PHYSICAL REVIEW B 70, 174428(2004)

Magnetic properties of nearly defect-free maghemite nanocrystals
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Temperature variations of the magnetizatidnand the electron magnetic resonatEMR) parameters of
maghemite(y-Fe,03) nanocrystals are reported for the 4 K—300 K range. Transmission electron microscopy
of the nanocrystals shows them to be nearly spherical san{pgsect ratioa/b=1.15 with diameter
D=7(1) nm, and analysis of x-ray diffraction lines yiel@=6.4 nm with negligible strainM versusT data
show blocking temperaturég =101 K, 89 K, and 68 K in measuring field$=50, 100, and 200 Oe respec-
tively. M versusH data for T>Tg fits the modified Langevin functioM =MgL(upH/KgT)+xH with w;,
=8000500 wg/ particle andVi;z=80 emu/g, identical td/ for bulk y-Fe,Os. It is argued that this large value
of M, the small value of coercivitid,=20 Oe at 5 K, the lack of exchange bias in a field-cooled sample, and
negligible strain point to nearly defect-free nanocrystals. In the EMR studies, two resonance lines are observed,
one with the resonance field, greater than that for the free-electron value and the other smaller. From the
temperature variations &f, and the linewidths of the two lines, it is argued that the two lines are, respectively,
due to nanocrystals with easy-axis aligned perpendicular and parallel to the applied field. The relatively narrow
intrinsic linewidths(=400 Og of the two lines in nearly defect-free nanocrystals facilitated their observation.
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I. INTRODUCTION but prepared using slightly different methods showed that the

Magnetite (F&;0,) and maghemitéy-Fe,05) are two of Iarge_ differences in the measured internal fields and the co-
the important oxides of iron with ferrimagnetic ordering and er¢iVity Hc between the two samples must be due to struc-
hence substantial magnetizatioi, at room temperature. tural disorder. They suggested that this str.uctura.I d|§order
Consequently, these oxides, particularly in the nanoparticl&ccurs not only at the surface layer but also in the interior of
(NP) size range, have found numerous applications such d§e particles. Sincg-Fe,O; has inherent cation vacancigs
in high-density magnetic storadé,as ferrofluids’* and in  in the octahedral positions according to the formula
the biomedical are2.Recently, there have been a number4Fe0;— 3{F€**0 -(F€**;3V,,5)04}, the different degree of
of reports on the synthesis and magnetic properties ofrder-disorder at different sites might be affected by the
y-F&,05; NP of different shapes and sizZ&32 However, a  preparation method.
definite picture as to how magnetic properties change with In this work, we report magnetization and EMR studies in
change in particle size has not emerged from these studiesearly spherical particles of-Fe,O; of 7 nm diameter. What
Measurements reported by Martinezal 8 on y-Fe,O; plate-  distinguishes our results from earlier studies is that the mea-
lets of size 10 nm with diameter/thickness4 showed a suredM =80 emu/g in these nanoparticles is equal to the
blocking temperaturdg=75 K and a spin-glass freezing of bulk value, with negligible coercivity and no exchange bias
surface layer spins at-=42 K. Surprisingly,M at 60 kOe belowTg=100 K. This suggests that these nanoparticles are
in these particles was only about 5 emu/g, substantiallynear perfect crystals without significant disorder. In EMR
smaller thanM¢=80 emu/g for bulky-Fe,05. Also large  studies, two resonance lines are observed which are inter-
magnitudes of exchange bi&k and coercivityH.=2 kOe  preted in terms of particles with easy axis aligned parallel
were observed at 5 K. In the magnetization/electron magand perpendicular to the applied field. ForTg, the M
netic resonancéEMR) studies of Koksharowt al’® on  versusH fits the Langevin variation with magnetic moment/
2.5 nm NP imbedded in polyethylene matrix, a single EMRparticle u,=8000 ug. Details of the synthesis, characteriza-
line along with Tg=75 K and Tg=40 K were reported. tion, and magnetic properties of these nanoparticles are given
Magnetic studies by Dormanet all’ showed howTg and  below.
the field-cooledFC) magnetic susceptibilityy) are affected
by interparticle interaqtions. The EMR studies by Il. SYNTHESIS
Netzelmanf on magnetic recording tapes of-Fe,0;
showed the shifts of the resonance lines due to a demagne- Synthesis of they-Fe,O; nanoparticles of controlled size
tization field so that EMR lines even for applied fieltl ~ was carried out using a slightly modified route of well estab-
within the plane of the tape occur at different fields becausdished thermolysis proceduté:® Mixture of 2.57 gm oleic
of the differences in the length and width of the film. acid and 20 mL of octyl ether was heated to about 100 °C.

The Mdssbauer spectroscopy studies of Senal’? on 0.4 mL of F€CO)s was added to the mixture. This mixture
two different -Fe,0; NP of about the same siZ8.5 nm  was refluxed(at about 280 °¢ for 1 h. After cooling the
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FIG. 1. TEM micrographs of the-Fe,03 nanocrystals at two 0.015 4 J
different magnifications. The bar length on the Igitjht) picture is
20 nm(2 nm).
0.010 Y : . . .
mixture to room temperature, 0.68 g ¢CH3);NO was 0.2 0.3 0.4 gfe 0.6 0.7 0.8

added to it. The solution was reheated to abedB80 °C for
2 h and refluxed for an additional hour. Ethanol was added to FIG. 3. Plot of 3 cosé vs siné using several lines of-Fe,04
the cooled mixture and the nanoparticles were centrifuged taP. The solid line is a least-squares fit to H@) yielding D
the bottom. A small quantity of Fe-oxide nanoparticles sus=6.4 nm andy=1.2x 1073,

pended in ethanol was diluted in acetone and sonicated. A

drop of this acetone solution was placed on a transmission

electron microscopyYTEM) grid for TEM analysis. A dry Bcosh=— + 7siné. (1)
powder of nanoparticles was obtained by simply letting the

of Fig. 2 yieldsD=6.4 nm and a negligibley=1.2x 1073

ll. STRUCTURAL CHARACTERIZATION (Fig. 3). This analysis shows that the NPs ¢fFe,0O5 are

The TEM studiegFig. 1) show the particles to be ellip- essentially strain-free with size similar to that determined by

soidal with major/minor axis ratie=1.15 and average size TEM.
=7(1) nm. The room-temperature x-ray diffractigitRD)

pattern using CiK« radiation (A=0.154 185 nmis shown IV. EXPERIMENTAL RESULTS AND DISCUSSION
in Fig. 2 along with similar data on a bul¢Fe,0O; sample

: - A. Magnetization
obtained from Alfa-Aesar. The widtj® of the peakgafter

correction for instrumental broadeningas used to deter-  The temperatur€T) and magnetic fieldH) variations of
mine the average grain siZ2 and the strainy using the the magnetizationM were measured with a commercial
relationt” SQUID (superconducting quantum interference deyvinag-

netometer. The temperature variations Mf for the zero-
field-cooled(ZFC) and the field-cooled~C) cases measured
@1 in H=50, 100, and 200 Oe are shown in Fig. 4. The blocking
temperaturelg at which the ZFC magnetization peaks de-
creases asH is increased, as expected for a
superparamagnét.However, unlike some earlier repofts$,
s there is no indication of an anomalous changg(RC) be-
low Tg, characteristic of a surface spin-glass transition near
40 K. Spin-glass ordering of the surface spins belgwas
also reported recently in ferrinydrite nanoparticlés.

The variations ofM versusH at T=300, 250, 200, and
5 K are shown in Fig. 5. Sinc#®l versusH has a nonzero
slope even at highdH, we have fitted this variation to the
modified Langevin functioA?-2!

M= Msﬁ(MpH/kBT) +xaH, 2

20 30 4 Z%O(de rgg) 0 & % 100 where u;, is the magnetic moment/particlgg is the Boltz-
¢ mann constant£(x)=cothx-1/x, and y, is the high-field

FIG. 2. Room-temperature x-ray diffraction patterns of the Susceptibility. The plot ofM—x,H)/Ms versusH/T for T

y-Fe,03 nanoparticleg(bottom and a commercial bulk-Fe,0; =300, 250, and 200 K shown in Fig. 6 collapses onto a
(top). The miller indices of the lines are noted. The line markedsingle curve, signifying superparamagnetism wi
with an asterisk is identified with silica impurity. =8000500 ug, Whereas a similar analysis for the data at
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FIG. 6. Plot of(M—xsH)/Mg vs H/T using the data aT=5,
FIG. 4. Temperature dependence of the magnetizatiofor 200, 250, and 350 K. The solid line is fit to E) with wu,
¥-F&03 NP in applied field$1=50, 100, and 200 Oe under the FC =8000ug. The data at 5 K depart from the fit as expected for
(field-cooled and ZFC(zero-field-coolegconditions. Arrows indi- T< Tg. The inset shows temperature variationdvbfand y, deter-
cate the direction of temperature changes, Wighdefined by the  mined from the fit.
peak value of the ZFC curvgvertical arrows.
approximation £(x)=x/3 is valid. Using this in Eq.(2)
5 K shows a large departure from this fit as expected fogje|ds
T<Tg. The magnitudes oft, can also be determined from
the equationu,=MgpV, where p and V are, respectively, x = IM/H = xu + (Mguy/3KgT) 3)
the density and volume of the particle. Assuming a spheri- . . . . .
cal particl%a with diameterDz?pnm, p=4.86 g/cgn:i fo? which is just a special case of B@) for u,H/kgT < 1._ Since
¥-Fe,0; and My=80(85)emu/g, yieldsu,~ 75008000 s, both y, and Mg are temperature-dependdsee the inset of

in agreement with the above estimate determined from the fft:'g.' 6. th_e S|mplle Cune-lgw var!a.tlon ok~1/T is not
to Eq. (2). strictly valid, as discussed in detail in a recent paper on an-

The M versusT data of Fig. 4 are measured at relatively tn;errofmagnEet|03nanop§rt|glét§.ansgquelnt'lfy : the rr;agntlf[udel
smallH=50, 100, and 200 Oe for which the approximation for‘r;ps rg?“ thg-(t gnfagrafurj 3;mg]r$ de‘;’;g »'af";?ﬁ “”Ca'r‘;”a
ppH/kgT<1 is valid forT>Tg even foru,=8000 . For assumed? NeverthF()eIess (FC) IE)OI‘ a noninteractinxasu er-
example, forH=50 Oe andT=200 K, u,H/kgT=0.134. ' X g sup

Therefore, in the expansion @f(x)=(x/3) - (x3/45) +- -, the paramagnet is expected to continue to increase with decrease
' ' in temperature approximately asTL?° The deviations from

this variation ofy(FC) observed in Fig. 4 fof <Tg are due
' o ' to interparticle interaction®26 Further discussion on the
é 8 8 8 8 8§ 8 g interparticle interactions is given later in the paper. The
1 C e e e o o ° ¢ sources ofy, in EqQ. (2) include any deviations from ideal
01 A 1 magnetic order such as disorder and canting of the sublat-
1 §;‘;¢' 1-Fe,0,NP tices under an applied field. This issue is discussed in some
(J

90

80

&

8 of

k)

detail in Ref. 20.

The hysteresis loops measured at 5 K, both for the ZFC
200 K case and the case where the sample was cooled from
250K - 300 K to 5 K in 20 kOe, are shown in Fig. 7. The coerciv-
300K ity Hg is only around 20 Oe, with no measurable loop shift
H, for the FC case. This is in great contrast to the magni-
tudes of around 2 kOe fdi, andH, reported by Martineet
al. in y-Fe,0; NP (Ref. 6 andH.=1 kOe reported by Vas-
042 . siliou et al. in 8.5 nm nanocrystals of-Fe,05.2” We at-

A

M(emu/g)
o0 D

§
o4
1e
§
§
g

tribute these differences to the considerable amount of struc-
I ™ /S tural disorder present in t_heir sample, foI_Iowing the
H(kOe) arguments of Sernat al!? Using H.=K/2Mg vyields the
anisotropy  energy K=1.65x10*erg/cn¥ for Mg
FIG. 5. MagnetizatioM measured as a function of applied field =80 emu/g andH.=20 Oe. This relatively small magnitude
H at temperatures indicated. of K is expected since Réions in y-Fg,03; have angular

[}
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T T T — N Instruments cryostat for variable temperature studies from
w0l 5 E f‘" 4 K to 300 K. Two resonance lines are observed whose
evoe resonance fieltH, and the peak-to-peak linewidthH were

measured as a function of temperature. For comparison,
same parameters were measured for the single line observed
in the bulk sample ofy-Fe,0; whose XRD pattern is shown
in Fig. 2.

The observed EMR spect(tabsorption derivativeof the
samples are shown in Figs(e® and §b) at the temperatures
shown, whereas the temperature variationsipfor the two

lines (low-field line A and high-field lineB) of y-Fe,0; NP
10 '/ and the single line of bulky-Fe,O; are shown in Fig. 9.
Y ./ Similarly, the temperature variations afH for these lines

-20 /°”.-)0 . are shown in Fig. 10. It is noted thel, for the single line of

{ " o8 -/“;/O ---- & 5K, ZFC bulk y-Fe,04 is about the average of the two lines observed
0] o—gTa 80" —O—5K FCat20kOe | in the y-Fe,05 NP, whereas\H for the bulk line is several
P times the individualsAH for the two lines ofy-Fe,0O5 NP.

T I — I—— This may explain why in the earlier reported studies of
200 -150  -100  -50 0 50 100 150 200 v-F&,03, only a single broad line has been reported, presum-
H(Oe) ably because of excessive structural defects in these samples.

FIG. 7. Hysteresis loop oy-F&03; NP measured at 5 K under For cubic y-F&0; with negative anisotropy constaky the

X . 8 ) -
ZFC and FC at 20 kOe. The inset shows the full loop to £55 kOe.numencaI calculations of Ve_llstyet al predicted -four dif
ferent resonance frequencies for nearly spherical samples

_ ) ) _ and two resonance frequencies for ellipsoidal samples with
momentumL =0 in their ground state. This value Bfis an  5/p=1.30. However, only a single resonance mode was ob-
order of magnitude smaller than reported previotfSiy nm  gerved in their bulk samples. The two-line pattern reported
size particles ofy-Fe0;. Again, atomic disorder will in-  here iny-Fe,0; is perhaps a confirmation of this prediction,
creaseH; and hence so thatk may differ substantially for 55 discussed in more detail later.
samples with different degrees of disorder. The temperature dependenceffor the low-field lineA
(Fig. 9 is very similar to that reported in other NP
systemd!2°-32and in y-Fe,05 reported by othef$ in that
H, decreases @k decreases. On the other hand, for the high-

The EMR experiments were carried out at 9.28 GHz us{ield line B, H, is essentially independent of temperature,
ing a standard reflection type spectrometer and an Oxfordiith only a minor decrease beloWg=100 K (Fig. 9). The

30
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B. Electron magnetic resonance (EMR) experiments

v-Fe;O3 NP T=300K

f=9.28GHz f=9.28GHz

198 K
bulk y-Fe,05

FIG. 8. Absorption derivative
EMR spectra of(a) y-FeO; NP
at several temperatures an®)
bulk y-Fe,03, y-Fe,03; NP, and
v-F&03; NP suspension in ethanol
at room temperature. The mag-
netic field scan starts from 50 Oe
(rather than zerp because for
H <50 Oe the field of the electro-
magnet is not stable.

v-Fe;O3 NP

Suspended y-Fe,O3; NP

I T I I | |
50 2550 5050 7550 10050 50 2550 5050 7550 10050
(@) Magnetic field (Oe) (b} Magnetic field (Oe)
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FIG. 9. Temperature variations of the resonance fi€ldor the
two EMR lines of y-Fe,03 NP and for the single line of bulk
¥-F&0s.
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FIG. 11. Temperature variation of the line intensitys#)%¢ for
the two EMR lines of they-Fe,0O; NP.
behavior ofAH versusT shown in Fig. 10 for line#\ andB
shows that folT < Tg, AH are nearly equal for the two lines, 12, where 6H,=3315-H, corresponding tog=2 and
although continuing to increase with decreaseTias also f=9.28 GHz has been used. The slopel.5 for T>130 K
observed in other NP systerhd?®-32The line intensity andn=0.75 forT<130 K. These lower values of are con-
(AH)?¢ (¢ is the peak-to-peak height of the absorption de-sistent with a partially ordered system.
rivative) for the two lines also become equal b Ty (Fig. To understand the origin of the high-field lig we refer
11). The increase in the line intensity with a decrease into the theory of Raikher and Stepaddwn the effect of
temperature qualitatively follows the temperature variationthermal fluctuation and anisotropy on the EMR in single do-
of the magnetization, Eq?2), as expected. main NP of dispersed ferromagnets for the case of intrinsic
According to the model of Nagata and Ishih&tghe shift ~ anisotropy fieldH,<H,. For T>Tg, the effect of tempera-
in the resonance fieldH, and the linewidthAH are due to ture is to induce a random fluctuating fiekd; ~kgT/ up,
demagnetizing fields of nonspherical samples and they aréereby narrowing the line with an increase in temperature.
related bysH, ~ (AH)", wheren=2 for partially oriented and The grains for which the applied field is parallel to the easy
n=3 for randomly oriented NP systems. This relation has?xis have a loweH, than that for grains with easy axis
been verified in a number of syster®&-293%For the low- Perpendicular to the applied field, thus giving a two-line pat-
field line A, the plot of InsH, versus InAH is shown in Fig.  tern. The numerical simulation fad,/H=0.1 and lowT

T v T T T T T T T T T 76 T T T T T T T v v
1600 < ‘AAAAAA As A A, A = i i 14 K—nu
f=9.28 GHz Line A, y-Fe,O, NP
bukky-Fe,0,  *
1400 - 744 A
A
n Lo —
S 12004 = z
I Z - o
S < 72 .
1 Ou 1 c
¢} ;-
4 Qo -
600 .
line B (y-Fe O, NP
° o . i (y-Fe,0, NP) 70 |
- © o o o
400 L ° oo
lne A(-Fe,O,NP) = =
1 L] 1 1 I I M
0 50 100 150 200 250 300 6.8 T T T T T
T(K) 5.8 6.0 6.2 6.4 6.6
In (AH)

FIG. 10. Temperature variations of the linewidtkl of the two

EMR lines(line A and lineB) of y-Fe&03; NP and that of the single

line of bulk y-F&0s.

FIG. 12. Plot of InAH, vs InAH for the low-field line A

v-F&03; NP. Change in the slope occurs neaifg= 100 K.
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yielded H,=3650 Oe for the high-field line andH, M¢=58 emu/g andd.=70 Oe at room temperature, indicat-
= 2650 Oe for the low-field liné3 These estimates are close ing that this sample has also a significant degree of structural
to our experimental observations in Fig. 9. Another impor-defects. Consequently, this work has demonstrated a close
tant prediction of the Raihker-Stepanov mddeés that the  relationship between the observed magnetic properties of
difference betweerH, of the two lines decreases with an y-Fe0O5; NP and the structural disorder. In this connection, a
increase inT, as also observed in Fig. 9, so that at highrecent repoff has shown that whereagFe,0; has negli-
enough temperature, only a single line should be observedjble H., e-Fe,0; with orthorhombic structure hasil.
This temperature is not achieved in our experiments, which=20 kOe at room temperature.
are limited to room temperature and below. For superparamagnetic noninteracting nanoparticles, the
It is well known that in a solid with anisotropig factor  blocking temperaturely determined by dc magnetization
01, Up, @andgs, the EMR spectra of its powder will have three measurements is related to the anisotr&pgnd volumeV of
lines atH,=hf/gug (h is Planck’s constantf AH of indi- NP by the relatioTg =KV/30kg (see, e.g., Refs. 19 and )20
vidual components is smaller than the separation between thésing Tg=100 K for D=7 nm patrticles in our case yields
lines3* As AH becomes larger, the components at the loweskK =2.3x 10° erg/cn? and the corresponding anisotropy field
and highest fields become obscured. Also, if the anisotropitl,=K/2M¢p=2.8 kOe. This magnitude oK (and hence
solid rotates randomly with correlation timeh/2m(g; H,) is nearly an order of magnitude higher than the estimates
-gs3)ugH, then a single line is obtained at the average for intrinsic K. However, it is well established that interpar-
=(g,+0,+03)/3. To check this latter scenario, we suspendedicle dipole-dipole interaction lowers the measuggdowers
our y-Fe,0; NP in ethanol and took their EMR spectra at the MossbaueTg, but increases th& measured by magne-
room temperature. The spectra of this suspension, alsézation studies!2*-2For our compact powder of-Fe,0s,
shown in Fig. &), gives a broad line with\H=1270 Oe interparticle interactions are clearly present as indicated ear-
and H,=3290 Oe, corresponding tg=2. It is suggested lier following the discussion of Figs. 4 and 6. Hence the
that this observed line shape is a superposition of two linestbove relation fofTg is not valid. Usinga/b=1.15 for our

due to random Brownian motion of the nanoparticles in theellipsoidal samples yields the demagnetization factogs
suspension. =3.73,D,=D.=4.42, and demagnetization anisotropy field

Hp=(D,-D,)M¢=268 Oe. For a sample with random ori-
V. CONCLUDING REMARKS entation of particles, the Stoner-Wohlfaitimodel which as-
sumes coherent rotation ® under applied field yield$i,

The conclusion drawn from the above discussion is that- H,/2=134 Oe. However, the measuréd,,=20 Oe is
the two-line pattern observed in oyrFe,03 NP is due to  even smaller than the above estimate. This lowereds
uniaxial anisotropy of the demagnetizing fields produced byikely due to interparticle interactions since recent Monte
nonspherical shapes of the particles. The low-field e Carlo simulation studies have shown that dipolar interactions
(high-field lineB) is due to particles with major axis aligned |ower H, compared to corresponding values for noninteract-
parallel (perpendicular to the applied field. The reason we ing assembly of ferromagnetic nanoparticiés.
have observed these two lines whereas earlier reports failed

to do so is because of the narrow lines of our samples, pre- ACKNOWLEDGMENT
sumably because our samples are nearly free from structural
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