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Surface and magnetic interaction effects in MgO, nanopatrticles
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The magnetic properties of 15 nm MD, particles, in powder form and dispersed in a polymer at different
concentrationg17.6%, 1.5%, have been investigated by magnetization and ESR measurements. Below the
ferrimagnetic transition temperatu€.=42 K), marked differences are observed among the three samples in
the temperature dependence of the magnetization, hysteresis loop shape and type and intensity of ESR spectra.
They are due to different strengths of interparticle interactions and different contributions from freéasypins
free cluster spinsat the particle surface. With decreasing temperature their thermal fluctuations slow down and
spins freeze in random directions, according to their local atomic environment. Their fraction is found to
decrease with increasing inter-particle interactions, i.e. going from the more diluted particle dispersion to the
powder sample.
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I. INTRODUCTION effective disordered particle surface layer decreases with in-

Nanostructured materials are very interesting for the widé*'€@sing interparticle interactiorise., going from the more
range of new physical properties that they exhibit as well agliluted particle dispersion to the powdeas shown by the
for their applications in different fielde.g., magnetorecord- decrease of the fraction of free spins that thermally fluctuate
ing, permanent magnets, sensors, biomedicine).'ekcDue ~ below T.
to finite size effects, some basic magnetic properties of ma-
terials, e.g., the spontaneous magnetization, the Curie tem-
perature, and the anisotropy energy, are strongly influenced Il. MATERIALS PREPARATION AND STRUCTURAL
by the particle size. As the particle size decreases, an increas- CHARACTERIZATION
ingffractior:j thatfoms ”;S ?t t?r near the surfzce and. then Mn3O, particles were chemically precipitated at room
surface and interface effects become more and more impoy- o .
tant. Because of the presence of defects, missing bonds, ?Iuée;mperature by mixing MINO5), aqueous solution and

tuations in number of atomic neighbors and inter-atomic dig2dueous sodium hydroxide NaOH solution wiphi ~12.

tances, the surface is characterized by topological an;:irhe obtal_ned .bFOW” powdefmanganese hyd_roxmi_e/vas

magnetic disorder. Such disorder propagates from the surfa ashed W.'th d'St'”ate. water to remove the residual ions. The

to the particle core, actually making no longer valid the pic- !nal solution was boiled n reflux during 5 days and a par-
ticle suspension was obtained. Powder sample of these par-

ture of the particle as a perfectly ordered single domain; . ) .
whose spins rotate in a synchronous way as a large singFéCles (S1) was obtained by drying part of the suspension.

spin#~19The resulting magnetic behavior of very small par- Diluted dispersions of MyD, particles in a polyvinyl-
ticles is complex and the effect of the interplay of Somepyrrolldone(PVFb aqueous solution were also prepared with

0, 0, i i
surface related phenomena is not well understood yet: sut:L—7‘(5/(’(S"’1rm)Ie Sf and 1.5%(sample 5§ of particles in

face anisotropy, which can give a dominant contribution towe|ght.

the total particle anisotropy, core-surface exchange interac-
tion (exchange anisotropy, in the case of different magnetic
phasep and possible competition between surface and core
effects.

We have carried out an investigation of the magnetic
properties of 15 nm MgO, nanopatrticles, in powder form
and dispersed in a polymer at different concentrations, is
reported. MgO, (hausmanniteis a material used as catalyst
in several chemical reactiofis.g., as the selective reduction 20}
of nitrobenzeng and in the manufacture of soft magnetic o [ P\.,M_JT
materials such as the manganese zinc fettiehe structure 10 20 40 50 60
of the bulk MnyO,, below 1443 K, is a tetragonal distorted 2 6 (degrees)
spinel ferrimagnetically ordered beloW,=42 K1?-1¢ The _ _
comparison of the results of magnetization and electron spin F'G- 1. X-ray (CukK,) diffraction pattern of MgO,
resonancgESR) provides an evidence that the role of the S2MPIE(SD.
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FIG. 2. TEM image of S1 samplg@owder sample \ 0.04l 1‘;°K -
The x-ray diffraction pattern corresponds to the J@p 0 &mmomgm@oocﬁq . (. )
phase, without any other phagEig. 1). The particle size 0 20 40 60 80
distribution was determined by transmission electron micros- T (K)

copy(TEM) and light scattering experimengsigs. 2 and 3 . . .
The TEM measurements were performed by a Philips FIG. 4. Zero field cooled-ZFQopen circles and field cooled
CM200 UT instrument operating at 200 kV and the light since 100 K—FC(solid circle§ magnetization measurements for
scattering measurements by a commercial ZetaSizer 10 mples S1, S2, and S3. The insets show the temperature derivative
apparatus working at 90° fixed angle. of the ZFC magnetization vs temperature.

The measured distribution is approximately log-normal
with a mean diametef)=15 nm. Taking into account the S3 samples are reported. The measurements were performed
concentration of the particle dispersions and the particle sizéccording to the usual zero field coolif@FC) and field
the interparticle distances were estimated in 40 nm ango°ling (FC) procedures. The magnetization increases going
100 nm for the 17.6% and 1.5% samples, respectively. In th§0m S3 to S1 sample. With decreasing temperature, a rapid
S3 dispersed sample the particles are far enough to negleffcrease of the FC magnetization is observed for all the

dipole-dipole interactions and therefore the particles can b&2Mples af =42 K, corresponding to the Curie temperature
considered as non-interacting. of bulk Mn;O,, accompanied by the appearance of magnetic

The magnetic properties were investigated in theirrevgr_sibility (difference between FC and .ZFC curye“_éhe .
5-300 K temperature range in applied fields up to 5 T usindransmon temperature QOeS not c_:harjge with the applied fl'eld,
a commercial SQUID magnetometer. The electron spin resd2S shown by the peak in the derivative of the FC magnetiza-
nance (ESR spectra were recorded by a Bruker Esp3oofion vs temperature curve measured applying a field of 5 T

spectrometer at 9.5 GHz from room temperature down tdFig- 5, insel. For the S3 sample, the application of 5T
2 K. determine a change of thé vs T curve towards a Curie-type

behavior, reflecting the tendency of the particle moment to
[ll. RESULTS AND DISCUSSIONS align in the field direction. The irreversibilitgdifference be-
nfween FC and ZFC branches, Fig. hdicates an induced

In Fig. 4, the results of magnetization measureme ; . : .
Ooreferenual orientation of the particle moments along the

(H=50 Og as a function of the temperature on S1, S2, an

30 sl % 10
. 251 .“"’0-...% %" 2636 60 80
2 I 20} W TK)
E 20 - a sl “o...
= [ E 0 " " A ~..|.M
Z 15} 3 [. .
%] | 2 % %
= 40 |
= 10t % I
S 0
nc: 5L 20} ».... ozo';oas(o)so
. 3 e
Ok e 0 . N N N
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10 15 20 25 30 35 T (K)
a (nm) FIG. 5. Temperature dependence of the FC magnetization mea-

sured at 5 T for the S1 and S3 sample. The insets show the tem-
FIG. 3. Particle size distribution determinate by light scatteringperature derivative of the magnetization in function of the
experiments. temperature.
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FIG. 6. Hysteresis loop of S1, S2, and S3 measured at

T=30 K, 10 K. and 5 K. FIG. 7. Temperature dependence(a¥ coercive field,(b) rem-

anent magnetization normalize with the saturation magnetization,
. ! . L ¢) and (d) magnetic moment and magnetically ordered volume of
applied f'el(?' No §uperparamagnetlc _behaV|or IS obserye he nanoparticle, calculated from the extrapolation of the saturation
due to the high anisotropy of the material. Indeed the particlenagnetization at zero field, respectively. The fill circles correspond
size is much larger than the superparamagnetic threshold val; 51, the open triangles correspond to S2, and stars correspond to
ume (Vy,) at T=42 K, Vi, =1.7X 100 cn?® (¢, =7 nm), es- g3,
timated from the Arrhenius law/y,=kgT log(7/ 79)/ K, where
K is the anisotropy constarithe anisotropy constant of bulk we will discuss this point later. Moreovét, of S2 sample is
Mn30,, Kpu~ 1% 10° erg/cnt, is takert), kg is the Boltz-  larger than the more dispersed qi$8) and decreases for the
mann constantr is the measurement tim@&00 g, andryis  powder sampléS1) where the interactions are stronger. The
the characteristic relaxation tin{@0 % s is takei. H. behavior observed for the three samples is due to the
In the sample S3Fig. 4), consisting of noninteracting different degree of interparticles interactions. For S3, the in-
particles, a change of slope in tMevs T curve is observed teractions are negligible and the main contributionHg
at T~7 K, with a more rapid increase of magnetization, ac-comes from the magnetocrystalline anisotropy; for S2, weak
cording to a Curie-type law, below this temperature. Theinterparticle interaction&ipolar interactionincrease the ef-
derivative of the magnetizatiohM/dT shows a peak at this fective anisotropy, leading to highét. values. For the pow-
temperaturdinset of Figs. 4 and )6 der sample, the interactions are much stronger and the ex-
In Fig. 6, magnetization as a function of magnetic fieldchange interactions lead to a decrease oftthealue?’
curves after ZFC folT<T, are reported. The observed be- In Fig. 7(b), the temperature dependence of the remanent
havior suggests the existence of two contributions to themagnetizatiorM, normalized to the core magnetizatidfy.,
magnetization: a saturating contribution, coming from theobtained by the extrapolation of the high field magnetization
magnetically ordered particle core, and a nonsaturating onég H=0 is reported. For dispersed particle sampgle2 and
up to a field of 5 T, coming from the structurally and mag- S3), M,/M, shows a maximum centered at 20 K, whereas
netically disordered structure. The tendency to nonsaturatiofor the powder sample it is almost temperature independent.
is more marked with decreasing interparticle interactionsfFor the S3 sample, the low temperature decrease of Hoth
i.e., going from S1 to S3 sample, for which an increase of theandM,/M_. reflects the narrowing of the hysteresis cycles at
high field slope with decreasing temperature is observed. Albw temperature, as observed at 5Kg. 6).
low temperature, the cycles are not symmetrical with respect In Fig. 7(c), the corresponding temperature dependence of
to the origin, showing a small shift towards negative fieldsthe particle core magnetic moment is reported. The particle
(see Fig. 6. This effect has been also reported in bulk singlecore volume(on the right axis the core volume normalized to
crystals!® due to a realignment of ferromagnetic sublatticesthe total particle volumg was estimated from the particle
occurring at fields larger than 10 kOe. Hysteresis cycles wereore momentu.=MgV,) and is reported in Fig.(d). It is
performed also after field cooling at the maximum field. Nonoteworthy that a large fraction of particle volume does not
loop shift was observed, unlike what observed in other muclbelong to the core and remains magnetically disordered.
smaller ferrimagnetic or antiferromagnetic nanoparticles sysMoreover, the actual particle volume decreases going from
tems, e.g., NiFg, and NiO nanoparticles, respectivély. the S1 to S3 sample and the volume of S3 increase when the
The absence of exchange bias effect is probably mainly dugemperature decreases, especially below 10 K. At 5 K, both
to the much lower surface/volume ratio in our particles.  the core volume and the particle moment have quite similar
In Fig. 7(a), the temperature dependence of the coercivevalues for the three samples. The rapid increase of the core
field (H,) is reported for the three sampldd, values were volume for S2 and S3 samples is in agreement with the de-
extracted from the loops where the high field contribution ofcreasing of the free spins at the surface, due to the progres-
the magnetization was previously subtracted. It is noteworsive freezing of magnetically ordered regions at the surface
thy that for the S3 samplel, shows a maximum at+20 K, and the presence of interactions between surface and core
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FIG. 9. Double integral of the paramagnetic ESR line as a func-
tion of the inverse temperature for S2 and S3 samples.

or below if). In the bulk sample, the short-range interaction
is evidenced by the increase in the linewidth starting from

- 20
FIG. 8. X-band ESR spectra of S2 at different temperature andl =95 K.

S1 at 300 K. The spectrum &2 K was reduced in a factor 10in [N Fig. 9, the double integral of the ESR lingsropor-
order to fit the same scale. tional to the magnetic susceptibiljtyith g=2.0205) is re-

ported as a function of the inverse temperature, for the S2
spins. This fact explains the approach of the core volume andnd S3 samples. In order to compare both dependencies we
magnetic moment of S2 and S3 samples to that of S1 sampleave normalized the integral valugsoportional to the mag-
at low temperature. netization to the room temperature values. In both ESR-

In Fig. 8, ESR spectra for the S2 sample at different tem<eptibility curvesa change of the slope &=10 K is ob-
peratures and for the S1 sample at 300 K are reported. S&rved. The curves present a smaller slope below 10 K,
sample has the same behaviour as S2 sample, but the spedtidicating a decrease of the free spins that may resonate with
are weaker because of the smaller concentration of the pathe microwave excitation. This is due to the slowing down of
ticles in the polymer. The large line observed for the Silsurface spin fluctuation, their subsequent freezing with de-
sample corresponds to strongly interacting®ions whose  creasing temperature and the growth of exchange coupled
hyperfine spectrum is not resolved. When dipolar interac¢lusters at the surface, interacting among them and with the
tions between particles are present the ESR line is the resutbre spins. The spin freezing is expected to be in random
of the convolution of the spectra with different resonantdirections, according to the spin local atomic environments.
fields due to the distribution of local effective fields. On the The decrease of the slope in the S3 sample is much stronger
other hand, a hyperfine structure is observed in the spectruthan in the S2 sample. This indicates that the degree of sur-
of dispersed samples S2 and @®t shown. At 3300 Gauss face disorder, associated with the fraction of free spins which
the typical resonance of MAions in the paramagnetic state freeze at low temperature, actually is higher in the more
is observed, superimposed to a large signal due to clusters phrticle diluted sample.
spins. The six lines correspond to the hyperfine splitting of The results of ESR experiments are coherent with those of
the free spins due to the interaction between the electronimagnetization measurements and allow us to gain a better
spin(S=5/2) and the nuclear spifi=5/2). In this case itis insight into the comparison between the magnetic behavior
able to observe the structure of the resonance line becausé the three samples. The more rapid Curie-type increase of
the thermal fluctuations average to zero the dipolar interacmagnetization below 10 K, observed in the S3 sample, con-
tion and, as a consequence, the linewidth of the resonancefisms the presence of a higher fraction of free spins at the
shrunk. This behavior is usually found in compounds whereparticle surface with respect to the other two samples. Free
the spins have high mobility, as in the case of ®ions in  surface spins are also responsible for the nonsaturation ten-
glasses or solutions. This result provides a clear evidence afency in theM vs H curves, increasing with decreasing tem-
the presence of free spins and cluster of spins, which shoulgerature. Consistently with the other experiments, the non-
be located at the particle surface. saturation tendency is more marked going from the S1 to S3

From Fig. 8 we also can see thaflat59 K, and forafew sample, for which the free spins fraction is higher. These
Kelvin, a ferromagnetic resonance line signal at low fields isresults are also in agreement with the observed maxima of
observed. This resonance line is originated by the ferrimagboth H, and M,/ M for the S2 and S3 samples. Indeed, the
netically ordered core and it is observable only in a narronlow temperature decrease of béthandM, /M. is due to the
range of temperatur:1® As mentioned above, due to the increasing contribution to the magnetization with decreasing
high anisotropy constant of M@®,, the ferromagnetic mode temperature from the paramagnei@nd superparamagnetic
can be observed only in the short exchange interaction ranggomponent due to free spins and cluster spins. Moreover, the
from T=59 K to nearT, (we do not observe any changelat low temperature random spin freezing at the surface, tending

Magnetic Field ( kGauss)
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to demagnetize the sample, also contributes to the low termetization below 10 K and narrowing of the hysteresis cycle,
perature narrowing of the hysteresis cycles, reflected by thtor the S3 sample; non-saturation of the magnetizatanmd
associated decrease of béthandM,/M.. The above results in the ESR(paramagnetic signal due to Mnions and cluster
indicate a higher relative contribution to the total magnetiza-signal. With decreasing temperature, thermal spins fluctua-
tion from the surface component with respect to the cordions slow down, exchange coupled clusters grow and inter-
component for the S3 sample consisting of noninteractingict among them and with core spins and then a random
particles, as confirmed by the much smaller core magnetizdreezing occurs at the surface according to the local environ-
tion and volume with respect to the other two samples. ments. The observed surface effects decrease with increasing
interparticle interactions.
Both magnetization and ESR measurements are coherent
IV. CONCLUSIONS in providing evidence that the fraction of free spins at the
The magnetic properties of 15 nm Mp, particle, in surface decrease with increasing interparticle interactions

powder form(S1 samplgand dispersed in a polymer at dif- (- 90ing from the S3 to the S1 samplehich actually
ferent concentrationl7.6%, S2; 1.5%, S3have been in- prevent surface spins to 'therma'lly fluctuate. The phenom—
vestigated by magnetization and ESR measurements. The §010N, observed for both dipole-dipole and exchange interac-
and S3 samples represent the two extreme cases of strondl§"S; 1S more marked for the powder sample, where inter-
interacting and noninteracting particles. The results providé’amde exchange interactions directly involve surface spins.
evidence of a surface contribution to the observed magnetic
properties, due to spin@nd clusters of spinsvhich remain
free to thermally fluctuate below the core ferrimagnetic tem-  This work has been accomplished with partial support by
peraturg(T,=42 K). The surface contribution manifests itself CONICET-CNR (Argentine-Italy cooperation project and
both in the magnetizatiotmore rapid increase of the mag- Fundacién AntorchagArgentine.
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