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ZnFe>04 Nanocrystals: Synthesis and Magnetic Properties
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Ferromagnetic zinc ferrite nanocrystals at ambient temperature were synthesized via the thermal decomposition
of metal-surfactant complexes. Characterization measurements including transmission electron microscopy
and X-ray diffraction were performed for as-synthesized 2@k particles. The sample has a relatively narrow

size distribution with an average particle size of %80.2 nm and standard deviation of 30%. The as-
synthesized zinc ferrite nanocrystals are superparamagnetic at room temperature with a blocking temperature
Tg = 68 + 2 K and a saturation magnetizatits = 65.4 emug* at T = 10 K, which are caused by the
change in the inversion degree of the spinel structure. A coercive fidhtt ef 102+ 5 Oe in the blocked

state indicates small particle anisotropy, although evidence of surface spin canting was inferred from
magnetization data in the as-synthesized Z0@anocrystals. Our results demonstrate that magnetic properties

of magnetic particles can be largely modified by just changing particle size, which might be a useful way to
design novel magnetic materials.

1. Introduction sites, as (Zn-«Fe)[Zn,Fe-,]O04, where parentheses and square
. ) brackets denote the A and B sites, respectively and ieehe

The manufacture of magnetic nanoparticles (MNPs) started j,ersion parametérNet magnetization at ambient temperature

many years ago, and currently there are reliable synthesis routeSc,, he obtained in nanometer-sized (ZFe)[Zn,Fe—]O4 par-

However, synthesizing MNPs of a few nanometers, keeping the (icjes6 various synthesis methods, such as dry- and wet-mil-

magnetic moment of the corresponding bulk material, is still a ling,8-9 sol-gel 1011 co-precipitatior2 3 microemulsiond? pul-

challenge because the high surface/volume ratio makes thegeq |aser depositidfi electrodepositiof thermal solid-state reac-

surface disorder effect to be dominaritherefore, the develop- tion,17-18and ultrasonic cavitation approatthave been reported

ment of synthesis methods, by which materials, having nanom- ;. prepare nanometer-sized (ZgFe)[ZnFe>_]O4 particles. Here

eter-sized _grain_ siz_e, retgin the magnetic performance of theWe report a simple method to prepare (ZiFe)[ZnyFe»—J]Oa

bulk materials, is still desirable. nanocrystals with a relatively narrow size distribution by
When the size of magnetic particles decreases into nanometerthermal decomposition of organometallic precursors in high

sized scale, the surface area increases greatly, resulting in novehoiling point solvent octyl ether, which has been used to

phenomena. Superparamagnetism, magnetic quantum tunnelingynthesize different monodisperse nanocrystai¥ We

and spin-glass-like behavior are some examples in the field of discuss the structure and magnetic data of as-synthesized

nanomagnetist. These magnetic properties make magnetic (zn,_,Fe)[Zn,Fe,_JO4 nanoparticles.

nanopatrticles to have many technological applications including

magnetic data storage, ferrofluid, medical imaging, drug target- 2. Experimental Details

ing, and catalysi§-> The zinc ferrite, ZnFg,, one of the iron- . . . .

based cubic spinel series, shows striking changes in its magnetic 2-1. ChemicalsAll the chemical reagents in our experiments

properties by reducing the grain size to the nanometer-sizedWere used without any purification. The precursor Zp&e,O

range. Bulk zinc ferrite is a completely normal spinel structure (99-99%) and oleic acid (90%) were purchased from Alfa Aesar

with Zn ions in the tetrahedral or A sites and Fe ions in the €ompany, and the other precursor Fe(€@as purchased from

octahedral or B sites. Due to antiferromagnetic (AFM) super- Sigma-Aldrich. High boiling point solvent octyl ether (99%)

exchange interactions between-B ions, bulk zinc ferrite is ~ Was purchased from Tokyo Kasei Kogyo Co. Anhydrous ethanol

antiferromagnetic afy = 10 K. However, the magnetic struc-  (C2HsOH, chromatogram grade) was purchased from Scharlau

ture of ZnFeO4 can be largely altered by developing a non- Chemie S.A.

equilibrium state, i.e., redistribution of iron ions at A and B 2.2. Synthesis of Nanometer-Sized Zinc Ferrite ZnF©,.

In a typical experiment, 0.11 g (0.5 mmol) of ZnA2H,0 and

5 mL of anhydrous ethanol were placed in a 50 mL beaker.

*To whom correspondence should be addressed. E-mail: jiangjz@

zju.edu.cn. The mixture was heated to /AT under strong stirring after
TICNSM and Laboratory of New-Structured Materials, Depatment of ZnAc,*2H,0 completely dissolved in ethanol. The mixture was
Materials Science and Engineering, Zhejiang University. injected into octyl etheroleic acid solution (10 mL of octyl
INA. ) . )
S E-mail: jianglab@zju.edu.cn. ether and 1.35 mL (4.5 mmol) of oleic acid) by a syringe at
' Analysis and Testing Centre, Zhejiang University. 80°C, in which oleic acid acts as a surfactant. When the solution
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temperature reached 13C, 0.13 mL of Fe(CQ) (1 mmol)
was rapidly added into solution, and then the mixture was heated;
to 290°C with a rate of 22C/min and refluxed at 290C for 2
h. During reaction the color of the solution varies from
transparent to yellow and to black. After reaction, the solution
was cooled to room temperature and excess ethanol was adde
into the flask. The products could be obtained by centrifugation
of the solution at a rate of 10000 rpm for 30 min. After
discarding the supernatant, the precipitate was washed by
methanol, ethanol, or chloroform. Final products obtained were * °
dried in vacuum at 50C. 5
2.3. Characterization. Structural studies on the as-synthe-
sized samples were carried out using transmission electron
microscopy (TEM) and X-ray powder diffraction (XRD). TEM

. . ! . = 3 7 LA ] i S 6 7 8 9 10 11 12 13 14 15
images and electron diffraction patterns were obtained on a® = , % & M diameter (nm) .

£

‘éEOIEhZ?SCX mlcrosgot)he byd(_jlsperSItrI]]g Fi.owdder S?mples IE th? Figu_re 1. TEM and HRTEM measurements of ngE_H n_anocrystals
iImethylbenzene an en dipping the liquid onto a carbon- gpiaineq by thermal decomposition. (a) Low-magnification TEM image
Coated copper grid. XRD measurements were performed USINgof as-synthesized ZnE®, nanoparticles. (b) High-resolution TEM

a Rigaku D/MAX-2550PC X-ray powder diffractometer with  image of a single ZnR©, nanoparticle. Thel-spacing is 0.252 nm
Bragg—Brentano geometry using CuoKirradiation in the 2 corresponding to the (311) fringes of cubic ZpBg (c) SAED pattern
range of 15-95°, a step of 0.02and 4 s/step. The average grain of t.he ZnFgO4 nanoparticle shown in a. The diffraction rings are
size, d, and the root-mean square (rms) atomic-level strain, atributed to the (111), (220), (311), (400), (511), and (440) planes,
[¢2[¥2, within particles were estimated from the diffraction line ][reosgegg;/ﬁ% (?3)0(? |§Zn(3)|stnr?ultlon of Zni@, nanocrystals obtained
broadening using the WilliamserHall method?® g particies.

Magnetic studies, including zero-field cooling (ZFC), field
cooling (FC), hysteresis, and relaxation measurements, were
conducted on a physical property measure system (Quantum
Design PPMS-9) and on a SQUID magnetometer MPMS-xI.
Hysteresis curves were recorded at 10, 30, 100, and 300 K, and
the zero-field cooling (ZFC) and field cooling (FC) curves
were obtained under the applied field of 100 Oe for sam-
ples. Saturation magnetizatiorM§), coercivity Hc), and
blocking temperatureTg) were deduced from these measure- 20 30 40 50 60 70 80 90
ments. Furthermore, magnetic relaxation spectra were re- 26 (degree)
corded at different applied magnetic fields, 200, 500, 1000, Figure 2. XRD pattern of as-synthesized Znfa nanoparticles.
5000, 10 000, and 50 000 Oe%K in order to study the stabil-
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ity of as-synthesized nanometer-sized (Zfe)[ZnFe—x]O4 16
particles. al _aZFC
12t ;
3. Results 310 J
-
3.1. Structural Studies. From the TEM images shown in E, 8__1'
Figure 1a, the as-synthesized nanocrystals are quite uniform in = 1{
size. Grain size distribution was estimated by counting about 6 »
300 nanoparticles and characterized by a Gaussian function 4p
(solid line) in Figure 1d with an average grain size of %8 0 50 100150 200 250 300
0.2 nm and standard deviation of 30%. As shown in Figure 1c, T (K)

these nanoparticles are crystalline, having a spinel structure. Therigure 3. Zero-field cooling and field-cooling magnetization data
high-resolution TEM image in Figure 1b shows the internal measured in an applied field of 100 Oe for as-synthesized ZhFe
atomic lattice for a nanocrystal. The particle appears to be a nanoparticles.

single crystal and exhibits a 0.252 rovspacing for the (311)

reflection. A typical XRD pattern of the as-synthesized Zi@e the system, making re-distribution of Zn and Fe ions possible.
nanocrystals was shown in Figure 2. The Zienanopatrticles These nanometer-sized (ZpFe)[Zn«Fe—x]O4 particles could
have a high degree of crystallinity. All of the peaks match well have a contraction in lattice, as observed in Figure 2. This is in
with Bragg reflections of the standard spinel structure (space agreement with the results obtained by other researéhers.
group Fd3m). The average grain size is found to be about 10  3.2. Magnetic StudiesDetailed magnetic measurements, i.e.,
nm, which is in good agreement with the result obtained by zero-field cooling and field cooling magnetization vs temper-
TEM in Figure 1, together with a small valué?(¥2 = 0.05%. ature, magnetic hysteresis loops at several temperatures, relax-
The lattice parameter of an as-prepared sample is found to beation under different applied fields at 5 K, have been carried
8.411(5) A, slightly smaller than the 8.443 A value reported out in order to study the magnetic properties of the as-
for bulk zinc ferrite (PCPDF No. 894926). It is well-known synthesized (Zn,Fe)[Zne]O4 nanoparticles. Figure 3
that for zinc ferrite Zn ions at A sites and Fe ions at B sites are shows the temperature dependence of magnetization by the ZFC
surrounded by four and six nearest oxygen anions, respectively.and FC procedures from 5 to 300 K in an applied magnetic
When the particle size decreases into nanometer-sized scalefield of 100 Oe. The curve shows a cusplagt= 65+ 2 K as
surface area increases greatly, which enhances the energy oéxpected for superparamagnetic nanoparticles, below which the
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ZFC data, a value dker = 46 kJ/n¥ was obtained for the as-
synthesized (ZnFe)[Zn.Fe—|O4 nanoparticles. This value
compares well to the values previously reported for other iron
oxide cubic spinels; e.g., (F&[Fe*".04 hasKer = 20—35
kJm=331

Figure 4 shows magnetic hysteresis loops for as-synthesized
(Zm—xFe)[ZnFe—4]O4 nanoparticles at different temperatures
T = 10, 30, 100, and 300 K. Table 1 lists values of saturation
magnetization and coercivity at 10 K for the as-synthesized
(Zn—xFe)[ZnFe,—4]O4 nanoparticles. We found that the
value of saturation magnetization is about 65.4 egnbiat T =
10 K. It is known that the inversion degree in ZnPg results
in large magnetization values originated in the uncompen-
sation of the antiferromagnetic B sublattice, which is known to
be fully populated in normal configuration. In Table 2 we listed
previously reported values &fs for zinc ferrite nanoparticles
prepared by various methods. The broad rangdof 12—88
emug~!in Table 2 reflects the fact thalls strongly depends

4000 -2000 0 2000 4000
H (Oe)

Figure 4. Magnetization vs applied magnetic field for as-synthesized

ZnFe0,4 nanoparticles at different temperatures. Inset shows these

curves with a field range from-400 to+400 Oe.

TABLE 1: Size and Magnetic Parameters for
As-Synthesized ZnFgO, Nanopatrticles at 10 K

[dFem (nm) 9.8 Mo (emug?) 62.5
Ms (emug™) 65.4 y (emug1-0e™?) 6.6 x 104
Hc (Oe) 102.4 tets (us) 1.7 x 1¢¢

system is blocked. Also magnetic irreversibility between ZFC

and FC curves can be noticed frag up to Tir ~ 90 K, where

on the synthesis method used. Our present valugdglay
within these values, indicating that the redistribution of
Fe ions between A and B sites occurs in the as-synthesized
(Zm—xFe)[ZnFe—4]O4 nanoparticle$? Magnetization data
taken atT = 10 K show that thévi(H) cycle remains open up
to about 1.3 kOe, reflecting magnetic irreversibility below this
field value. This result is much lower than previous reports on
highly defective ZnFgD, and CuFgO, nanoparticles prepared
by high-energy ball milling®4>where high-field irreversibility

is observed up to 6090 kOe. This high field magnetization
irreversibility implies an anisotropy field larger than the

both curves merge with each other. This difference betWgen  agnetocrystalline or shape anisotropies usually observed for
and T, values reflects the contnbutlo_n of the _Iarger particles  gmall particles and has been assigned to defect-enhanced
(dOfrom 9 to 15 nm, as observed in TEM images) to the magnetic anisotrop§f~48 Further analyses of thbl(H) data

magnetization as they unblock at higher temperatures. ghowed that the magnetization does not saturate even for our
The blocking temperature signals the range for which the time highest fields I = 50 kOe), indicating a magnetically hard

scale of magnetization measurements equals the relaxation timecomponent that can be associated to surface spin disorder. The
and thus the anisotropy constant can be estimated fromghe magnetization showed a nearly linear dependendé fam fields
value of the ZFC curve! H > 3 kOe, and thus the data were fitted in this region using
KV = kg Ty In(t/zy) ) the expression

M=M,+ yH (2)
whereKe is the effective anisotropy constaitjs the particle
volume, kg is the Boltzmann’s constant,is the superparamag-
netic relaxation time, andy is a factor of the order of
1079710122830 From eq 1 and with use of thE; value from

whereMp is the extrapolated magnetization at zero field gnd
is the high field susceptibility. The resulting values witg=
62.5 emug ! andy = (6.6 4 0.6) x 104 emug1-Oe L. The

TABLE 2: Reported Values of Saturation Magnetization for ZnFe,O, Nanoparticles Prepared by Various Methods

Ms (emug™?) temp (K) size (nm) synthesis method ref no.
65.4 10 9.8 thermal decomposition this work
38 60 4 hydrothermal method 32
25 5 12 Ultrasound-assisted emulsion 33
78 5 6.6 polyol method 34
53.9 5 14.8 polyol method 34
70 3 3.7 oil-in-water micelles 35
61.87 80 300 hydrothermal in ammonia solution 36
11.9 2 32 self-propagating combustion 37

~37 4.2 47 ball milling 38
22 5 8.1 supercritical selgel + drying at 513 K 39
73 10 10.3 supercritical selgel + drying at 513 K+ ball milling for 10 h 39
38 4.2 5-20 hydrothermal in supercritical methanol 40
20.7 4.2 36 ball milling 41
40.3 4.2 50 ball millingt calcinations at 773 K 41
10 300 11 ball milling 42
75 300 14 ball milling 42
58 5 9 ball milling 43
88.4 4.2 10 ball milling 8
46.9 4.2 55 co-precipitation at 373 K 44
26.4 5 29 co-precipitation at 373 ¥ calcination 44
56.6 300 thin film pulsed lased deposition 15
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Figure 5. Relaxation patterns® K under the fields indicated. Upper
left inset: relaxation pattern undéet = 200 Oe showing logarithmic
time dependence d¥l(t). Lower right inset: relaxation pattern under
50 kOe, where no time evolution is detected.
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Figure 6. ZFC data together with fitting results using different models.
Details are given in the text.

effective magnetic momener particleextracted from thévp
value and with use of the average particle size from TEM
measurements wags = 1.7 x 10* ug. In Figure 5 we show
the relaxation data of the magnetization under different applied
fields 0.2, —0.5, —1, 5, —10, and 50 kOe at the same
temperature o5 K (i.e., well below the blocking temperature).
For each field, the relaxation was measured for about 8000 s
changing the field from positive to negative for each successive

measurement, to allow the sample to relax to a different state

crossing theMl = 0 magnetization. The curves obtained For

< 1000 Oe show clear relaxation effects (see the upper inset of

Figure 5) with a logarithmic time dependence, indicating that
domain rotation is not complete. Fbr> 5000 Oe the system
shows negligible relaxation effects within experimental error,
indicating that there is no magnetic viscosity.

4. Discussion

In a few-nanometer particle the surface/volume ratio can be
increased notably, so that a major fraction (up te-30%) of
the particle atoms can be on the surface. For our Zdfre
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A—B superexchange interactions, exist in spinel ferrites, in
which A—B interaction is much larger than the others. In bulk
ZnFe0, having normal cationic configuration, the absence of
magnetic ions at A sites (populated by nonmagnetic Zn) results
in weak antiferromagnetic exchange interactions within Fe atoms
at B sites, making bulk ZnkL8, antiferromagnetic below 10
K. In the as-synthesized (ZnFs)[Zn,Fe,—]O4 nanoparticles,
a fraction of Fe and Zn ions occupy A and B sites, respectively.
The Fe-Fe interaction between AB sublattices, which is
ferromagnetic, is much stronger than-Hee ions at B-B sites.
This largely enhances saturation magnetization and magnetic
transition temperature above 300 K, as observed in Figure 4.

To further study the magnetic structure of the as-synthesized
(Zn—yFe)[ZnyFe—4]O4 particles, the ZFC data were analyzed
by various models taking into account of particle size distribu-
tion, surface effect, and ferromagnetic or antiferromagnetic
particles. The magnetic susceptibility for a single particle with
volumeV is given by Wohlfarth® as

¥ =MPVI3kT  whenT =T,

®3)
4)

where Ms is the magnetization of the particle, which was
assumed to be temperature-independent in the fitting process.
For ferromagnetic particles, marked as modeMs, does not
depend on the particle volume. However, for antiferromagntic
particles,Ms depends on the particle volume. In the fitting
process, we used the dependence of the net moment on
proposed by Richardséh for antiferromagnetic particles,
marked as model 2; i.e.,

¥ =MGSVI3K  whenT < T,

Mg=CV (5)
whereC depends on the atomic moment for the material. For
the surface spin canting effect, we assume that the saturation
magnetization is proportional to the percentage of surface
magnetic ions, marked as model 3, i.e.,
Mg=CV 3 (6)
whereC is a fitting parameter. On the basis of the consideration
mentioned above, a combination of ferromagnetic contribution

'with surface spin canting was suggested, in which the relation-

ships betweeiMs andV, marked as model 4 and model 5, are
expressed as

M¢=D+Cv 3 @)

(8)

whereC is a fitting parameter. Fitting results using eqs&
are shown in Figure 6 by using the particle size distribution of
the as-synthesized (£nFe)[ZniFe«O4 particles: f(d) =
Al(V270) exp[—((d — do)%/20?)] with o = 3 + 1 nm anddp =
9.8+ 0.2 nm, which was obtained from TEM in Figure 1. We
found that (1) pure antiferromagnetic nanoparticles cannot fit

Mg=D + CV"

nanoparticles having ca. 10 nm, the large fraction of the total ZFC data at all, indicating our (ZnsFe)[Zn«Fe,—4]O4 particles
spins at the surface will have a non-collinear configuration with are not antiferromagnetic, and (2) using model 1 and model 3,
respect to the core ones, due to broken exchange bonds anditting gets better. However, these two fitting curves are located
symmetry. This results in an increase in the net magnetic at the two sides of the measured ZFC data, which indicate that
moment of the single-domain Znj®&, particle. The re- the realmagnetic structure of our as-prepareg (Es)[ZnFe—]O4
distribution of Zn and Fe ions at both A and B sites in Zsbg particles might be a combination of the models. Indeed, the
particles also change the net magnetization of particles. It is fitting to the ZFC data becomes much better using model 4 or
well-known that three kinds of interactions; /A, B—B, and model 5, as shown in Figure 6. We found thealue in model
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5 of —0.30, which is very close te-1/; for model 4. Thus, we " (tlz)zgggn;gész.l?.; Joy, P. A.; Anantharaman, M.JRMagn. Magn.
i ater. .

qondUde that our as-syntheSIZ?d (M&)[anF627404 par- (13) Martin, J. L.; Vidales, D.; Lopez, D. A,; Vila, E.; Lopez, F. A.
ticles have both a ferromagnetic component, which could be pjioys'compd1999 287, 276.
resulted from by the re-distribution of Fe around A and B sites,  (14) Komar, P. IrHandbook of Microemulsion Science and Technalogy
and a surface spin canting component from large fraction of Mittal, K. L., Ed.; Dekker: New York, 1999. _ . .
surface ions for nanometer-sized particles. We believe that the, (315,3/' Wakiya, N.; Muracka, K.; Kiguchi, T.; Mizutani, N.; Shinozaki,

. . . . . J. Magn. Magn. Mater2007, 310, 2546.
resulting magnetic moment arising from these two mechanisms * 16) Roy, M. K.; Verma, H. CJ. Magn. Magn. Mater2006§ 306, 98.
results in the different behavior observed in our as-synthesized (17) Li, F. S.; Wang, H. B.; Wang, L.; Wang, J. B. Magn. Magn.
(Zny—4F8)[ZnsFe—,]O4 nanoparticles, as compared to bulk Mater. 2006 309, 295. _
ZnFeO,. More specific measurements (e.g., in-field Mossbauer ~ (18) L. Y.; Zhao, J. P.; He, X. DMater. Sci. Eng., 2004 106, 196.

. . . 19) Sivakumar, M.; Towata, A.; Yasui, K.; Tuziuti, T.; lida, Curr.
data) are needed for a trustable estimation of the relative Apf)l. gjhys_zooﬁ 6, 591.

contributions from surface and bulk in these nanoparticles. (20) Kang, E.; Park, J.; Hwang, Y.; Kang, M.; Park, J. G.; Hyeon].T.
Phys. Chem. R004 108 13932.
5. Conclusions (21) Zeng, H.; Philp, M. R.; Wang, S. X.; Sun, S. X.Am. Chem. Soc.

2004 126, 11485.

In summary, we have synthesized zinc ferrite nanocrystals (22) Easom, K. A.; Klabunde, K. Rolyhedron1994 13, 1197.
using thermal decomposition, which showed relatively narrow 19533)12'105';232”99“ J.; Scher, E. C.; Alivisatos, AJmAm. Chem. Soc
particle size distribution with an average particle sitie= 9.8 (24) Guo, Q.; Teng, X.; Rahman, S.: Yang,HAm. Chem. So2003
+ 0.2 nm and standard deviation of 30%. From our magnetiza- 125 630.
tion data we inferred a ferromagnetic structure of the particles ~ (25) Williamson, G. K.; Hall, W. HActa Metall. 1953 1, 22.

with a saturation magnetization of 44.9 emu at room (26) Wang, L.; Zhou, Q. G.; Li, F. $hys. Status Solidi 8004 241,

. . ~ 377.
temperature. This value increasesMg = 65.4 emug ™! for T (27) Duarte, E. L.; Itri, R.; Lima, E., Jr.; Baptista, M. S.; Befqdo S.;
= 10 K, among the largest found in partially inverted ZpBge Goya, G. F.Nanotechnolog00§ 17, 5549.
spinel. BelowTg = 68 &+ 2 K the system is blocked by (28) Johansson, C.; Hanson, M.; Hendriksen, PJVMagn. Magn.

interparticle interactions. The as-synthesized zinc ferrite nanoc-Ma(tg') 13?136%5,1 182.'5Balcells L. Laberta, &. Magn. Magn. Mater1993

rystals are magnetically stable. By fitting ZFC data using various 124, 269.

models, we conclude that the magnetic behavior of the as- lgs(%o)lzl%icgign, D.P. E;Reid, N. M. K.; Hunt, 0. Magn. Magn. Mater

e o o o e o o4 G, L i, .0 oy, ...

ALl : : Phys 2006 99, 083908.

A—B sites in the (Zn-xFg)[ZnxFe—,]O4 particles and surface (32) Upadhyay, C.; Verma, H. C.; Sathe, V.; Pimpale, AJVMagn.

spin canting. The change observed in the magnetic propertiesMagn. Mater 2007 312, 271. '

of particles with different particle sizes in the present work _(33) Sivakumar, M.; Takami, T.; lida, Y. Phys. Chem. 2006 110

suggests that this could be a useful way to design novel magnetic ™ 34y Ammar, A.; Jouini, N.; Fievet, F.: Beji, Z.; Smiri, L.; Moline, P.:

materials. Danot, M.; Greneche, J. M. Phys.: Condens. Matt&00§ 18, 9055.
05133)();40chepied, J. F.; Bonville, P.; Pileni, M. ®.Phys. Chem. B00Q
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