the larger
nanocrystals. As cobalt content increased from x ) 0 to 0.9,
1/τSLR increased by 60% and 80% for 7 and 10 nm nanocrystals,
respectively. The 15 nm nanocrystals follow the same trend
between x ) 0 and 0.53. This result indicates that the chemical
tunability of the spin-lattice relaxation rate becomes weaker
as the nanocrystal becomes smaller.

In Figure 8, the size dependence of the spin-lattice relaxation
rate is compared for the two different cobalt contents, x ) 0
and 0.53. To facilitate the comparison, the relative values of
1/τSLR normalized to that of the 15 nm nanocrystal sample are
plotted as a function of the diameter. The data indicate that

TABLE 1: Spin-Lattice Relaxation Rates (1/τSLR, 10-3 ps-1) of CoxFe3-xO4 Nanocrystals

x

diameter (nm) 0 0.09 0.18 0.3 0.53 0.9

5 3.9 ( 0.1
7 3.6 ( 0.1 3.9 ( 0.1 4.5 ( 0.2 5.3 ( 0.3 5.5 ( 0.3 5.8 ( 0.3
9 3.4 ( 0.1

10 3.1 ( 0.1 3.9 ( 0.1 4.8 ( 0.2 5.2 ( 0.3 5.5 ( 0.3
15 2.9 ( 0.1 5.0 ( 0.3

Kaniso ) (Kmca + 6Ks/d) (1)

Figure 7. Comparison of the x-dependent relative spin-lattice
relaxation rates of CoxFe3-xO4 nanocrystals at two different particle
diameters.
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CoxFe3-xO4 nanocrystals with higher cobalt content, i.e., with
stronger bulk spin-orbit coupling, exhibit the weaker depen-
dence of the spin-lattice relaxation rate on the particle size.

These observations clearly indicate that varying cobalt content
does not have the same effect on the spin-lattice relaxation of
CoxFe3-xO4 nanocrystals of different sizes. An insight into the
size-dependent chemical tuning of the spin-lattice relaxation
rate may be obtained by considering the role of surface in the
spin-lattice relaxation of nanocrystals. In our earlier study in
Fe3O4 nanocrystals, the spin-lattice relaxation rate was modeled
to have contributions from both the interior (|〈Vi〉|2) and the
surface (|〈Vs〉|2) proportionally to the fraction of the interior (fi)
and surface (fs) spins.20

Here, |〈V〉|2 is the coupling Hamiltonian term responsible for
spin-lattice relaxation. From the analysis of 1/τSLR vs diameter
of Fe3O4 nanocrystals, it was concluded that the surface is 3
times more efficient than the interior of the nanocrystals in the
spin-lattice relaxation, i.e., |〈Vs〉|2/|〈Vi〉|2 ) 3.20 When the same
analysis is made on Co0.53Fe2.47O4 nanocrystals, |〈Vs〉|2/|〈Vi〉|2 is
1.7. This suggests that the observed size dependence of the
chemical tuning of the spin-lattice relaxation can be explained
if |〈Vs〉|2 is less chemically sensitive than |〈Vi〉|2. In such a
situation, the range of chemical tuning of the spin-lattice
relaxation will become smaller as the contribution of the surface
to the overall spin-lattice relaxation increases. One would also
expect weaker size dependence of the spin-lattice relaxation
rate with increasing bulk spin-orbit coupling due to the
decreasing contribution of the surface in determining the overall
spin-lattice relaxation rate. Since the electronic relaxation rate
of CoxFe3-xO4 nanocrystals through vibronic coupling is not
sensitive to cobalt content, the weaker chemical tunability of
|〈Vs〉|2 can be interpreted as the weaker tunability of spin-orbit
coupling on the surface.

The relatively weak chemical tunability of spin-orbit cou-
pling on the surface compared to the interior of the nanocrystals
could arise from different causes. For instance, inhomogeneous
distribution of cobalt ions with preferential occupation in the
interior region of the nanocrystal may weaken the chemical
sensitivity of surface spin-orbit coupling. We do not think this
is a likely situation, since cobalt ions are considered to distribute
homogeneously in the nanocrystals prepared at the high reaction
temperatures of this study (290 °C).43 On the other hand, a more
complex ligand field on the surface could diminish the chemical

sensitivity of the effective surface spin-orbit coupling, since
the ligand field is another important factor affecting the effective
spin-orbit coupling in crystalline materials. While further
studies are needed for more direct evidence for the weaker
chemical sensitivity of surface spin-orbit coupling and its cause,
this study offers a simple framework to interpret the size and
stoichiometry-dependent spin-lattice relaxation rates in super-
paramagnetic nanocrystals.

4. Conclusion

In summary, the chemical tunability of spin-lattice relaxation
rates in colloidal superparamagnetic CoxFe3-xO4 nanocrystals
was investigated at different particle sizes. With increasing
cobalt content (x), the spin-lattice relaxation rate increases due
to the increase in the spin-orbit coupling strength regardless
of the particle size. However, the range of chemical tunability
of the spin-lattice relaxation rate becomes narrower with the
decreasing particle size. Furthermore, the size dependence of
the spin-lattice relaxation rate becomes weaker as cobalt
content increases in CoxFe3-xO4 nanocrystals. These observations
suggest that spin-orbit coupling of the surface is less sensitive
to stoichiometric variation than the interior of the nanocrystals.
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