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Nanocrystalline Ni,_,Zn,Fe,O, powders were synthesized by the citrate precursor
method, and the reaction sequence during the process was examined. Studies of the
reaction sequence showed that a NiFe,O, phase was developed as soon as the metal citric
acids were thermally decomposed. In the case of ZnFe,O,, however, ZnO and Fe,O; were
produced first when the metal citric acids were decomposed at low temperature. A single
phase of ZnFe,O, was subsequently obtained when a heat treatment was conducted at
500°C for 2 h. On the other hand, in order to examine the effect of particle size on
magnetic characteristics of Ni-Zn ferrites, nanocrystalline Ni,_ Zn Fe,O, powders with
particle sizes of approximately 7, 25 and 100 nm were prepared by coprecipitation and
citrate precursor methods. The magnetic characteristics of the ultrafine (7 nm) and coarse
(100 nm) nanocrystalline ferrites showed distinct differences. These differences are attrib-
uted to cation disordering at the surfaces of particles, which becomes increasingly domi-
nant as the particle size decreases.

MeTo0M IIUTPATOB-IIPEKYPCOPOB CHUHTE3UPOBAHLI HAHOKPUCTAJJINYECKUE IIOPOIIKK
Ni,_,Zn,Fe,0, u paccMoTpeHa IIOCTIeZOBATENLHOCThL DeaKIuii B aToM mporecce. Mayuenue
II0CJIeJOBATEJIbHOCTA PEaKIMH II0KA3aJ0, UTO HEIOCPEICTBEHHO IIOCJe TePMUUYECKOIr'0 PasJio-
JKeHHA [UTPATOB MeTalIoB obpasosBamack ¢asa NiFe,0,. Oxmakxo B ciyuae ZnFe,O, mpu
PasoMKeHNN IIUTPATOB METAJJIOB IIPU HU3KOHW TeMIlepaType BHauaje o6pasoBerBasuck ZnO u
Fe,0;. Batem B mpomecce TepmooGpaboTku mpu 500°C B Teuemme 2 U mojydyeHa ofHa (hasa
ZnFe,0,. C mpyroii CTOPOHEI, C IeNbI0O UCCIESOBAHNSA BIMSHUA PasMepa YaCTHI, HA XapaKTe-
puctuku Ni-Zn deppuros HaHOKpucTasmtuueckue mopomku Ni,_ Zn,Fe,0, ¢ pasmepamu wac-
THL, TpuOAu3uTeabHO 7, 25 m 100 HM MOJAydYeHBI COOCAMKIEHHMEM M METOHOM I[MTPATOB-IIPe-
KypPCOpPOB. BbISBIEHB! CYIECTBEHHBLIE PABINYNS B MAUHUTHBIX XapPaKTEePUCTUKAX YJIbTPATOH-
Kkux (7 am) u KpynHosepHucThIX (100 HM) HaHOKPHUCTANINYECKUX (DEPPUTOB. ITH PABIUYUMS
IPUINCAHBI KATHUOHHOMY PasyIOPSLOUYEHHUI0 Ha [IOBEPXHOCTAX YACTHIL, IpeodamaHne KOTO-
poro Bo3pacTaeT IIPYM YMEHBIIEHUN Pa3MepPOB UYACTHII.
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Ferrimagnetic oxides, known as ferrites,
can be expressed as M2*O-Fe,3*O5 in which
M2* is a divalent metal ion such as Mg2*
Ni2*, Fe2* or Cu?*. A wide range of ferrite
compositions with different magnetic prop-
erties can be prepared by varying and/or
mixing MZ2* cations. The magnetic proper-
ties of the spinel-structured Ni—Zn ferrites
(Ni,_,Zn,Fe;0,4) exhibit the strongest compo-
sition dependence among the known ferrite
materials. The magnetic characteristics of
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bulk Ni—Zn ferrite prepared by solid state
reaction have been reported [1]. The mixed
ferrite Ni;_,Zn,Fe,O,, where Ni is a divalent
ion, is a solid solution in which the mag-
netic moment varies as a function of Zn
content. The incorporation of up to about 50 %
Zn increases the magnetization, which then de-
creases toward zero for pure Zn ferrite [2].
Recently, scientific interest has been in-
creasingly focused on the synthesis and
characterization of nano-structured solids.
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The characteristics of nanocrystalline pow-
ders greatly depend on surface effects that
become increasingly dominant as particle
size decreases and surface area increases.
Therefore, as micron-sized powders are
brought into the nano-size regime, new
characteristics are expected to appear that
cannot be expected in bulk or micron pow-
ders [8], such as the paramagnetization of
ferromagnetics, changes of band gap and
the formation of metastable phases [4].
These results suggest that systematic inves-
tigations of the novel properties of nano
powders are warranted.

Nanocrystalline ferrite powders have
been prepared by various methods, includ-
ing coprecipitation [5,6], sol-gel [7,8], hy-
drothermal [9,10] and citrate precursor
methods [11]. The reaction sequence of bulk
Ni—Zn ferrite in solid state reaction and mol-
ten salt reaction has been reported [12, 13].
It was found that ZnFe,O, formed first by
the reaction between Fe,O5; and ZnO at low
temperature, then Ni—Zn ferrite formed by
the reaction between NiO and ZnFe,O, at
higher temperature.

In this study, nanocrystalline Ni-Zn fer-
rite powders were manufactured using one
of the simplest manufacturing methods of
the citrate precursor method. From the ex-
perimental results, a reaction sequence for
the nanocrystalline ferrites is suggested. On
the other hand, nanocrystalline Ni—-Zn fer-
rite powders with particle sizes around 7,
25 and 100 nm were manufactured using
the coprecipitation and citrate precursor
methods, respectively, in order to examine
the effects of particle size on magnetic
characteristics.

Nanocrystalline Ni,_,Zn,Fe,O, (0<x<1) was
prepared by the citrate precursor method.
High purity raw chemicals of citric acid
(CgHgO5), nickel nitrate (Ni(NO3),-6H,0), zinc
nitrate (Zn(NO3),-6H,0) and ferric citrate
(FeCgH50;) were used. The ferric citrate
and the citric acid were weighed with 1:1
mole fraction and dissolved together with
distilled water at 60°C for 40 min in a bath.
The nickel nitrate and the zinc nitrate cor-
responding to the target compositions were
weighed and dissolved slowly in a continu-
ously stirred bath of the ferric citrate and
the citric acid solution. The precursor mix-
tures were then continuously heated at 60°C
with constant stirring to obtain dried prod-
ucts that were in the form of a uniformly
colored, brown transparent glass containing
all the cations homogeneously mixed at the
atomic level. The mixtures were dried at
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100°C for 72 h. The dried citrate precursors
were heat-treated in a furnace at 250-500°C
for 2 h with a heating rate of 5°C/min.
DTA-TG (Mettler Toledo TGA/SDTA 851¢,
Switzerland) analysis was conducted in the
temperature range 25-700°C with a heating
rate of 5°C/min in air for the identification of
weight losses and decomposition temperatures.

In order to obtain finer nano powders,
another processing method involving a co-
precipitation route was employed. Raw ma-
terials of NiCl,-6H,0 (99.9999 %), ZnCl,
(99.99 %) and FeCl; (99.99 %) were used
as starting chemicals for coprecipitation of
Ni;_,Zn,Fe;,0, (0.0=x<1.0). The starting
chemicals were dissolved separately in dis-
tilled water and subsequently mixed. The
mixed solution was kept below pH =1 to
avoid precipitation. The Ni—Zn ferrite solu-
tion was added dropwise to a continuously
stirred bath of aqueous NH,OH with a pH
adjusted to 10. After ageing, the precipi-
tates were filtered, washed to remove chlo-
ride ions and then dried at 120°C for 24 h.
The dried products were calcined in a fur-
nace at 300° for 1 h with a heating rate of
3°C/min.

Elemental analysis of the calcined pow-
ders prepared by the citric precursor and
the coprecipitation methods was carried out
by ICP. For samples of identical nominal
composition, no considerable compositional
differences in the powders prepared by the
different methods were observed. Powder
X-ray diffraction with nickel-filtered Cu-—
K, radiation (MO3-XHF, MAC Science Co.,
Japan) was used for phase identification.
The Vibrating Sample Magnetometer (VSM:
LDJ 9600, USA) at 15,000 Oe and 300 K
was used for the characterization of mag-
netic properties of the powders. In addition,
morphological characteristics of  the
nanocrystalline ferrite powders were inves-
tigated by transmission electron micros-
copy.

Reaction sequence of Ni—=Zn ferrite in the
citrate precursor method. Fig. 1 shows the
DTA-TG analysis of the chelated metal cit-
ric acids of the starting chemicals — nickel
citric acid, zinc citric acid and iron citric
acid. In the case of nickel citric acid, a
sharp and monotonous exothermal peak ap-
peared when a drastic weight loss occurred
around 350°C. In the case of iron citric
acid, a drastic weight loss appeared around
200°C and a corresponding sharp exother-
mal peak was observed. Complex mass
losses and thermal events were observed in
the case of zinc citric acid and the decompo-

Functional materials, 13, 3, 2006



Jong-Chul Lee et al. /| Chemical synthesis of ...

Mass loss, % AT,°C

417
a) |

45

43

41

1 1 1 1 1 1 31

0 17
b)

20} ds

1
600 T,°C

1 1 1 1 1
100 200 300 400 500

Fig. 1. DTA-TG curves of the chelated metal
cirtic acids of the starting chemicals; (a)
nickel citric acid, (b) zinc citric acid and (c)
iron citric acid.

sition temperature was extended up to
525°C. From this result, we can recognize
that the decomposition temperatures of the
various metal citric acids differ the zinc
complex exhibited the highest decomposi-
tion temperature. The starting chemicals of
the metal citric acids likely decompose into
oxides at 375, 525 and 360°C for the nickel,
zinc and iron citric acid complexes, respec-
tively, where the mass %. plateaus.

Fig. 2 shows the X-ray diffraction pat-
terns of the metal citric acids after a heat
treatment at the decomposition temperature
where the weight losses end. The metal cit-
ric acids of the nickel, zinc and iron were
heat treated in air to their respective de-
composition temperatures of 375, 525 and
360°C with a heating ramp of 5°C/min. As
soon as the temperature reached the respec-
tive target temperature, the metal citric
acids were air quenched. As shown in the
Fig. 2, the metal citric acids decompose into
oxides after the heat treatment at the de-
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Fig. 2. X-ray diffraction patterns of (a) the
nickel, (b) zinc and (c) iron citric acids after
a heat treatment at 375, 525, 360°C, respec-
tively.

composition temperature. In the case of the
iron citric acid, however, two kinds of iron
oxides — y—Fe,05 [14] and a—Fe,O5 [15]) —
coexisted. At higher temperatures, the me-
tastable y—Fe,O5; phase transforms to o-—
F6203 [16].

Fig. 3 shows the TEM photographs of the
NiO, ZnO and Fe,O; after decomposition
from metal citric acids at their decomposi-
tion temperature of 375, 525 and 360°C.
The particle size of the NiO, ZnO and Fe,O4
was about 6, 70 and 25 nm, respectively.
Severe agglomeration was observed in ZnO.

Fig. 4 shows the DTA-TG analysis of the
mixtures of metal citric acids corresponding
to the compositions of NiFe,O4, ZnFe,O,
and NiggZng sFe;0,. NiFe,O, precursor
shown in Fig. 3(a) revealed two clear
exothermal peaks around 240 and 320°C,
which originated from iron and nickel citric
acid, respectively. When zinc citric acid was
incorporated into NijsZngsFe;0, and
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Fig. 3. TEM photographs of the (a) NiO, (b) ZnO and (c) Fe,05 after decomposition from metal citric
acids at their decomposition temperature of 375, 525 and 360°C.

ZnFe,O, precursors, smooth and complex
exothermal peaks appeared, probably result-
ing from the complex thermal events of the
decomposition of zinc citric acid as shown
in Fig. 1(b). The mass loss observed below
100°C is due to the volatilization of H,O
adsorbed on the surface of the citrate pre-
cursor. The additional mass loss of approxi-
mately 85 mass % observed between 100
and 200°C likely results from the volatiliza-
tion of coordinated H,O molecules of the
citrate precursors. The mass loss that oc-
curs over 200°C is attributed to the decom-
position of organic material in the citrate
precursors. The temperature of a complete
burn-off of organic substances without any
further weight loss for NiFe,O,4,
NIO5Zn05F6204 and ZnF6204 was about 340,
370 and 410°C, respectively, showing a ten-
dency for an increase in the decomposition
temperature with increasing zinc citric acid
content. The decomposition temperatures of
the mixed-metal citric acids (NiFeyOy,,
Nig 5Zng sFe,0,4 and ZnFe, O, precursors) de-
creased compared to those of the single-
metal citric acid complexes.

Fig. 5 shows the XRD patterns of
NiF6204, ZnF6204, and NIO5ZnO5F6204 pre-
cursors heat-treated in the temperature
range between 300 and 500°C without iso-
thermal holding time and with an isother-
mal holding time of 2 h at 500°C. NiFe,04
and ZnFe,0, precursors were amorphous
when the precursors were heat-treated at
300°C. Despite a more than 90 % mass loss
by 300°C, crystallization has not yet sub-
stantially progressed. In the case of the
NiFe,O, precursor, the NiFe,O, phase ap-
pears to form directly at the temperature
where the nickel and iron citric acids are
completely decomposed. In the case of
ZnFe,0Q4, however, Fe,O; and ZnO phases
formed at 400°C. ZnF6204, F6203 and ZnO
phases coexisted even when the temperature
was increased to 500°C and single-phase
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Fig. 4. DTA-TG curves of the (a) NiFe,O,, (b)
ZnFe,0, and (c) Nij 5Zn, sFe,0, precursors.

ZnFe,0, was not obtained at this tempera-
ture. Because the heat treatment tempera-
ture is quite low compared to a traditional
solid state reaction, long-range diffusion of
ions is kinetically limited during ecrystal-
lization. Consequently, intermediate or me-
tastable inhomogeneous phases often crys-
tallize. The larger ionic radius of Zn
(0.74 A) relative to those of Ni (0.69 A) and
Fe (0.63 A) undoubtedly slows its diffusion
kinetics. The great difference in particle

Functional materials, 13, 3, 2006
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Fig. 5. X-ray diffraction patterns of (a)
NiFe,O,4, (b) ZnFe,0,, and (c) NiysZny sFe,0,
precursors heat treated at 300-500°C without
isothermal holding time.

size between NiO, ZnO and Fe,O5 after the
decomposition also seems to play a partial
role in the reaction. Specifically, the reac-
tion between finely divided NiO and Fe,O5
takes place prior to any observable reaction
involving ZnQO. This observation implies
that the reaction between ZnO and Fe,Oj5 to
form a spinel-structured ferrite requires a
higher thermal activation energy and/or
longer diffusion time than the similar reac-
tion between NiO and Fe,05;. Consequently,
The ZnFe,O, eventually formed a single
phase after isothermal heat treatment at
500°C for 2 h, unlike NiFe,O,, which pro-
duced a single phase at 500°C without the
isothermal heat treatment as shown in Fig.
5(a) and (b).

On the other hand, some degree of crys-
tallization at 300°C was observed in
Nig 5Zng sFe-,0,4, as evidenced by the broad
diffraction peaks in Fig. 5(¢). According to
the DTA-TG analysis of NIO5Zn05F6204,
however, decomposition is not complete at
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Fig. 6. Proposed mechanism of Ni-Zn ferrites
formation by the citrate precursor method.

300°C. Therefore, crystallographically and
thermodynamically metastable intermediate
phases might be formed at this tempera-
ture. Initiation of crystallization at 300°C
for NigsZng sFe,0,4 is unlikely. In the case
of Nig gZng 5Fe,0,4, a simultaneous develop-
ment of NiFe,O,4, Fe,0; and ZnO phases
probably initiates at low temperature and a
single phase of NijzZngsFe,0, forms with-
out isothermal heat treatment at 500°C.

A reaction sequence for the formation of
nanocrystalline Ni—Zn ferritesis proposed in
Fig. 6. NiFe,O, first forms around ~400°C,
followed by the reaction of ZnO and Fe,O4
with ZnFe;0,4. Finally, the reaction between
NiFe,O,4, Fe;O5 and ZnO initiates at higher
temperature. This is rationalized on the
basis of the following experimental results:
i) According to the DTA-TG and X-ray dif-
fraction analysis, the formation tempera-
ture of ZnFe,O, was higher than that of
Nig 5Zng sFe,0,4. As a result, a selective re-
action between ZnO and Fe,05 in the pres-
ence of NiFe,O, is implicit. The reaction can
therefore be stated as

NiFe,0, + ZnO + Fe,05 — 2Niy £Zn, sFe,0,,

as opposed to a NiFe,O, + ZnFe,O, process.
ii) The X-ray diffraction peaks shifted to
lower 26 angle as the heat treatment tem-
perature increased from 400 to 500°C (Fig. 7).
In the case of the precursor heat treated at
400°C, the lattice constant of
Nig sZng sFe,0, is almost identical to that of
pure NiFe,;O,. The increase in the lattice
constant as a function of the heat treatment
temperature suggests that more Zn2* is in-
corporated into NiFe,0, as temperature is
increased. This further suggests that
Nig sZng sFe,0,4 forms as the result of a si-
multaneous reaction between NiFe,O,, ZnO
and Fe,0;. Since the decomposition tem-
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Fig. 7. Lattice constant of Ni-Zn ferrite
measured from the XRD patterns of Ni—Zn
ferrite precursors heat treated at 500°C with
a isothermal heating for 2 h.

perature of the iron citric acid complex is
low, nanocrystalline Fe,O5 and Zn coexist in
the temperature range 400-500°C. In this
case, a reaction between them is difficult
before a complete decomposition of the hy-
drozincite is achieved at high temperature.
The hydrozincite, which has not yet decom-
posed to an oxide, appears to hinder the
reaction with Fe,O;. From this point of
view, the solid state reaction between
nanocrystalline oxides of ZnO and Fe,O4
might be easier than the reaction between
iron and zinc citric acid complexes.

Fig. 8 shows the TEM observation of
NIF6204 (N| ferrite), ZnFezo4 (Zn ferrite)
and NiggZng sFe,0, (Ni=Zn ferrite) after a
heat treatment of the precursors at 500°C
for 2 h. As shown in the photographs, the
particles are about 25 nm in diameter with
spherical morphologies.

Particle size dependent magnetic charac-
teristics. Fig. 9 shows the TEM micrographs
of nanocrystalline Ni,_,Zn,Fe,0, (0.0<x<1.0)
powders. Powders with average particle

sizes of about 7 nm were obtained by the
coprecipitation method. In order to obtain
coarse nanocrystalline powders (around
100 nm), the powder prepared by the citrate
precursor method was heat treated at 800°C
for 2 h. Powders prepared by the citric pre-
cursor method with the particle sizes
around 25 nm (Fig. 8) were also employed.
The particle size was not dependent on the
composition of Ni,_,Zn,Fe,O, when the pow-
der preparation method was identical, and
all of the powders exhibited nearly spheri-
cal morphologies.

Fig. 10 shows the X-ray diffraction pat-
terns of the calcined Ni,_.Zn,Fe,O0, powders
prepared by various methods. Broad peaks
at positions corresponding to the Ni—Zn fer-
rite were observed when the mean particle
size is around 7 nm as shown in Fig. 10(a).
When the mean particle sizes of Ni-Zn fer-
rites are increased from 7 to 25 and
100 nm, the width of the main diffraction
peaks of Ni-Zn ferrite narrowed. The parti-
cle size, calculated from X-ray peak broad-
ening using the Scherrer equation [17]
agreed well with the values estimated from
the TEM observation. The main diffraction
peaks of Ni—Zn ferrite shifted to lower 26
angles as the amount of Zn was increased,
indicating an increase in the lattice con-
stant due to the larger ionic radius of Zn2*
(0.74 A) relative to that of Ni2* (0.69 A).
Fig. 11 shows the magnetization hysteresis
IOOPS of NIF6204, N|052n05Fe204, and
ZnFe,0, with particle sizes around 7 nm,
25 nm and 100 nm measured at 15,000 Oe
and 300 K. In the case of NiFe,O, with a
particle size around 7 nm, the saturation
magnetization (M) was found to be around
11.05 emu/g which was lower than that of
the  NiFe;,O, powders of 100 nm
(48.44 emu/g). The decrease in the M, of Ni
ferrite with decreasing particle size has
been previously reported [18-20]. In the

Fig. 8. TEM photographs of NiFe,O,, ZnFe,O, and Ni; ;Zn, ;Fe,O, after a heat treatment of the
precursors at 500°C for 2 h; (a) NiFe,0,, (b) ZnFe,O,4, and (c) Niy 5Zng sFe,0,.
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Fig. 9. TEM micrographs of nanocrystalline Ni,_ Zn Fe,0, (0.0<x<1.0) powders with particle sizes
of approximately (a) 7 nm and (b) 100 nm, (a) and (b) were calcined at 300 and 800°C for 2 h,

respectively.

case of NiggZngsFe,0y4, the trend of the M,
was very similar to that of NiFe;0,4. On the
other hand, in the case of ZnFe,0, with a
particle size around 7 nm, M, was around
9.66 emu/g which was higher than that of
the ZnFe,O, powders of 100 nm
(2.40 emu/g).

Table summarizes the coercivity (H,) val-
ues of nanocrystalline Niy,_.Zn,Fe,0,
(0.0<x<1.0) with particle sizes around 7 nm,
25 nm and 100 nm. The coercivity of the fer-
rite powders exhibited a strong dependence on
particle size. As shown in Table, the overall
coercivity of nanocrystalline Ni,_,ZnFe,O,
(0.0<x<1.0) decreased with decreasing parti-
cle size. However, the coercivity of 7 nm
Ni-Zn ferrites did not reach zero. As the
particle size is reduced, coercivity typically
increases, goes through a maximum, and
then trends toward zero [3]. Below a critical
diameter D,, which is not well defined, the
particles become single domains, and in this
size range the coercivity reaches a maxi-
mum. On the other hand, as the particle

Functional materials, 13, 3, 2006

size decreases below D, the coercivity de-
creases due to thermal effects, according to

h
He=8- p3/2’
where g and h are constants. Below a criti-
cal diameter Dp the coercivity is zero, again
because of thermal effects, which are now

Table. Coercivity of nanocrystalline
Ni,_Zn Fe,0, (0.0<x<1.0) as a function of
particle size.

Composition Coercivity (Oe)

7 nm 25 nm | 100 nm

NiFe,O, 153.6 153.6 233
Nij gZng ,Fe,0, 138.8 140.4 189.2

Nig gZNng 4Fe,04 112 124.2 116
Nig 5Zng sFe,0, | 99.75 121.4 128.7
Nij 4Zny gFe,0, 115.2 117.8 132.6
Nij ,Zn, gFe,0, 108.3 117.5 113.6
ZnFe,0, 281.2 298.6 568.9
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Fig. 10. XRD patterns of nanocrystalline

Ni,_,Zn,Fe,0, (0.0<x<1.0) powders as func-
tions of particle size and x.

strong enough to spontaneously demagnet-
ize a previously saturated assembly of parti-
cles. Such particles are termed superparam-
agnetic [1]. From the coercivity values, the
particle sizes of 7 nm and 25 nm are
thought to be within the single domain re-
gion for the case of Ni—Zn ferrite because
the coercivity increased as the particle size
increased from 7 to 25 nm. Even though
particle sizes of 7 and 25 nm are extremely
small, superparamagnetic behavior was not
observed since the coercivity of the Ni—Zn
ferrite powders was not zero.

Fig. 12 shows the saturation magnetiza-
tion of nanocrystalline Ni,_,Zn,Fe,04
(0.0<x<1.0) powders as a function of parti-
cle size. The saturation magnetization of
nanocrystalline Ni—Zn ferrites with particle
sizes around 25 nm and 100 nm remained
almost the same with that of bulk ferrite
[2]. In the case of NiFe,O, and
Nig 5Zng sFe,0,4 the magnetization greatly
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Fig. 11. Magnetization hysteresis loops of (a)
NiFe,Q,, (b) Niy Zny sFe,0,, and (c) ZnFe,0, as a
function of particle size: I— 7 nm; 2 — 25 nm;
3 — 100 nm.

decreased as the particle size decreased. In
the case of 25 nm and 100 nm ZnFe,0,, the
magnetization was almost zero as expected
and reported earlier [2]. However, in the
case of 7 nm ZnFe,O,4, the saturation mag-
netization was not zero and revealed a
higher wvalue than that of the coarser
ZnFe,O, particles.

At this point, we should consider the
fraction of atoms exposed at the surface
from a theoretical viewpoint because the
surface area of powders is a function of
particle size, and the randomness and/or
disorder of cations near the surface of
nanocrystalline powders will exhibit a
strong particle size dependence. Fig. 13
shows calculated surface:bulk ratios as a
function of particle size under the assump-
tions that the ions are hard spheres with a
radius of 0.1 nm and the crystal assumes a
faced-centered cubic (FCC) structure; FCC is
close-packed structure with an atomic pack-

Functional materials, 13, 3, 2006
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Fig. 12. Saturation magnetization of
nanocrystalline Ni,_,Zn Fe,O, (0.0<x<1.0) pow-
ders as a function of particle size: 1— 100 nm;
2—-25nm; 3 — 7 nm.

ing factor of 0.74. According to the calcula-
tion, for a case when the outermost ions in
a 7 nm particle are exposed, the surface to
volume ratio is approximately 18 %, indi-
cating that 18 % of all atoms in the crys-
tallite are exposed at the surface. Assuming
that the second and third layers are also
considered as being located at the surface,
the surface to volume ratio increase. In
nanocrystalline solids a heterogeneously dis-
tributed disorder is generated by interrupt-
ing the periodicity of crystals by surfaces
[21]. Because the broken bonds of atoms at
the surface destabilize the crystal structure,
ionic disordering may be occurring at the
surface of ultrafine particles. From this
point of view, the magnetic properties of in
nano or atomic scale materials should differ
from those of bulk or micrometer scale
materials.

Disordering at the surfaces of spinels has
been  theoretically investigated [22].
Changes in magnetic properties due to cat-
ion disorder have been reported for me-
chanically activated Ni ferrite [23] and Zn
ferrite quenched from high temperature
[24] when compared to the micron-sized
analogs. Therefore, the higher magnetiza-
tion of 7 nm ZnFe,O, powders relative to
that of 25 and 100 nm, as observed in Figs.
11 and 12 is likely due to the cation-disor-
dered structure resulting from random oc-
cupation and/or exchanges of Ni2*, Zn2* and
Fe3* ions between A and B-sites of the
spinel structure.

In conclusion, in the synthesis of Ni—Zn
ferrites by the citriec precursor method, the
different decomposition temperatures of
nickel and zinc citric acid were found to
affect the reaction kinetics, leading to the
formation of Ni ferrite and Zn ferrite. Sin-

Functional materials, 13, 3, 2006
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Fig. 13. Calculated surface to bulk ratios as
a function of particle size in Ni—-Zn ferrite:
1 — three layers exposed to surface, 2 — two
layers exposed to surface and 3— one layer
exposed to surface.

gle-phase NiFe,0, was produced directly
when crystallization was initiated from an
amorphous precursor. ZnFe,O, was formed
at 500°C from the reaction between Fe,0j
and ZnO phases that were first formed at
400°C. In those reactions involving Zn citric
acid, organic substances bound to Zn2* re-
quired significantly higher temperatures to
achieve decomposition than the other metal
citric acid complexes; reactions involving Zn
citrate were consequently retarded. Con-
cerning the particle size dependent mag-
netic characteristics, the saturation mag-
netization decreased as the particle size de-
creased in the case of NiFe;,0O, and
Nig 5Zng sFe,0,4. However, in the case of
ZnFe,O4, the saturation magnetization in-
creased as the particle size decreased. Since
ultrafine particles have considerable frac-
tion of structurally unstable atoms exposed
at their surface, the phenomenon seems to
be the result of random occupation and/or
exchanges of Ni2*, Zn2* and Fe3* ions be-
tween A- and B-sites of the spinel structure.
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Ximiuauii cuHTe3 HaHOKpuctaxigaux Ni-Zn depuris
Ta IXHIi MAr”HiTHIi XapaKTepPHUCTHUKH

Yncone-Uyan Ji, . Rapynmy, Yncyn-IOnv Ji, Ynceonz-Uncy Kim,
B. Kawunz, B.I'ony6, Canz-Xi Yo, 4.O’Konnop

Merogzom nurTparTiB-IpeKypcopiB cumHTe30BaHO HaHOKpucramiumi mopomkm Nig,Zn,Fe,0,
Ta POBIIAAHYTO IIOCHiZOBHICTH peakniit y mpomy mnpoiieci. ocaigskeHHsS I1ociizoBHOCTL
peakIiii mokasajo, 110 0es3IlocepesHbO IIiC/Js TEPMIiYHOrO PO3KJAAYy IUTPATIB MeTaJiB yTBO-
poBanaca asa NiFe,0,. Oxmax y sumagry ZnFe,O, mpu poskmazi murparis meranis mpu
HUBBKill Temneparypi cmouatky yreoprosanuca ZnO Ta Fe,0,. Ilorim y mpomeci Tepmoo6po6-
ku npu 500°C mporarom 2 rox omep:kaHo exuny dasy ZnFe,O,. 8 immoro Goxy, 3 MeTo0
IOCHig)KeHHs1 BIJIMBY PO3Mipy dacTuHOK Ha xapaxrepuctuxku Ni-Zn @depuriB HaHOKpPHC-
rariuni mopomku Niy,Zn,Fe,0, 3 posmipamu uacTurHOK mpubnuszo 7, 25 ta 100 mm Gyro

OEP’KAHO CIIiBOCAIKEeHHIM

TA METOAOM IIUTPATiB-IPEeKypCcopis.

Busasieno icrorui

BizminmocTi y marmitTHMx xapaktepmcTukKax yabTpaToHKmx (7 HM) Ta rpy6oseprmcrux (100
HM) HaHOKpucrandiunux (epwurie. IIi BigzminHOCTI mpunmcamo KaTioHHOMY PO3YIIOPSAIKYBAaH-
HIO Ha IIOBEPXHSAX YAaCTHUHOK, II€epPeBaKHA POJb SAKOIr0 3pOCTAE IIPH 3MEHIIEeHHI po3Mipis

YaCTHHOK.
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