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Low temperature electron paramagnetic resonance anomalies
in Fe-based nanoparticles
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A study of the electron paramagnetic resonance of Fe-based nanoparticles embedded in
polyethylene matrix was performed as a function of temperature ranging from 3.5 to 500 K.
Nanoparticles with a narrow size distribution were prepared by the high-velocity thermodestruction
of iron-containing compounds. A temperature-driven transition from superparamagnetic to
ferromagnetic resonance was observed for samples with different Fe content. The unusual behavior
of the spectra at about 25 K is considered evidence of a spin-glass state in iron oxide nanoparticles.
© 2000 American Institute of Physids$0021-89780)01213-5

I. INTRODUCTION show superparamagnetic properties that can be characterized
by the relaxation timerg. The relaxation time depends on
The field of nanoscale systems is important for fundatemperature asg= o expK\V/kgT), whereK is the magnetic
mental physics as well as for many new technologiesanisotropy constanty is the particle volume, and, is on
Nanometer-sized structures are an intermediate form of mathe order of 10%°-~10 *?s.* Below the blocking tempera-
ter that fills the gap between atoms/molecules and bulk mawure Ty, which depends on a typical time scale of measure-
terials. These types of structures often exhibit exotic physicainents r, these particles undergo a transition to a so-called
and chemical properties different from those observed irstable staté. At the blocking temperature the relatior
bulk three-dimensional materials. ~ 7 is satisfied. The most commonly used techniques for the
The recent advances in magnetic recording have made dtetermination ofTg are Mssbauer spectroscopy and mag-
necessary to improve the capacity of magneto-optical storageetization measuremertsin Mossbauer experiments the
and recording heads using giant magnetic resistivity effectanagnetic hyperfine splitting disappears above the tempera-
At the same time, there is presently a need for the developure T , at whichrr~5x 10 °s.* It is widely accepted that
ment of high-density retrieval data storage systems that cawe can determine the value of the magnetic blocking tem-
operate under such hazardous environmental conditions @eratureTy as the position of the maximum on the zero-
high and low temperature, mechanical shock, and humidityfield-cooled curves of magnetization, at whick~10?s.>*°
A real advance in this direction is the creation of new func-The study of the rati(3|'§/Tg1 for different nanoparticle sys-
tional matrices and the use of novel principles for the fabri-tems is very important since it allows one to arrive at con-
cation of nanosized incorporated elements. One of the posslusions with respect to interparticle interaction effécts.
sible ways of progressing in the field of high density data  Electron paramagnetic resonan&PR spectroscopy is
storage systems is to utilize magnetic nanoparticles. As arecognized as a powerful research method for different bulk
example, this material could contain single domain nanoparmagnetic materials including ferro- and antiferromagnets and
ticles uniformly distributed in a polymer matrix. spin-glasse$? The transition to the magnetic ordered state
Magnetic nanoparticles embedded in different nonmagean be easily detected by the EPR methdthe linewidth,
netic matrices have been the subject of intense currerthe resonance field, and the intensity of the EPR line usually
research:? It is well knowrT that at sufficiently high tem- show distinct abnormal behavior near the transition

peratures noninteracting single-domain magnetic particIeEmloerc’:ltureé8 For nanoparticle system®PS3g an analog
of the magnetically ordered state is the stable state. As a rule,
dauthor to whom correspondence should be addressed; present addresslglo:me pepullarltles in EPR spectra should .be observed n.ear
Beltran, Inc., 1133 East 35th Street, Brooklyn, NY 11210; electronic mail: € blocking temperature. What, however, is the characteris-

beltran@earthlink.com tic temperature for EPR in NPS that is similar®§ andTg
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for Mossbauer spectroscopy and magnetization measure-
ments?

The microwave properties of different NPS were inves-
tigated both experimentafly?? and theoretically®~2" Most 015
of these works were limited to room temperature measure- '
ments. The thermal behavior of EPR spectra observed in
ferrofluids®***5and precipitates in glass8sannot be inter-
preted adequately within the models developed in the last
years?%?3-28|n this connection, any new experimental data
concerned with the temperature features of EPR in NPS 0.05
seem to be important.

In this article we present a detailed EPR study of Fe- 0.00
based nanoparticles embedded in polyethylene matrix. It is 0 2 4 6 8 10
well known that nanoparticles are thermodynamically un- particle diameter, nm
stable. For their stabilization we have used the polyethylene

. . . . . 4~_FIG. 1. Particle size distributions for samples S1 andF5gl) is the nor-
(PE)' This polymer 1S relatlvely resistant to heat and oxida malized probability to find a nanoparticle with a diameter which is equal to

tion and iS_ chemically inert. PE ?S_a typical SemicrY_Sta_“”ned. Solid lines correspond to the best fit of the experimental data by using
polymer with a degree of crystallinity usually lying within a log-normal distribution. Squarésample Siand circles(sample Sbrepre-

range between 60% and 80%. Both the crystal and, particlient experimental data.

larly, the amorphous parts of polymers contain a significant

number of vacancies. The nanoparticles grow inside these

vacancies during the thermodestruction of iron-containing©Oxford Instruments, USAfrom 4.2 to about 300 K as well

compoundgICCs). Samples with different Fe conte(ftom  @s a nitrogen variable temperature system E-Rgarian

1-50 Wt% were prepared_ In Samp'es with a h|gh iron Con_from 120 to about 500 K. In our low temperature eXperi-

centration, interparticle interactions can be significant. Oufments the samples were cooled down4tK in aremanent

measurements showed that EPR spectra are very sensitivef{gld (100 Og of the magnet, then the samples were heated

the Fe content. In this article EPR data are presented fgind the EPR spectra were recorded at different temperatures.

samples with relatively low Fe contents of 1 and 5 wt%

(samples S1 and SE_>, corre_spondir)glyis assumed thatin |, EXPERIMENTAL RESULTS

these samples the interactions between particles should be

minimal. The samples were characterized by the x-rayKge
emission and Mssbauer spectroscopy methods as well as by
small angle x-ray scatterin@SAXS) analysis. According to

Il. EXPERIMENTAL PROCEDURE the data of the x-ray emission and the $8bauer spectros-

The samples were obtained by the high-speed thermd&OPY, more than 80% of nanopa_rtic_le mass is formed by iron
decomposition of ICC in a solution/melt of polyethylene in ©Xide (y—F&0s). The x-ray emissiorK g5 spectra also in-
vaseline oil in an inert atmosphere at 220 °C. The microwavélicated that bondGFe—_O—CIj, FeOH-CHOH etc) can be
absorption was measured usingXaband(~9.2 GH2 EPR formed between the iron qtoms on the nanopartlclg surface
spectrometer E-100'Varian”, USA ). Magnetic fields up to and the surrounding matrix typical of metalorganic com-
5 kOe were provided by a Varian Associates 12 in. electroPounds. -
magnet. A standard field modulatiga00 kH2 and phase- The results of the SAXS study are shown in Fig. 1. For
sensitive detector techniques were used, so that the detects@mPle S1, the nazr;opartlcle size distribution is close to bi-
signal corresponded to the field derivative of the absorbef0d2! log-norméf*
power. Two principal characteristics of EPR were calculated F(d):All(Zmﬁ)”z exf — |n2(d/dml)/zgi]
from the spectra: the resonance fielg and the linewidth of
the resonancéH ,, (peak-to-peak The resonance fieltlg +Az1(2ma%) 2 exd —In?(d/dp)/20%],
was defined as the field for a middle point of the spectrumnare
between maximum and minimum peaks. The resonance field
complements the effectivg value, defined by the relation A;=0.023t0.001, dp;=20.0:0.4,

Oei=2H/HRr, whereH, is the resonance field corresponding o,=0.17+0.01,

to a free-spin marker like diphenylpicrylhydrazyl. The signal

amplitude (the difference between absolute maximum and  A,=0.0008t0.0005, d,,=82+12,
minimum) was also analyzed.

The microwave absorption signal was recorded with the 72=0.0820.07.
modulation field amplitude of 10 Oe at the microwave power  For sample S5, the nanoparticle size distribution is log-
10 mW. A specially made test shows that at room temperanormal
ture the EPR signals are proportional to the microwave _ 20172 2 P
power up to 200 mW with no sign of saturation. The tem- F(d)=A/(2moq) Zexd —In(d/dm)/20%],
perature was controlled by a flow helium cryostat systenmwhere

0.20

0.10

F(d) (norm.)
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FIG. 2. EPR spectra of samples S1 and S5. Experimental data are repre-

sented by squargsample S1 at 300 K circles(sample S5 at 300 K and o . . . .
triangles(sample S5 at 500 X Solid lines show results of the numerical FIG. 4. Thermal variations of the EPR linewidth and signal amplitude for

fitting to Lorentzian line shape. sample S1.

A=0.0255-0.0004, d,,=35.7+0.4, Figure 3 shows the spectra of sample S1 at low tempera-
tures. Down to about 30 K an intensive line wihs~2.0
0,=0.171x0.007. dominates in the spectra. In addition, a small feature is vis-
The room temperature EPR spectra of samples S1 arl@le at about 1700 Oegt=3.8). As the temperature de-
S5 are shown in Fig. 2. The observed resonance lines canngf€@ses, a broadAH,>1kOe) line grows and becomes
be fitted by a single Lorentzian or Gaussian curve. The stronPrevalent below approximately 20 K. _
gest and relatively narrowesAH ,;~150 Oe) signal was fit- ~_ The thermal variations of thaH,,, and EPR signal am-
ted by the sum of two Lorentzian lines plitude A are presented in Fig. 4. It is evident from Fig. 4 that
5 5 near 25 K, the spectrum changes drastically. The relatively
f(H)=By(H—Hy)/{(H=Hy)*+AH7} narrow line disappears and is replaced by the broad one. This
_ _ 2 2 spectrum transformation is presented in more detail in Fig. 5.
T Ba(H=H){(H—Hz)"+ AH3}. In all the studied temperature ranges both narrow and broad
The lines in Fig. 2 present the results of fitting, providing lines demonstrate a decrease of the amplitude and a broad-
the following parameters for samples S1 and S5 at differengéning under sample cooling. The spectrum breadth is espe-

temperatures: cially evident below 25 K(Fig. 4).

(@ B,/B,=0.023, H,=(3621=1)0e, AH,=(138 The thermal behavior of the EF_’R_ sp(_actra of s_ample S5
+1)0e, H,=(3619+1)Oe, AH,=(690+5) Oe, resembles that of s_an_1p|e S1. A dlstmctlo_n consists of the
(S1, 300 K; shift of all characteristic temperatures to higher values. For

b) B,/B,=0.026 H,=(3524+1)Oe, AH,=(440 example, the room temperature spectra of samples S1 and S5
(b) +17) (Z)e H :(351?1;14(,) Oe AI)—| =(1820t110)( Oe are very different(Fig. 2. However, the EPR spectrum of
(_55 306 K).z ' 2 " sample S5 at 500 K is much more similar to the room tem-
(© 81/’82:0.0,34 H,=(3481+1) Oe, AH,=(114 perature spectra of sample $Hig. 2). This tendency also
+1)Oe, H,=(3486-1) Oe, AH,=(417+2) Oe,
(S5, 500 K.
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FIG. 3. EPR spectra of sample S1 at low temperatures. FIG. 5. The transformation of EPR spectra of sample S1 below 25 K.
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FIG. 6. EPR spectra of sample S5 at low temperatures.

i ) place, so that they cannot rotate in the applied external mag-
takes place at low temperatureSigs. 3 and & Figure 6 hatic field. This sets polymer matrices apart from ferrofluids.
shows the EPR spectra of sample S5 below 85 K. Itis @p-  1he magnetic properties of NPS are sensitive not only to
parent that the broad line becomes dominant in the spectid,ricle size but also to the average interparticle distance. If
near 70 K(Fig. 6). The thermal variations of the EPR line- he |atter reaches some critical value, spin-glass-like ordering
width and signal amplitude of sample S5 are presented iRq|q take plac&?® Since in a dielectric matrix magnetic
Fig. 7. Itis interesting that for sample S5 a marked spreadinganoparticles interact only by dipolar interactions, the tem-
of the EPR line is obsgrvedsgear 25(Rig. 8) in the same  peratyre of the collective transition has to qualitatively obey
way as for sample S{Fig. 5. the (14)°% law wherea is the average interparticle distance.
The relationship the between Fe concentration antay be

IV. DISCUSSION obtained by the following analysis.

Let »,, stands for the weight concentration of Fe in a
Bolyethylene matrix. Then the volume concentratipncan
be expressed as

The nanoparticles in the samples studied are subject t
three kinds of interactionga) with the matrix;(b) with other
particles; andc) with the applied magnetic field. The sup-
port, or matrix, within which nanoparticles are synthesized, 7, =Vg/Vpe=(Mge/Mpp) (ppe/pre)
plays an active role in determining their physical properties. s 3
It is necessary to note that interactii) strongly depends ~nm(1 gem /4.8 gecm °)=0.2 7y,
on the naturdconductivity of the matrix as well as on the (1)
interparticle distance and distribution within the matrix. The
advantages of polymer matrices are associated with a relatiVi"ereVedVee) andmg{mpg) are the volume and the mass
chemical inertness and reasonably narrow particle siz8' the ferrous(polymey part of the sample, anplsg and pre
distribution3! We assume that interactions with the diamag-2'€ the densities of the polyethylene and iron oxide, corre-
netic PE matrix have no direct effect on the resonance phesPondingly.

nomenon. However, the solid matrix keeps the particles in ~ -€t US assume that a studied sample is cube shaped, the
length of the edge is equal 1o and each nanoparticle is a

sphere with radiufk. Let us also suppose that the particles
are uniformly distributed in the polymer matrix. It is obvious

3t ' ' 1 that the number of particles in the sample is equalNto
=(L/a)3. The volume of Fe in the sample can be expressed
— - as
@ 3
L of s Veo=N(47R%)/3=N(md?)/6
I - 2% 3 3
_é’ = =(L/a)*v=(Vpet+ Ve (v/a®),
8 g ; @
% 1 s © a/U:1+VpE/VFE:1+5/7]m,
c
= wherev and d are the nanoparticle volume and diameter,
correspondingly.
o L 160 0 Using Egs.(1) and(2) we obtain

50
temperature (K) a=(1+5/y,)(wd®)/6

FIG. 7. Thermal variations of the EPR linewidth and signal amplitude for / (3)
sample S5. a~[(m/6)(1+5/7,)]1"d.
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8 ded in a diamagnetic matrix. All particles have the same
_ 13 intrinsic moment g, the same volum&, and the same an-
a/d={(n/6)(1+5/,.)} isotropy constantK. The applied fieldH must be strong
enough to cause the relatidt- | s>|K| (or H>H,) to be
true. The particles have the shape of an ellipsoid of rotation
and the applied field lies along one of the principal axes of
the ellipsoid.

Under these conditions, in the case of nanoparticles with
an axial magnetic anisotropy, the relation for the resonance
field can be expressed &z=hv/gB— a(|K|/M)(1—2/X)
+ANL(x), wherex=VHIg/KT and L(x) is the Langevin

function®* At high temperaturesx<1) the anisotropy and
O.I‘I 0.'2 0.'3 0.'4 0.5 demggnetization fields for nanoparticle s_ystems tend to zero.
n In this case the narrow EPR signal is observedHat
m ~hv/gB. This is the so-called superparamagnetic
FIG. 9. Calculated concentration dependence of the ratio of the averagiﬁsonanCé-z At low temperaturedH, and Hg tend to have
interparticle distance to the particle diameter in homogeneous NPS. their bulk values and the broad signal of the ferromagnetic
resonance should be observed.
A superparamagnetic EPR signal was found in

The dependence in expressit8 on the ratio @/d) is ~ Magnetité® (Fe;0,) and maghemité™** (y-Fe,0;) nano-
presented in Fig. 9. The average distance between particlesRgrticles. Some EPR experiments on Fe-based NPS demon-
equal to about 6dkfor sample S1 and about 28or sample  Strated only one broad absorption Iitfe® The lack of a
S5. We can anticipate with a fair degree of assurance that tHearrow resonance could be due to the rather large size of the
nanoparticles are interacting weakly in both sampfes. particles:” Estimations***show that the average particle di-

The EPR spectra observed in our samples contain res@meter would be around 2.6 nm for a linewidth of 170 Qe.
nance lines of two types: relatively narr@wH ,,~100 Oe at Our data demonstrate that increasing the iron concentration
300 K) signals dominating at high temperatures and broadn the sample promotes the growth of larger particfeis.is
(AH,,>500 Oe at 300 Klines prevailing at low tempera- important that the sgperparamagnetic signal.disappears in the
tures. Traditionally}? narrow and broad EPR signals in NPS samples with high iron contert>20 wt%), in which the
are attributed to superparamagnetic and ferromagnetic resarticle diameter reaches about 4 .
nance, respectively. The theory of ferromagnetic resonance Patelet al*® have assumed that the narrow signal prima-
in bulk materials is relatively well developé@lits results ~ rily reported by Sharma and Waldrigmust refer to a reso-
can be summarized as follo#sThe resonance fielHg ofa  nance from free radicals, which would indicate insufficient
sample magnetized to saturation by a strong external field igurity of the samples. The nonparamagnetic thermal behav-
a function of theg factor, of the magnetocrystalline anisot- ior of the narrow signalFigs. 4 and ¥ completely rejects
ropy field H,, and the demagnetization fields. The an-  this possibility in the case of our samples.
isotropy field may be expressed bix=|K|/M, whereK is A general analytical solution to the problem of thermal
the anisotropy constant arM is the sample magnetization. behavior of superparamagnetic resonance does not yet exist.
The demagnetization field depends on the shape of thdumerical results for some important situations were ob-
sample. If the sample has the shape of an ellipsoid of rotatiotained by Raikher and Stepan&2° They predict that with
around the direction of the applied field, the demagnetizatioiemperature lowering the shape of the superparamagnetic
field may be expressed &= —AN M, whereAN is called  signal loses its symmetry and becomes powder-pattern-like.
the anisotropy form factor and is a function of the sampleOn further cooling, only the low-field component of the EPR
dimensionsAN is positive for an oblate ellipsoid and nega- spectrum remains. Although the finite size distribution and
tive for a prolate ellipsoid of rotation for a sphefeN=0. complex nanoparticle composition have not been taken into
For the resonance field the following relation holds: consideration, these res#t£® could be qualitatively appli-

cable to our EPR data.

hv/gh=HgtaHa+Hs, ) It is clear from Figs. 3, 5, 6, and 8 that a decrease in the
wherehv/gg is a constant equal to the resonance field in theéntensity of the narrow signal takes place synchronously with
paramagnetic limit, and is a factor that depends only on the the growth of the broad resonance, the position of which is
angles between the applied field and the crystal-graphic axeshifted to the lower fields. This indicates that both of these
The latter relation can be written &bz=hv/gB8— a|K|/M signals have a common superparamagnetic origin. At high
+AN M. So, the magnetization of the sample moves theéemperatures weak-interacting nanoparticles should reveal an
value ofHg from the value for the same sample in the para-EPR signal, which is narrowed by a superparamagnetic fluc-
magnetic statéabove the Curie temperatyre tuation. When cooling, most large particles undergo a tran-

To apply this model, developed for bulk materials, to thesition to the stable state and demonstrate a rather broad reso-
nanoparticle system the following assumptions are usualljance signal. For sample S1, where the average particle
made?*~2® The system under study is considered to be aliameterd,, is about 2 nm, the transformation of EPR spec-
coherent assembly of small noninteracting particles embedsa from “narrow” to “broad” happens below about 25 K
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