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Electron paramagnetic resonance spectra near the spin-glass transition
in iron oxide nanoparticles
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Electron paramagnetic resonan@&>R in iron-oxide nanoparticleé~2.5 nm embedded in a polyethylene
matrix reveals the sharp line broadening and the resonance field shift on sample cooling peld@K. At
the same temperature a distinct anomaly in the field-cooled magnetization is detected. The temperature depen-
dences of EPR parameters beldw are definitely different than those found for various nanoparticles in the
superparamagnetic regime. In contrast to canonical bulk spin glasses, a linear fall-off of the EPR linewidth is
observed. Such behavior can be explained in terms of the random-field model of exchange anisotropy.
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Oxide nanostructured media are considered as very per- Some microscopic features of SG and NP systems are
spective materials for high density magnetic recordifiis ~ similar, e.g., the maximum of ac and low-field ZFC suscep-
is the reason for the great interest in the maghemitgipility at a certain temperaturg,,, as well as the irrevers-
(y-Fe,03) nanoparticleNP).? The strong decreasing of the ipjlity (splitting between ZFC and FC curyé€ Spin-glass-
saturation magnetization in maghemite ARy, comparison |ike behavior in the NP systems is usually considered as a
with _the4 bulk counterpart, gave rise to a conception of Spifyegyt of the random dipole-dipole interaction between NP at
canting. The principle question is whether only the surface|q,; enough temperatures, when all the particle moments are
spins of a partlgle_re3|st pemg aligned with even a.largeolocked along the anisotropy ax¥s:® Correlations between
external_ magnet|cﬁf|eld, or if suqh a pf)rloper;y Ilnheres f'.nlthe[he particle moments develop in a similar way to the corre-
coré spins as we'.Recent studies o ow Tie d zero field lations between spins in spin glasses. A lot of magnetic NP
cooled(ZFC) and field cooledFC) magnetization curves of tems. similarly to SG. show a broadening and a low-field
v-F&03; NP evidence the existence of a spin-glass-like syr>YSE€MS, simiarly to » ShOW a broade %ﬁ_ 7 alow-ne
face layer that undergoes a magnetic transition to a froze hift of EPR lines with a temperature decr_ea g N_ag_ata
state below=42 K8 Analogous spin-glass-like behavior be- and Ishihar& _proposed a phenomenqloglcal description f(_)r
low about 50 K was also found in oxygen passivated ironthe,se anomalies in syperparamagnenc ;ystgms. They_ derived
NP7 as well as in NiFgD, NP2 a simple power relation between thg sliritlative to a high

It seems natural to study these spin-glass-like phenomerigmperature valyeof the resonance fieldH s and the EPR
in NP by an EPR technique, which has been proven to be &neW|dth AH. For I’andomly oriented pal‘ticles it was found
very useful tool for exploring spin dynamics in various fer- that 8H g (AH)®. This theory does not take into consider-
romagnets and antiferromagriet and, especially, in spin ation effects of magnetic transitions in nanoparticle systems
glasses! including reentrant alloy$**® Whereas measure- and, probably, it should not hold beloty . Some spin-glass
ments of the magnetic moment provide integral sample charconcepts have been used for analysis of low-temperature
acteristics, EPR data give information about local magneti@anomalies of EPR spectra in NB?~2"However, qualitative
properties and, in principle, about the nature of spin-spirdifferences in behavior of EPR spectra in NP and in bulk
interactions® the distribution of internal field&! and spin-  spin glasses are still lacking. It should be stressed, that the
spin correlations® As a rule, in canonical bulk spin glasses present work is devoted to the study of the intrinsic spin-
(SG’9 the EPR resonance field,.s and the EPR linewidth glass state which takes place inside an individual particle,
AH are roughly temperature independent at high temperaresulting from interactions between spins, which form its in-
tures, but change rapidlyAH=exp(-=T/Ty)] if T<2T,, ternal magnetic structure.
whereT, is the spin-freezing temperature. Contrary to usual We report the results of static magnetization and EPR
magnetic phase transitions, for which the linewidth divergesneasurements on iron-oxide NP embedded in a polyethylene
at the critical temperature, bulk SG reveal a finite value ofmatrix. The samples were prepared by the high-speed ther-
AH atTg. Due to the very complicated magnetism of spinmal decomposition of an iron-containing compound in a
glasses, there is no completely adequate theory of the linesolution/melt of polyethylene in vaseline oil in an inert at-
width temperature dependence. The increase in the linewidtmosphere at 220 °C. This method allows for the fabrication
is usually attributed either to a broadening from a distribu-of particles with bimodal lognormal diameter distribution
tion of internal local fields, or to a slowing down of the F(D) and effective sizes below 10 nfh.For the samples
spin-relaxation rate on approac:hifrg.16 studied, our small-angle x-ray diffraction measurements
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FIG. 1. ZFC and FC magnetization curves of the iron-oxide FIG. 3. Thermal behavior of the effective EPR resonance field

nanoparticles. The applied field is equal to 480 Oe. The inset shows? and the temperature-dependent contribution to the EPR line-

the sudden increase of the FC magnetization at about 40 K. width (b). All dashed lines are guides for the eye. Solid line pre-
sents the linear fall-off ofAH{=H(0)(1-T/Tg) with H(O)

show that the maximum of (D) is near 2.5 nm. A room- 1200 0@ Tg=40K.

temperature Mssbauer spectrum of the samples can be con
sidered as a superposition of two doublets of nearly equa&
intensity, with the isomer shift 0.350.01 mm/s(with refer-
ence toa-Fe) and values of the quadrupole splitting 0.75
+0.01mm/s and 1.270.02mm/s. These parameters are
close to those foy- Fe,0; superparamagnetic N# The iron
content in powderlike samples is approximately 30 wt. %.

The ZFC-FC magnetization curves were recorded in th
temperature region from 4 K up to 300 K with help of the E
vibrating sample magnetometer PARC-M-155. The maxi- . . _EPR-
mum of the ZFC magnetization curve at about 75 K and the!a;](:tr'g_:_](Egp'F\,fi tthhee téi!até?gﬁre”:t_v\mi(g# trﬁ)élrs]gTEg?/;‘?;’ma ]
splitting between ZFC and FC curves below approximatel))N i F tion 1 P | ' dreis i tﬁ P 9
100 K (Fig. 1) are typical of the blocking process of an NSUS €/axalion WMer equaiS7epr, andmo IS In the range
assembly of superparamagnetic NP. The average blockin? = —10 S SinceTepr could be very close tay, we
temperature can be estimatedTag~75K.1"*® The inset of

elow) allows one to challenge this possibility. Indeed, in
ystems with an SG transition, the EPR linewidth usually
starts notably broadening below abof2™ On the other
hand, because of very different characteristic measuring
times for a static magnetization and EPR speatrg,
=10°s and repr=10"1%s, correspondingly the transition
from the superparamagnetic to the blocking state, which
anifests itself in the ZFC peak, could not noticeably affect
PR spectra. The ¢ theory of the superparamagnetic re-

Suppose thaT="® is many times higher thaliz and unat-

Fig. 1 shows details of the FC branch with a distinct increasd@inable in our experiments. _ ,

of the magnetization beloW~40 K. The magnetic behav-  EPR measurements were carried out by usingdiand

ior of this type was observed earlier in+Fe,05 NP, for spectrometer Varian E-109 with a flow hghum cryqstat. A
which the appearance of the surface spin-glass transition h480M temperature the EPR spectrum consists of a single line
been supposetiThe sudden increase of the FC magnetiza With the peak-to-peak linewidthH~400 Oe and an effec-
tion has been considered as the onset of the freezin%ﬁve, g value of about 2.07. Upon cooling this line is mono-
proces$. Although the ZFC curve peak at 75 K could reflect, fonically broadened and shifts to the lower magnetic fields
in principle, a collective SG ordering due to dipole-dipole (AH~11000e andj~2.9 at 80 K. This is the typical high-
interactions between NP a relatively weak temperature de-

pendence of the EPR linewidth from 110 down to 7Qd€e 5
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duced temperature=1—T/Tg, Te=40K. The dashed line is a
FIG. 2. Low-temperature EPR spectra in iron-oxide nanopar+esult of the rms fitb=(3.15+0.01) kOe;@=1.03+0.03.(b) The
ticles. H_ andHg are left and right spectrum peaks, correspond-violation of the Nagata-Ishihara relation beloW. 6H,..—=Hg
ingly. —Hes, Hp=3290 Oe.
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temperature EPR behavior found in various magnetic NRhe effective fieldHz, which depends on the temperature as
systems?**?°The low-temperature EPR spectra are showrHg(T)=Hg(0)(1—T/T,),® according to the prediction of

in Fig. 2. For the sake of convenience, the field positions othe random-field model for cubic anisotropyTherefore, the

left and right spectrum peaks, andHg are introducedFig.  increasing ofAH(T) below Tr could be due to a spreading
2). We also define the effective resonance field Hygs  of resonance magnetic fields, which, in case of the random
=(H_+Hg)/2. The thermal variation oH s is shown in  gjstribution of NP easy axes, is proportional kg .3* Our

Fig. 3@). To a first approximationtH {T) may be consid- regyits[Fig. 3(b)] show thatAH.(0)= 1500 Oe, which is in
ered as two linear functlon§ with a crossover-aig. The good agreement with the value Bf-(0) found by Martinez
decrease ofl { T) starts being more pronounced beldw. et al. from magnetization data.

The linewidth begins growing noticeably below approxi- |, symmary, the thermal behavior of the EPR linewidth,
mately 70 K[Fig. 3b)]. It is adopted for systems with Iow- e effective resonance field, as well as the FC magnetization
temperature phase transitions to present_the_EPR linewidth ¥irve demonstrate anomalies near 40 K, which can be related
a sum of aotgmperature-dependgnt contribufiéhy (the ex- 1 the SG freezing in the NP surface layer. We found a linear
cess W'?yj‘ ’ 3_anq a constant high-temperature constitueni,creasing of the EPR linewidth excess beldw, in good
AH().™ Taking into account thatH changes insignifi-  5qreement with the thermal behavior of the exchange anisot-
cantly in the temperature range from 70 to 110 K, it is al-ropy field predicted by the random-field model. The violation
lowable to putAH()=11000e. Below about 40 K the f the Nagata-Ishihara relation suggests essentially different
excess width shows linear variatidrH1o<(1—T/T¢) [Fig.  mechanisms of EPR line broadening in the superparamag-
4(a)] which is not typical of bulk magnetics near a transition netic regime and below spin-glass freezing. Our data indicate
point®**Itis important that the ratioXH)®/ 8H esincreases  nat in iron-oxide NP the predominant cause of the EPR
significantly belowT [Fig. 4(b)] and, hence, the Nagata- |inewidth changing below the spin-freezing temperature is

Ishihara relation does not work. o the influence of the exchange anisotropic field on the reso-
Meiklejohn and Beai? showed that the uniaxial exchange nance conditions.

anisotropy can exist in field-cooled NP with a single-domain
ferromagnetic core and an antiferromagnétic spin-glas$ Yu.A.K. acknowledges partial support of the INTAS
oxide shell. The exchange anisotropy can be characterized lProject No. 99-1086
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