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Nanoclusters and nanocrystals of the room temperature magnetic spinel CuCr2S4 synthesized using

a facile solution-based method have been examined by transmission electron microscopy, magnetic

measurements, and magnetic resonance over a wide frequency range 9.6–80 GHz and at tempera-

tures down to 4.2 K. Decreasing of the resonance field and broadening of the resonance lines below

50 K for both samples are due to the freezing of magnetic moments of nanocubes and nanocrystal-

line particles constituting nanoclusters. The effective fields of averaged magnetic anisotropy

hHAiffi 2.4 kOe are similar for both nanopowder samples as estimated from resonance measure-

ments at T¼ 4.2 K. An additional blocking temperature Tb ffi 300 K appears in nanoclusters due to

freezing of the magnetic moment of the entire cluster as a whole. Below this blocking temperature,

the magnetic dipolar field acting in boundary areas of interacting constituent nanocrystals is respon-

sible for the additional low-field resonance line observed in the resonance spectra of nanoclusters

at X-band. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891993]

I. INTRODUCTION

The physics of nanoscale magnetic materials has been

an active research subject in the last few decades not only

for technological reasons but also from fundamental research

point of view. In the last decade, detailed investigations have

been carried out in the field of nano-sized magnetic particles,

because of their various promising applications in ferro-

fluids, high-frequency electronics, high performance perma-

nent magnets, and magnetic storage devices.1–3 Magnetic

particles are also attractive for use in biology and medical

applications such as drug-targeting, cancer therapy, lymph

node imaging, and hyperthermia.1,4

The study of an ensemble of single-domain magnetic

nanoparticles is of particular interest.5 Such nanoparticle

behaves like a small permanent magnet whose magnetic

moment can be up to 105 Bohr magneton (lB). A system

consisting of non-interacting single-domain particles is char-

acterized by superparamagnetic behavior with instability of

the magnetization due to thermal agitation.6,7 At tempera-

tures below a certain blocking temperature, the directions of

the individual magnetic moments of the particles are frozen

and, in general, are distributed randomly due to the distribu-

tion of the easy axis of magnetic anisotropy for individual

particles.

If the interaction between the particles cannot be

neglected, their magnetic properties can be determined by

the dipole field energy along with the thermal and magnetic

anisotropy energies. At sufficiently high packing densities,

the inter-particle interactions have profound effects on the

spin dynamical properties of the particle assembly. In this

case, the inter-particle interactions not only modify the

energy barrier arising from the anisotropy contributions of

each particle but may produce a low temperature collective

state that is completely different from the individual blocked

one.7–9

The magnetic resonance properties of non-interacting or

weakly interacting magnetic nanoparticles are currently the

subject of intense experimental and theoretical studies (see,

e.g., Refs. 10–12).

In this paper, we present results of the investigation of

the magnetic resonance and structural properties of

CuCr2S4 nanopowder. Among the chalcospinels, Cu- and

Cr-based systems are unique in that they are ferromagnetic

metals at room temperature with Curie temperatures (TC) of

377, 430, and 360 K for CuCr2S4, CuCr2Se4, and CuCr2Te4,

respectively. As for Cu-Cr-S system, depending on the syn-

thesis conditions, pure disulphide CuCrS2 or spinel CuCr2S4

compounds can be obtained separately, but a mixture of the

two phases is also possible. In the case of the latter, the na-

ture of formation of the CuCr2S4 phase in the bulk CuCrS2

matrix depends also on the synthesis conditions. It may

form large volume areas, thin layers, or islands, which are

uniformly or randomly distributed in the CuCrS2 ma-

trix.13,14 It was shown recently15 that pure-phase CuCr2S4

spinel in the form of nanocubes or nanoclusters can be

obtained by solution chemistry with choice of specific syn-

thesis solvents.

Our resonance and structural studies show that below

50 K, magnetic freezing occurs in both the nanocubes and

smaller particles constituting nanocluster samples. The freez-

ing of the magnetic moments causes a low temperature shift

of the resonance fields and broadening of resonance lines.

An additional blocking behavior around 300 K appears ina)E-mail: pank@iph.krasn.ru
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nanoclusters due to freezing of the magnetic moment of the

whole nanocluster, whose averaged anisotropy determines

the energy barrier between the states. Below this blocking

temperature, an additional low-field resonance line is

observed in the resonance spectra of nanoclusters at X-band

due to the additional dipolar field acting in the boundary

areas of the interacting constituent nanocrystals.

II. SYNTHESIS OF CuCr2S4 NANOCLUSTERS AND
NANOCRYSTALS

The synthesis of nanopowdered CuCr2S4 is described in

detail in Ref. 15, where using oleylamine (OLA) as a solvent

yielded nanoclusters with an average size of 31 6 2.5 nm,

while with octadecylamine (ODA), cube-shaped nanocrys-

tals with an average size of 20 6 2 nm were obtained.

The phase purity of the synthesized nanocubes and

nanoclusters was confirmed by powder X-ray diffraction,15

which indicated the expected spinel structure (fcc, space

group Fd3m) with lattice parameters 9.922Å and 9.916 Å for

ODA- and OLA-capped particles, respectively.

The morphology and structure of the nanoclusters and

nanocrystals were investigated by high resolution transmis-

sion electron microscopy (HRTEM). The cube-shaped nano-

crystals prepared using ODA as a solvent are defined as

nearly perfect cubic-shaped particles with size of 20 6 2 nm

(edge-to-edge). The TEM images of the cube-shaped nano-

crystals and their detailed description can be found in Ref.

15.

The morphology of nanopowder prepared using OLA

and used in this study differs from that mentioned in Ref.

15, where only nanoclusters with the average size of

31 6 2.5 nm composed of oblate shaped smaller particles

were found. We found the nanoclusters with sizes from 80

to 140 nm composed of smaller particles (Fig. 1(a)), which

are on the average larger than those in Ref. 15. In addition,

some nanocrystals with sizes approximately varying from

15 to 40 nm that appear like single crystals are observed in

Figs. 1(a) and 1(b). The measured distance between the lat-

tice fringes from the HRTEM image in Fig. 1(b) is 0.56 nm

corresponding to the (111) planes of cubic CuCr2S4.

Moreover, lattice fringes with distance of 0.25 nm between

them, corresponding to the (400) planes, are clearly visible

in the neighbor particle in Fig. 1(b). From energy-dispersive

spectroscopy (EDS) analysis, all particles correspond to the

chemical compound CuCr2S4.

III. EXPERIMENTAL RESULTS

In the temperature range 77–370 K, the resonance spec-

tra were collected with a Bruker spectrometer (Elexsys

E580) operating at X- and Q-band (�¼ 9.7 and 36 GHz,

respectively) using 100 kHz modulation frequency. The tem-

perature evolutions of the X-band spectra of the CuCr2S4

nanoclusters and nanocubes are shown in Fig. 2.

Fig. 2 shows the appearance of resonance lines at 350 K

and 360 K for the nanoclusters and nanocrystals, respec-

tively, which can be ascribed to the TC. These values are in

agreement with the TC’s reported in Ref. 15 and somewhat

lower than the bulk value of 377 K.16,17 Lowering of the

Curie temperature in comparison with the bulk substance can

be attributed to the nanometer scale size of the particles that

leads to the strong influence of the demagnetizing factors

and surface effects. With lowering the temperature, a single

line with an almost Lorentz shape is observed for the nano-

cubes at all temperatures, while two resonance peaks can be

seen at temperatures below 300 K for the nanoclusters spec-

tra. Fig. 3 shows the temperature dependence of the reso-

nance fields for two clearly visible resonance peaks of the

nanocluster sample. In contrast, the resonance spectrum for

the nanoclusters measured at temperatures 120<T< 300 K

in Q-band is a single line.

The resonance linewidth of the nanocube sample meas-

ured at X-band increases monotonously with decreasing

FIG. 1. TEM (a) and HRTEM (b) images of CuCr2S4 OLA nanopowders.

FIG. 2. Temperature evolutions of the

X-band spectra: (a) nanoclusters, (b)

nanocubes.
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temperature (see Fig. 4). It is seen qualitatively from Fig. 2

that the widths of the individual lines in the resonance spec-

trum for nanoclusters also increase with decreasing tempera-

ture. However, the resonance spectrum at temperatures

below 300 K is poorly described by the sum of two

Lorentzian or Gaussian shaped lines. Therefore, the tempera-

ture dependence of the linewidth for the nanocluster sample

is given only for the more pronounced high-field resonance

line.

At low temperatures, the resonant properties of the nano-

cluster and nanocubes were studied over a wide frequency

range using a magnetic spectrometer with pulsed magnetic

field.18 The frequency-field and temperature dependencies of

the magnetic resonance were investigated.

The frequency-field dependencies measured for the

nanoclusters and nanocubes at T¼ 4.2 and 80 K are shown

in Fig. 5. The inset shows the dependencies for the nanoclus-

ters over an extended frequency range. For both the nano-

cluster and nanocube samples, the dependencies are linear at

both temperatures and gapless at T¼ 80 K. At T¼ 4.2 K, the

energy gap of the resonance spectra is �c � 7 GHz for both

samples.

The temperature dependencies of the resonance fields

have been measured for the nanocluster and nanocube sam-

ples at various frequencies. To compare them, we represent

the data normalized to the value at T¼ 80 K as shown in Fig.

6. The resonance field values decrease below �50 K for both

the nanocube and nanocluster samples. The temperature shift

of the resonance field is weaker for the nanocubes than in the

nanoclusters, which is in accordance with the respective

frequency-field dependencies (see Fig. 5).

The typical temperature dependencies of the linewidths

for the nanocluster and nanocube samples are depicted in

Fig. 7. It can be seen that the linewidths for both samples

increase monotonically with decreasing temperature below

approximately 80 K, and the resonance line width is greater

for the nanoclusters.

For all the resonance measurements, no dependence of

the resonance parameters on cooling condition (ZFC or FC)

was observed in contrast with the magnetization data.15 This

suggests that the energy barriers between ZFC and FC states

are much smaller than the energy of the field values used for

the resonance experiments.

FIG. 3. Temperature dependencies of the resonance fields measured at X-

band for the two resonance peaks for nanoclusters (closed circles and

squares). Open circles present the resonance fields for the nanocubes.

FIG. 4. Temperature dependences of the resonance linewidths measured at X-

band: open squares—nanocubes, closed circles—nanoclustersþmMgCO3�Mg

(OH)2�nH2O (X-band), open circles—nanoclusters, high-field resonance line.

FIG. 5. Frequency-field dependencies measured for the nanocluster and

nanocubes at T¼ 4.2 and 80 K.

FIG. 6. Temperature dependencies of the resonance fields for the nanoclus-

ter and nanocube crystals normalized to T¼ 80 K.
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IV. DISCUSSION

Our experimental data show that at low temperatures

(below �50 K), the resonance properties of the nanoclusters

and nanocubes have the same features: the formation of gap

character in the resonance spectrum and significant broaden-

ing of the resonance lines with decreasing temperature. On

the other hand, at high temperatures (above 50 K), a splitting

of the resonance spectrum into two lines is observed at X-

band for the nanocluster sample only, along with a strong

decrease of the resonance field for the low-field line with

decreasing temperature. In contrast, the single resonance line

for the nanocubes exhibits almost temperature-independent

resonance field at T> 50 K.

The appearance of two resonance lines in the nanoclus-

ters below �300 K cannot be attributed to the anisotropic g-

value (for example gjj and g?). In the case of the anisotropic

g-value, the splitting of the resonance spectra should increase

with increasing resonance frequency. However, a single res-

onance line is obtained when measured in Q-band at temper-

atures of 120 K<T< 300 K. Notice, however, that the

linewidth in Q-band is more than approximately twice larger

in comparison with the X-band.

The interpretation of the results can be made based on

comparison of the magnetic properties of the nanocluster and

nanocube samples. The temperature dependences of ZFC

and FC magnetizations were measured with a SQUID mag-

netometer in fields of 50–500 Oe for the nanoclusters

(Fig. 8(a)) and nanocubes (Fig. 8(b)): A comparison of the

samples. These peaks define the values of the blocking tem-

perature Tb, which is close for both samples (approximately

30–50 K). However, the magnetizations of the nanocluster

and nanocube samples differ substantially in the temperature

range 60–300 K. There is an additional distinct high-

temperature peak in the ZFC magnetization for the nanoclus-

ter sample at a temperature of approximately 290 K, which is

absent in the nanocube sample. The temperature dependen-

cies of the ZFC and FC magnetization of the nanocubes are

typical for the superparamagnetic state at temperatures above

60 K. Most likely, the slight difference between the ZFC and

FC magnetizations that appears below 200 K can be

explained by the dispersion of the particle sizes.

The appearance of the blocking temperature is typical

for superparamagnetic particles.5,6 They will manifest in the

properties of superparamagnetism if the time s for change of

the direction of the magnetization of the particle due to ther-

mal fluctuations is comparable to or less than the characteris-

tic measurement time sm. The characteristic time of the

inversion of the magnetization of a single domain particle of

volume V and anisotropy constant Keff can be estimated from

the N�eel–Brown relation,19 which is valid for non-

interacting particles:

s ¼ s0 exp
Kef f V

kBT

� �
; (1)

where kB is Boltzmann’s constant and the typical values of

the characteristic flip time s0 depend on parameters such as

the temperature, magnetization, gyromagnetic ratio, anisot-

ropy constant, etc., and are in the interval 10�13–10�10 s.5,6

From this expression, the volume of the particle can be esti-

mated as

V ¼ ln
sm

s0

� �
kBT

Kef f
: (2)

Thus, it follows that the blocking temperature is deter-

mined by the size of the particle with other parameters being

equal. Consequently, there are two characteristic dimensions

in the nanocluster samples that define two different blocking

temperatures.

We assume that the low blocking temperature is deter-

mined by the freezing of the magnetization directions in the

FIG. 7. Temperature dependencies of the linewidths for the nanocluster and

nanocube samples.

FIG. 8. Temperature dependences of

FC and ZFC magnetizations in the

nanocubes (a) and nanoclusters (b).
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nanocubes or the smaller particles constituting the nanoclus-

ters. Thus, the gapped character of the magnetic resonance

found for both the nanocluster and nanocube samples below

50 K is related to the blocked state, and the gap is defined by

the mean value of the anisotropy field:20

x=c ¼ H þ hHAi: (3)

A similar behavior of the resonance spectra was previously

observed for many ensembles of nanoparticles.10,11,21,22 The

similar values of hHAiffi 2.4 kOe for both samples can be

estimated from the resonance data of Fig. 5 at T¼ 4.2 K.

This value is close to that found in bulk chalcogenide spi-

nel.23 Using the value of the saturation magnetization of a

nanocube of MSffi 30 emu/g15 results in jKeffj ffi 1 � 105 erg/

cm3. Additionally, with the conventional value of sm¼ 10 s

for dc magnetization measurements in Ref. 15 and

Tb¼ 50 K, we can estimate the particle size of the nanocubes

from the Eq. (2) to be Dncubeffi 12 nm. This value is appreci-

ably lower than Dncubeffi 20 6 2 nm found in Ref. 15 by

TEM. Note that the similar low-temperature blocking with

Tbffi 30 K was observed in CuCr2S4 powder consisting of

crystallites with size of about 8 nm prepared by mechanical

alloying.24 For a more accurate estimation of the particle

sizes from the N�eel–Brown Eq. (1) or Vogel-Fulcher equa-

tions,25 the ac-magnetization measurements over a wide fre-

quency range should be used (see, for example, Ref. 26).

Note also that the frequency-field dependences of the

resonance for both nanoclusters and nanocubes at T¼ 4.2 K

show comparable values of the energy gap, which are deter-

mined by similar values of the averaged anisotropy field (3).

Thus, the similar sizes of the nanocubes and nanocrystalline

particles constituting the nanocluster determine the close val-

ues of the blocking temperature (about 50 K) and the similar

low-temperature resonance properties of these two materials.

Most likely, another characteristic size which can result

in the high blocking temperature near 300 K in nanoclusters

is the size of a cluster. Due to the compact arrangement of

the constituent particles in the cluster, the interaction

between them becomes significant. The primary type of

interaction is dipole-dipole type, but the exchange interac-

tion contribution between the particles can also be noticeable

for a high degree of compactness.5 As a result, ferromagnetic

ordering of the cluster can occur, and the cluster can be con-

sidered as a superferromagnetic particle.5 Estimates show

that the magnetic moment of a cluster with an average size

of 100 nm could reach �107lB.

Based on the average cluster size of 100 nm and a block-

ing temperature of 300 K, we can estimate the value of the

anisotropy constant for the cluster that determines the energy

barrier between the two easy-axis states. The obtained value

of Keff ¼ 1 � 103 erg/cm3 is two orders of magnitude less

than the anisotropy constant for the individual particle of a

cluster estimated at T ¼ 4.2 K. The magnetic anisotropy of a

cluster as a whole can have two main contributions: (i) the

shape anisotropy of the cluster and (ii) the anisotropy aver-

aged over the entire ensemble of particles constituting the

cluster. The shape anisotropy of the cluster is negligible due

to its nearly spherical shape. The magnetic anisotropy of the

individual particles at 300 K is small due to the proximity of

the Curie temperature (see, for example, Ref. 23). Moreover,

the averaging of the anisotropy over the cluster results in an

additional decrease of the anisotropy because of the random

orientations of the easy axes of individual particles.

Due to the compact arrangement of constituent nano-

crystals in a cluster, the interaction between the nanocrystals

is significant. We assume that the boundary areas of the con-

stituent nanocrystals are in the effective field determined by

the sum of the external magnetic field Hext and the additional

effective field due to the interactions between particles

Hint(T).

Hef f ¼ Hext þ HintðTÞ: (4)

The energy of the dipole-dipole interaction, which provides

the main contribution to the interaction between the par-

ticles, is proportional to r�3, where r is the distance between

the centers of the particles. Hence, it is clear that the strong-

est effective field of the dipole-dipole interaction acts in the

border areas of neighboring particles and decreases down

rapidly inside them. In the closely packed cluster, every par-

ticle is surrounded by up to 12 neighboring ones. This means

that the boundary areas of the constituting particles are situ-

ated in an effective field Heff (4).

We believe that the resonance absorption in these areas

is the reason for appearance of the low-field resonance peak

of the resonance spectra in the nanoclusters. The low inten-

sity of this resonance line reflects the fact that only boundary

areas of nanocrystals are under the effect of dipolar interac-

tion. The dipolar field Hd-d(T) depends on the temperature as

Hd-d(T) � MS(T), where MS is the saturation magnetization,

and its increase with decreasing temperature defines the tem-

perature dependence of the resonance field for the low-field

resonance line (see Fig. 3). The effective field resulting from

interactions between the smaller particles of nanoclusters is

estimated from the temperature dependence of the resonance

field in Fig. 3 using Eq. (4): Hintffi 1000 Oe at T¼ 150 K. As

it follows from formula (4), the same shift of the low-field

resonance peak should be observed with decreasing tempera-

ture in the Q-band.

However, the additional line is not resolved because of

the large linewidths at these frequencies.

Strictly speaking, the interaction between the particles

can exist not only inside the cluster but also between the

neighboring clusters in which the magnetic moments are also

frozen. However, such interaction will be weaker due to the

fact that the distances between the clusters are significantly

greater than those between the particles in a compact cluster.

The visible second resonance peak in the resonance spectra

of the cube-shaped nanocrystals is absent at temperatures

150–300 K, where they are superparamagnetic, as it readily

follows from Fig. 8(a).

The field dependences of magnetization measured at

various temperatures (Fig. 9) confirm the proposed scenario

of the behavior of nanocluster and nanocube ensembles.

Non-hysteretic magnetization curves are observed for both

samples at T¼ 318 K (Fig. 9(b) and 9(d)) confirming the

superparamagnetic behavior of both nanocube and

054302-5 Pankrats et al. J. Appl. Phys. 116, 054302 (2014)



nanocluster ensembles. At T¼ 185 K, i.e., below the high

blocking temperature near 300 K, a distinct ferromagnetic

hysteresis loop with coercivity value of �80 Oe is obtained

for the nanoclusters (Fig. 9(a)). However, the field depend-

ence for the nanocubes remains non-hysteretic at the same

temperature (Fig. 9(c)).The red lines in Figs. 9(b)–9(d) corre-

spond to the Langevin fits. At T¼ 5 K, the magnetization of

both ensembles of nanoparticles are frozen and the corre-

sponding field dependences as they are presented in Ref. 15

possess a typical hysteretic behavior. Interestingly, the aver-

age size of the nanocubes estimated from the Langevin fit at

T¼ 185 K is equal to 16.5 nm that is rather close to our esti-

mation from the blocking temperature. There is little sense

in a similar estimation for the nanoclusters since they are

unlikely to remain single-domain.

To decrease the influence of interparticle magnetic interac-

tions between the constituent nanocrystals in a cluster,

theCuCr2S4nanocluster sample was diluted by nonmagnetic

fine powdered magnesium carbonate mMgCO3�Mg

(OH)2�nH2O in ratio (CuCr2S4): (mMgCO3�Mg(OH)2�nH2O)

ffi 1:20. Thereafter, the obtained mixture was thoroughly

ground in the agathic mortar. Figs. 10(a) and 10(b) show TEM

images with different magnification of CuCr2S4 nanoclusters

after such treatment. It is seen that the majority of the clusters

are destroyed and mainly well separated nanocrystals, with

dimensions of 20–40 nm (see Fig. 10(b)), are observed in the

background of the magnesium carbonate plates.

The resonance measurements of the diluted sample car-

ried out at X-band under the same conditions as for the origi-

nal nanoclusters sample confirm such transformation (see

Fig. 11). In contrast with the original nanoclusters sample

spectra (see Fig. 2(a)), a single line is observed at all temper-

atures down to 77 K. The temperature dependence of the

FIG. 10. TEM images ((a) and (b)) of CuCr2S4 nanoclusters after diluting

with magnesium carbonate and grinding.

FIG. 11. Resonance spectra of the diluted sample at two different

temperatures.

FIG. 9. Field dependencies of magnetizations of the nanoclusters and nanocubes at 185 and 318 K. The red lines correspond to the Langevin fits.
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linewidth of the diluted sample measured at X-band is

depicted by closed circles in Fig. 4. However, it appears that

some amount of the nanoclusters remains unaltered.

Therefore, at T¼ 77 K, the resonance line is slightly asym-

metrical, the low-field part of the line is more expanded due

to the contribution of the dipolar interaction in the residual

clusters in contrast with the room temperature resonance

line, which is of the Lorentz type and symmetrical.

The temperature dependencies of the resonance line-

widths at X-band (see Fig. 4) also reflect the influence of the

local magnetic fields (Eq. (4)). For all the investigated sam-

ples (cube-shaped nanocrystals, nanoclusters, and diluted

nanoclusters), the linewidth increases monotonously with

decreasing temperature. Over the entire temperature range

(Fig. 4), the nanocluster samples have the highest values of

the linewidth, the cube-shaped nanoparticles—the smallest

ones, and the linewidth of the diluted nanocluster samples

have intermediate values. The same ratio of the linewidths is

maintained at temperatures below 60 K. As follows from

Fig. 7, the resonance linewidths of the nanocubes and diluted

nanoclusters at T¼ 4.2 K amount to approximately 2.5 kOe,

which is close to the average value of the anisotropy field

found from the resonance measurements. At the same time,

the linewidth for the nanoclusters is approximately twice as

high due to the dipole interaction contribution between the

constituent nanoparticles. However, as is seen from Fig. 4,

extrapolation to the Curie temperature where the contribu-

tion of the dipolar interaction becomes negligible gives the

linewidths at X-band equal for all samples, DHffi 180 Oe.

At the same time below 60 K, the frequency-field and

temperature dependencies of the resonance properties for the

diluted nanocluster sample coincide with that of the original

nanocluster sample. For example, the temperature depend-

ence of the resonance field measured for the diluted nano-

cluster sample is shown in Fig. 6 by open triangles.

The interpretation given above explains the appearance

of a high blocking temperature by the freezing of magnetic

moment of the whole nanocluster whose averaged anisotropy

determines the energy barrier between the states. Note that

below the freezing temperature of the magnetic moment of

the whole cluster, the principal line of the magnetic reso-

nance spectrum should be also shifted to smaller magnetic

fields according to Eq. (3), as it occurs at lower temperatures.

However, unlike the low temperature range, this shift is neg-

ligible due to the small estimated value of the magnetic ani-

sotropy of the cluster.

It is known that a sharp increase in the anisotropy con-

stant occurs in bulk copper-chromium spinel with decreasing

temperature.23 This leads to the fact that at low temperatures

the anisotropy of the constituent nanocrystal particles of the

clusters becomes substantial, and at T<�50 K, the freezing

of the magnetic moments occurs in the particles constituting

the clusters and in the individual single-crystal nanoparticles

existing in the OLA-sample.

V. CONCLUSIONS

Nanoclusters and nanocrystals of the room temperature

magnetic spinel CuCr2S4 synthesized using a facile solution-

based method were examined by transmission electron mi-

croscopy and by magnetic resonance in a wide frequency

range 9.6–80 GHz and at temperatures down to 4.2 K. The

lowering of the magnetic phase transition temperature TC

down to 350 K and 360 K (for nanoclusters and nanocrystals,

respectively) in comparison with the bulk substance was

confirmed.

Decreasing of the resonance field and broadening of the

resonance lines are found below �50 K for both the nano-

cluster and nanocube samples. These phenomena are typical

for superparamagnetic particles and are explained by the

freezing of magnetic moments of the particles (nanocubes

and nanocrystalline particles constituting the nanoclusters)

due to the magnetic anisotropy. Similar values were esti-

mated for both nanopowder samples effective field of the

averaged magnetic anisotropy hHAiffi 2.4 kOe from the reso-

nance measurements at T¼ 4.2 K.

It was shown that an additional blocking temperature

Tbffi 300 K appears in the nanoclusters, likely due to the

freezing of the magnetic moment of the whole nanocluster

whose averaged anisotropy determines the energy barrier

between the states. Below this blocking temperature, an

additional low-field resonance line was found in the reso-

nance spectra of the nanoclusters at X-band. The additional

line is related to the effective field acting in the boundary

areas of the constituent particles due to their mutual interac-

tion. The effective field originates mainly from the dipolar

interaction and amounts to Hintffi 1000 Oe at T¼ 150 K. The

additional resonance line is absent in the nanocubes and dis-

appears in the nanoclusters after dilution with magnesium

carbonate and grinding.
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