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Structural and magnetic properties of ball milled copper ferrite
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J. Z. Jiang?
Department of Physics, Building 307, Technical University of Denmark, DK-2800, Lyngby, Denmark

(Received 5 December 1997; accepted for publication 10 April 1998

The structural and magnetic evolution in copper ferrite (GQze caused by high-energy ball
milling are investigated by x-ray diffraction, Nsbauer spectroscopy, and magnetization
measurements. Initially, the milling process reduces the average grain size ofdzté@bout 6

nm and induces cation redistribution between A and B sites. These nanometer-sized particles show
superparamagnetic relaxation effects at room temperature. It is found that the magnetization is not
saturated even with an applied field of 9 T, possibly as the result of spin canting in the partially
inverted CuFg0,. The canted spin configuration is also suggested by the observed reduction in
magnetization of particles in the blocked state. Upon increasing the milling time, nanometer-sized
CuFe0Q, particles decompose, forming-Fe,0O5; and other phases, causing a further decrease of
magnetization. After a milling time of 98 hg-Fe0; is reduced to F®,, and magnetization
increases accordingly to the higher saturation magnetization value of magnetite. Three sequential
processes during high-energy ball milling are establisii@dthe synthesis of partially inverted
CuFeQ, particles with a noncollinear spin structutb) the decomposition of the starting CyBa

onto several related Fe—Cu-O phases, é&)dthe reduction ofa-Fe,0; to Fg0O,. © 1998
American Institute of Physic§S0021-8978)02514-9

I. INTRODUCTION CW" ion and vice versa, results in a magnetic moment

] o  =7X1ug+t2X5upl—ug=16ug, assuming that each

The Cu—-Fe-O system is of long standing interest inceg+ jon contributes fiveus and a Nel-type collinear spin

solid state physics, mineralogy, ceramics, and metallurgy. By cture. Thus a single &0 ion per unit cell on an A site
virtue of magnetic and semiconducting properties, coppefjopies the magnetic moment. However, it has been found

ferrite (CuFe0O,) and its solid solutions with other ferrites that using the thermal quench metHitie magnetic moment

are W|derI:Jsed w;};he e_IecItronlc |ndéusl,qﬂr<ﬁr(])_pﬁer ferrite has of CuFg0, cannot be increased much beyondi@er unit
two crystallographic spinel structureshe high-temperature cell, since the activation energy of the process increases with

cubic phase ¢-CuFeOQ,) with a lattice parameter of 8.380 the presence of one &t ion on an A site, thus making the
A, and the low-temperature tetragonal phaseC(IFe0,) oo .
. . transfer of a second G ion very unlikely.

with lattice parameters 0i=8.216 A andc=8.709 A. The Recently, it has been demonstrated in a variety of inter-

ideal inverse configuration consists of eight divalent{Gu talli Y, ds by Bakk q etk ¥ m

ions on the octahedr&B) sites and 16 trivalent (Bé) ions mhe a ICI coTl_poun S ¥f a tler _ag co;jv_\;;)r € ¢ all(_ de_ ¢

equally splitting between the tetrahed(al) and B sites per chanical milling can etliciently induce ditierent kinds ‘o
atomic disorder, such as antisite or triple-defect disorder, i.e.,

unit cell. It is ferrimagnetic at room temperature with dlle o i . ; :
temperature of 78@0) K,? although lower values down to atoms sitting on the “wrong” sublattice with or without si-

710 K have also been reporté@he magnetization of the A multaneous formation of vacancies, respectively. In zinc fer-
sublattice is antiparallel to that of the B sublattice, whereagite; ZnFeO,, a cation redistribution (Z1 and Fé") in A
magnetic moments of the ions on the A and B sublattices arénd B sites has also been reported during mechanical milling
ferromagnetically ordered. The total magnetic moment of" Refs. 8-10. Thus, an attempt was made, i.e., to prepare
CuFe0, is entirely due to the uncompensated magnetic moCUFe0, ferrites with high magnetic moments per unit cell
ments of the eight G ions on B sites. The magnetic mo- Using high-energy mechanical milling. In this work, we
ment per unit cell isx=8X 1ug=8ug, assuming that each present a detailed study of the phase evolution of GOfre
CU?" ion contributes ongug, whereug is the Bohr magne- during mechanical milling in a closed container by x-ray
ton. Due to a relatively small energy difference betweendiffraction and M@sbauer spectroscopy. The magnetic prop-
CW" ions in the A and B site3cation redistribution is pos- erties of mechanically milled samples are presented and dis-
sible and strongly dependent upon the annealing temperatuctissed on the basis of the microstructures of the samples.
and cooling rate. Replacing one A-site’Fdon with a B-site  Several interesting features are involved in the present work,
e.g., mechanochemical reactions, superparamagnetic effects,
dAuthor to whom correspondence should be addressed; electronic mai|>:msatura-ted magnetizations for small magnetic particles in
jiang@fysik.dtu.dk high fields, and spin canting effects.

0021-8979/98/84(2)/1101/8/$15.00 1101 © 1998 American Institute of Physics
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Il. EXPERIMENT
S98
The starting material, Cuk®,, was prepared by the ce- .
ramic method, mixing stoichiometric amounts @fFe0; F F FF
(99.999% purity and Cu0(99.999% purity powders in an S38
agate mortar and heating at 1223 K for 20 h in air. Three F E
cycles of grinding and heating were used to ensure complete 218 N i

reaction. A cooling ratefo2 K per minute was used in the %MN
third cycle. The formation of the copper ferrite was con- S8

firmed by x-ray diffraction analysis. The milling of the origi- =

nal CuFgO, powders was carried out in a closed container
using a planetary ball millFritsch Pulverisette)7n air, with
hardened steel (FgCrgNig) vials and balls. The milling in-
tensity was 950 rotations per minute, and a ball-to-powder
weight ratio of 20:1 was chosen. A few drops of acetone S0

were added to the containers to improve particle mobility

during milling. The milling process was interrupted after se- 10 20 30 40 50 60 70 80
lected times to take out small amounts of powder, which

were heated in air at 323 K until completely dry. Samples of 20 (degrees)
CuFegO, were labeled %, where eachX number refers t0  FiG. 1. x-ray diffraction patterns of the Cuf@, samples after different
the total hours of grinding time. The composition of the milling times.

samples S18, S38, and S98 was determined by scanning

electron microscopy with an energy-dispersive x-ray analysis .
facility in areas of about X1 mn?. It was found that the PrOCeSS: the average grain size drops from about 200 nm for

chromium content in the samples S18, S38, and S98 Wa@e starting powders to(8) nm for the sample S3, and re-

approximately 0.3, 0.5, and 1.2 at. %, respectively, Originat_mains essentially unchanged for samples S8 and S18. In ad-

ing from the abrasion of the vials and balls. The acetond!ition to the spinel phase two new peaks, marked as F, ap-
contamination in samples is studied by heat treatment at g7g%arn sample S18. These peaks are further enhanced_ln the
K for 1 h in air. sample S38, and corresponddeFe,0O;. The average grain

X-ray diffraction measurements were performed using asize 9f the spinel phase incrgases @21 hm. It should be
Philips PW-1140 diffractometer with Ckia radiation in the mennonegl that nanometer-sized CuO and Cu phases may
26 range of 10°~80° with a step size of 0.01°." sbauer also exist in the sample S38. These are hardly observable due

measurements were performed with a conventional constan broadgning a”(_’ overlapping of Bragg peaks of these
acceleration spectrometer in transmission geometry with §nases with the spinel phase. Table | lisésvalues of some
source of about 50 mGCo in a Rh matrix at 4.2 and 296 Bragg peaks foc-CurFeQ,, t-CuFeQ,, F&0,, a-Fe0;,

K. An electromagnet was used for room-temperaturasgdo CUO: andicc-Cu powders using Cia radiation at room

1 e
bauer measurements with an external field. All isomer shiftd€mperature: After 98 h milling, the pattern shows Bragg
are given relative to that of-Fe at room temperature. Op- peaks associated to a spinel phase, while the peaks from the

timal thickness was calculated to be 18 mgiciorentzian ¢ F€0Os phase are hardly observable. Meanwhile, the aver-
line shapes were used to fit the bibauer spectra recorded. 9€ 9rain size is found to be about(2gnm.
Magnetization measurements were performed in a vibrating

sample magnetometer at 4.2 and 300 K using a supercon- ' . 7 T
ducting magnet to produce fields up to 9 T. 20+t 1

IIl. RESULTS

—
¥}
T
1

Figure 1 shows the x-ray diffraction patterns of the
CuFe0, samples after different milling times. The pattern of
the sample SO was indexed to a single phase of tetragonal ¢
CuFeQ, spinel with lattice parameters af=8.2272) A and
c=8.6992) A. After 3 h milling, the diffraction peaks of the
CuFe0, phase lost intensities and significantly broaden, so
that at present, we are unable to distinguish the tetragonal
from cubic structures. The structure obtained can only be L L L '
assigned as a spinel. No other phases were found from the 0 20 40 60 80 100
x-ray diffraction pattern. Average grain sizegl), for the Milling Time (h)
spinel phase were estimated, in Fig. 2, from the broadening o o _ _

IG. 2. Average grain sizes vs milling time for the spinel phase estimated

. - | apo .
of the strongest diffraction pea'\bt .20 36 ) using the ._from the broadening of the strongest diffraction péat26~36°) using the
Scherrer metho_d, after ?Ubtr_acnng 'nStrume_nt_a_l bro?‘qenmgcherrer method, after subtracting instrumental broadening from the experi-
from the experimental linewidth. After the initial milling mental line width.

Size (nm)

10 yd 7

Grain

Downloaded 05 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 84, No. 2, 15 July 1998 Goya, Rechenberg, and Jiang 1103

TABLE I. Some 2 values and relative intensities of Bragg peaks for the crystatli@FeO,, t-CuFeO,,
Fe,0,, a-Fe0; and CuO, andcc-Cu powders using C « radiation at room temperature. Data taken from

Ref. 11.
c-CuFeO, t-CuFeO, Fe0, a-Fe0; CuO fce-Cu
26(°) Int. 26(°) Int. 26(°) Int. 26(°) Int. 26(°) Int. 26(°) Int.
18.5 30 18.3 17 18.3 8 24.1 30 325 8 43.3 100
30.2 50 29.9 32 30.1 30 33.2 100 35.4 60 50.4 46
35.6 100 30.6 13 35.4 100 35.6 70 35.6 100 74.1 20
37.2 10 34.7 53 37.1 8 40.9 20 38.7 100
43.0 30 35.9 100 43.1 20 49.5 40 38.9 100
57.1 40 37.1 14 53.4 10 54.1 45 48.7 25
62.8 60 41.8 11 56.9 30 57.6 10 58.3 12
74.5 20 43.8 22 62.5 40 62.5 30 61.5 16
79.5 10 53.9 10 73.9 10 64.0 30 65.8 12
55.5 12 71.9 10 66.3 14
57.8 24 75.4 8 67.9 9
62.2 40 68.1 14
63.6 16

In order to gain more information regarding the compli- sample S3, superparamagnetic relaxation effects could ex-
cated phase evolution of Cuf®, during milling, Massbauer plain the formation of the central doublet at 296 K and a
measurements at 4.2 and 296 K have been carried out for theagnetically split sextet at 4.2 K. To test this hypothesis for
samples with various milling times, as shown in Fig. 3.ferrimagnetic powders, there are usually two meth@tlsto
Mossbauer parameter_s obtained by fitting the spectra a,'t 4'&BLE Il. Mossbauer parameters: hyperfine fi¢R), isomer shift ¢),
and 296 K are listed in Tables Il and Ill. For the starting quadrupole splitting 4), line width (I'), and relative ared ), obtained by
sample SO, two magnetic sextets are observed at both temiting the spectra at 4.2 K for the Cuf@, samples milled for various times.
peratures, which are identical to those of Féons in tetra-
hedral(B=50.5 T at 4.2 K and octahedrgB=53.7 Tat4.2  Time

K) sites of the CuF£, spinel® After 3 h, the sextets almost (h) Parameter H1 H-2 H-3
collapse at 296 K and a central doublet with broad lines B (T) 53.11) 50.51)
appears. The spectrum can be fitted using two doublets and a 0 S (mm/s 0.481) 0.381)
tiny broadened sextet with an average hyperfine field of 43.6 A (mm/9 —0.31) ~0.021)
. . , T (mm/y 0.431) 0.421)
T. The isomer shifts for the three subspectra infer that only | (%) 4702) 532)
Fe*" ions exist in the sample. At 4.2 K, the S3 sample spec-
trum consists of an asymmetrically broadened sextet, infer- B (M 52.4911) 50.1(1) 46.13)
ring many iron ions with different hyperfine fields, while the 3 Z((mm/Z) 8-3‘73(&; g-gig g-g;g
. . . . mm —U. —VU. —U.
central doublet disappears. For simplicity, only three sextets T (mm/s 0.453) 0.603) 0.803)
were used to fit the spectra recorded at 4.2 K_for s_ampl_es S3, I (%) 25(4) 45(4) 31(4)
S8, S18, S38, and S98. Due to small grain sizes in the
B (T) 52.71) 50.21) 46.33)
8 8 (mm/s 0.491) 0.431) 0.451)
A (mm/s -0.031) -0.032) -0.031)
229K . — I (mm/s 0.494) 0.521) 0.836)
NN YN (%) 30(4) 35(4) 35(4)
B (T) 52.91) 50.61) 46.92)
18 8 (mm/s 0.491) 0.441) 0.421)
A (mm/s —-0.01(2) —0.061) —-0.152)
T (mm/y 0.41(3) 0.554) 0.807)
I (%) 32(3) 41(3) 27(4)
B (T) 53.1(1) 51.51) 49.51)
38 8 (mm/s 0.491) 0.402) 0.521)
A (mm/s —-0.21(2) 0.001) -0.325)
T (mm/y 0.322) 0.356) 0.789)
I (%) 60(5) 17(5) 23(5)
s98 ¥
oy v o B (T) 52.91) 50.81) 48.02)
12 -8 -4 0 4 8 12 12 8 -4 0 4 8 12 98 8 (mm/s 0.561) 0.421) 0.733)
Velocity (mm/s) Velocity (mm/s) A (mm/g —-0.162) 0.021) —0.314)
T (mm/y 0.494) 0.433) 1.109)
FIG. 3. Mcssbauer spectra recorded at 4.2 and 296 K for the guFe 1 (%) 26(4) 35(4) 39(5)

samples with various milling times.
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TABLE lll. Mo sshauer parameters: hyperfine fi¢R), isomer shift ¢), | R a— T T T
quadrupole splitting 4), line width ('), and relative ared ), obtained by 1.000 |
fitting the spectra at 296 K for the Cuf®, samples milled for various
times. The mark, F, means that linewidths used were fixed in the OyFe s
samples milled for 8 and 18 h.
Time 0.980 4
(h) Parameter H-1 H-2 P-1 pP-2 J
B (T) 51.012) 48.91)
0 &(mmis 0.361) 0.261) —
? <mm;9 —0.141)  -0.021) -120 -80 -40 00 40 80 120
mm 0.451 0.461
| (E%) 9 43(% ) 57(25 ) Velocity (mm/s)
B (T) 43.69) FIG. 4. The room-temperature Msbauer spectrum of the sample S3 in an
3 5 (mm/s 0.454) 0.341) 0.331) applied magnetic field of 1.2 T perpendicular to the direction of propagation
A (mm/3 —0.142) 0.723) 1.208) of the y-rays. The spectrum was fitted using three sextets and one doublet.
I (mm/y 0.946) 0.445) 0.756)
| (%) 8(2) 21(4) 714)
the blocked state is also demonstrated at low temperatures
B (T) 47.69) - «
8 &(mmis 0.545) 0.341) 0.321) for S3 sample in Fig. 5, where Ndebauer spectra recorded
A (mm/ 0.279) 0.883) 1.3009) from 80 to 285 K are shown. The blocking temperature,
I (mm/s 0.90F) 0.61(7) 1.1009) defined as the temperature where the spectrum is composed
I (%) 31 4209 5509) by equal magnetic and nonmagnetic areas, was estimated to
B (T) 49 59) be approximately 260 K for this sample. Upon increasing the
18 5 (mmis 0.497) 0.351) 0.321) milling time, the spectra recorded at 4.2 and 296 K for S8 are
A (mm/g 0.129) 0.773) 1.21(9) similar to those of S3. After 18 h, the resonant lines in the
Ir(f);“mlg (291(1':) 01-1529(7) 1129 gpectrum recorded at 4.2 K become narrower while the cen-
g @ ©) 539 tral doublet recorded at 296 K is asymmetridlote that
B (T) 50.1(1) 46.92) small superparamagnetie-Fe,0O5 particle shows also an
38 6 (mm/s 0.372) 0.421) 0.401) 0.3711)
A (mm/s -0.1%1) -0.102 0562 1.402)
W W D
0,
o S M
B (T) 4781 4391 )rV'N
98 & (mm/is 0.291) 0.601) 0.851) 0.733) 285K : ;'
A (mm/s -0.021) -0.041) 1.703) —0.31(4) v L
I (mm/9 0.41(2) 0.963) 1.238) 1.109) e
| (%) 16(2) 57(3) 26(1) 39(5) ¢
r”M‘ 'm‘)—‘_'
250K v
restore a magnetically split sextet in the $ébauer spectrum ”.
by applying an external field; an@) to determine the mag- . * 2w
netic transition temperature of the powder sample or to de- \v""* o~ ;.-t\/'
termine the magnetic state of the powder sample by measur- “~ Fd
ing the saturation magnetization at the temperature, at which 220K e H
the superparamagnetic relaxation occurs. In the former case, Wy
when magnetic sextets are restored, then particles must be in - Fepne, ’ g~
a superparamagnetic state at the temperature studied within ‘ P ~ ,
the Mdssbauer measuring time scale§x10°° s). In the ¥ P ™ ! G
latter case, when the magnetic transition temperature of the 180K vooi. v
powder sample is found to be higher than the temperature *.,
studied, powders should be in a superparamagnetic state. Eaaar Y 5
Figure 4 shows a room-temperature $8bauer spectrum of . !..\ S e -~
the sample S3 in an applied magnetic field of 1.2 T perpen- 80K- & ° f" - LT T
dicular to the direction of propagation of therays. It is .e FEA Ve
clearly seen that magnetic splitting occurs, indicating the for- ‘ o ' ¥ ¥
mation of small superparamagnetic CyBgpatrticles in the T e o o R ——

sample S3. This conclusion is also supported by the magne-
tization measurements of the same sample in Figs. 7 and 8
(given latej. However, some large particles having relatively

-4 0 4 8 12

Velocity (mms”)

longer relaxation times are still found. Similar recovery of FIG. 5. Méssbauer spectra of the sample ndll@h between 80 and 285 K.
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FIG. 6. Room-temperature fdsbauer spectra of samples S38 and S98 an-
nealed at 973 K for 1 h. Dashed lines correspond to the components to the

r'S98

-4

0

4

Velocity (mm/s)

total fitted spectra, shown as a solid line.

Goya, Rechenberg, and Jiang 1105
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S

40

N
o

asymmetric double®) A significant change was observed in
the sample milled for 38 h. The spectrum recorded at 296

consists of an asymmetrically broadened sextet as well as

one central asymmetric doublet, and in the spectrum re-

IfIG. 8. Magnetization hysteresis curves measured at 300 K for the,OylFe
samples milled for various times.

corded at 4.2 K the resonant lines become much narrowetompared to those in samples with a milling time less than

38 h. The increase of iron ions in the magnetic sextet at 296
K could be correlated with the increase of the average grain

40} SO 1s18 . size in the sample. After 98 h, two broad sextets and one
r—— broad doublet could be distinguished in the room-

g 207 1 r—_—_ temperature Mssbauer spectrum, characteristic of thedze

€ o spinel phase with defects in the structtfel® At 4.2 K, the

5_20_ spectrum could be fitted using three sextets. No doublet was

_J observed in all samples studied at 4.2 K.
-40r1 In order to check the presence of acetone contamination
Fo P after milling, we heated S38 and S98 samples in air at 973 K
40| S3 1598 1 for 1 h. The room-temperature Msbauer spectra for the

5 20 K'—.L annealed samples are shown in Fig. 6. No evidence of other

E signals exceptr-Fe,0; and CuFgO, was found, within ex-

a0 perimental uncertainty. Although samples were heated below

5-20-___) 1 the tetragonal-to-cubic transition temperature, and cooled
ol ] slowly (2 K/min), for both samples the resulting hyperfine

, e o parameters of Cuk©, correspond to the cubic phas&ve
40l S8 108 K—' thus associate this structural change in symmetry with the
milling process. No carbides were found by 84bauer spec-

520 T troscopy measurements, indicating that acetone did not

§ 0 strongly interact with the powders studied.

s _J Figures 7 and 8 show magnetization hysteresis curves
-201 1 measured at 4.2 and 300 K for CyBg samples milled for
40t __J various times, respectively. Table IV lists the saturation

e magnetization, the coercive force, and the ratio of remanent

FIG. 7. Magnetization hysteresis curves measured at 4.2 K for the,OuFe

8-6-4-202 46 8-86-4-20224¢628

H(

T)

samples milled for various times.

H(

T)

induction to saturation magnetization at 4.2 and 300 K for all
samples. It is clearly seen that the saturation magnetization
depends strongly on the milling time. In the initial milling
process, the magnetization at 4.2 K reduces from 33.4 emu/g

Downloaded 05 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE IV. Magnetizations at a fieldfad T (M), coercive forcesH.),
and ratios of remanent induction to saturation magnetizatddp/M), at
4.2 and 300 K for the Cuk®, samples milled for various times.

SO S3 S8 S18 S38 S98

42 K Mg 33.4 30.3 29.5 25.9 17.5 51.5

(emu/g

Hc 71 129 221 209 82 155

(mT)

M,/Mg  0.49 0.56 0.45 0.52 0.37 0.54
300 K Mg 33.3 27.1 24.3 23.1 16.6 51.1

(emu/g

H 67 26 23 20 28 39

(mT)

M, /Mg 0.48 0.15 0.13 0.13 0.22 0.21

(SO to 30.3 emu/gS3), and to 29.5 emu/gS8. Upon in-

Goya, Rechenberg, and Jiang

ready observed in the sample S18 and a clear evidence of the
phase is found in the sample S38, as marked F in Fig. 1.
Although the iron atoms, originating from the abrasion of the
vials and balls, could be oxidized during milling process,
they cannot be the main contribution for the formation of
large amountr-Fe,05 in the sample, because iron impurities
were found to be only a small amoufless than about 3

at. %9 in the sample. On the other hand, by extrapolating
thermodynamic dat¥’it was suggested that bulk Cufe
could decompose at an estimated temperature of about 873 K
via the possible reaction mechanism$i) CuFeO,
=CuO+ a-Fe,0;3, 2 8CuFe0,=4Cu0+6a-Fe,04
+4CuFeQ+0,, or (3) 4CuFe0,=2a-Fe05;+4CuFeQ

+0,. In the present work, initially, the milling rapidly re-
duces the grain size of Cuj®, to several nanometers in
size. In general, the local temperature at collisions with balls
and vial during milling process is assumed to be about 473—

. [ . . . 18
creasing the milling time, the magnetization further de-573 K= (Note that the local temperature could be much

creases from 29.5 emu(§8 to 25.9 emu/gS18, and then

higher when a combustion reaction occurred in ceramic ox-

to 17.5 emu/gS38. However, it is surprising that after 98 h, ide systems during milling? but in the present system no
the value of magnetization increases to 51.5 emu/g. Thi§ombustion reaction was observetlowever, in a variety of

value of magnetization would correspond to about 194
per unit cell if the milled sample were Cujf, after 98 h

systems, it has been reported that high-temperature meta-
stable phasegwhich are stable above 573)kcould be

milling. A discussion of microstructures in the sample will formed during nonequilibrium dynamic milling proceSs.
be given later. A similar feature of the saturation magnetizaHence, due to nanometer-sized grains, high local pressures,
tion versus milling time in the milled samples was also ob-and temperatures during collisions with balls and vial, we
served at 300 K. At 4.2 K, milled samples are blocked hav-believe that a decomposition process of Ciemight oc-

ing nonzero coercive forces, while at 300 K the coercivecur in the milling process. The decomposition is observable
forces for these samples are also nonzero, but much smalléfter 18 h of milling. If one assumes the decomposition fol-
than those at 4.2 K. This result could be explained by the fadowing the reactiongl) or (2), then, molar ratios of CuO to
that milled samples contain a particle size distribution. Moste-F&0; phases would be 1 or 0.67, respectively. However,
particles have zero coercive forces in a superparamagnetig the x-ray diffraction pattern of the sample S38, no evi-
state at 300 K within a time scale of about 100 s by magnedence of a relatively large amount of CuO was observed.
tization measurements, and few particles with larger size§urthermore, no significant quantities of Cubeere ob-
could be still blocked at 300 K. From Table 1V it is seen thatserved in the sample S38. Therefore, the react®rcould
the M, /M ratio drops from about 0.5 for SO to 0.13 for S18 not be occurring during the milling experiments. By studying

at room temperature. The lower valuesMf /Mg in milled

the CuFgO, and FgO, phase diagram, and taking into ac-

samples indicate an appreciable fraction of superparamagount the possibility of a reduction process in a closed mill-
netic particles at this temperature. For S38 and S98, a fradghg container (this process is confirmed in the sample
tion of particles is in the blocked state leading to an increas&98, we propose the fourth reaction mechanisi)
of M, /M4 to 0.22, assuming thall, /M does not depend on CuFeO,— a-Fe,0;+Cu,Fe;_,O,+ y(CuO+CuH0,, where

the phase composition. Thé, /M values for samples stud-

CuFe;_,O, is a spinel solid solution with >x=0. Assum-

ied at 4.2 K are found to be about 0.5, which infers weaking x=0.9 andy=1, the molar ratio of(CuO+Cu) to
interactions between particles with uniaxial anisotropy. Ina-Fe,O3; phases is about 0.58 and the individual molar ratios
addition, it is found that for milled samples the magnetiza-of CuO to a-Fe0; and of Cu toa-Fe,0; phases could be
tion still slightly increases aftel T and does not become lower than 0.3 when 50% of the total CuO is reduced to Cu.
saturated even at a field of 9 T. This is not the case for thét seems that this decomposition reaction process does not

starting sample SO.

IV. DISCUSSION
A. Microstructures in milled CuFe 5,0,

One striking feature observed in the milled CyBg

contradict the results obtained from the x-ray diffraction and

Maossbauer measurements in the milled G@zesamples.
From ball milling experiments of pure-Fe,0; (Refs.

13-15, 21, 2Por a mixture ofa-Fe,05 and SiQ (Ref. 23

in air, it was demonstrated that a reduction @fFe,0; to

Fe;O, could occur in a closed container after prolonged mill-

samples from the x-ray diffraction measurements is that théng. For the reduction process many mechanisms have been

sample S38 contains a relatively large amouniweFe,Og

a3,14,21,22,24a

propose nd were recently discussed in Ref. 13.

while almost noa-Fe03 exists in the sample S98. This It was suggested that bond breaking followed by the release
phenomenon indicates that chemical decompositions and ref oxygen from the vial is the dominant process for the re-
ductions might occur. Let us first consider possible mechaduction reaction while the contribution from the contamina-

nisms of the formation ofx-Fe,O;. In fact, a-F&,0;5 is al-

tion, originating from the abrasion of the vial and balls, is
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insignificant. This reduction process is also found in thebution in CuFgQ,. In addition, the broad doublet at 296 K
sample S98, where almost ail-Fe,0; are reduced to the can be fitted with two doublets with quadrupole splittings of
spinel FgO, phase. It should be noted that due to the lineahout 0.72 and 1.20 mm/s. In general, the octahedral site has

from x-ray diffraction measurements, to distinguish thefie|q gradienf® Qualitatively, the area ratio of the two dou-
CuFeO,, CufFe .0, from FeO, phases. The formation yais jisted in Table Il also indicates a cation redistribution

of spinel FgO, phase in the sample S98 is directly Conﬁrmedbetween A and B sites in the milled sample. It is, however,

by the room-temperature Mebauer spectrum in Fig. 3, and difficult to accurately analyze the RAR value because of the

indirectly confirmed in the annealed samples in Fig. 5. .
Therefore, the sample S98 may consist mainly of a mixtureIarge overlap between A and B subspectra and the possible

. : f vacancies in the milled samples. A quantitative
of spinel FgO, and CyFe;_,O, phases. The reduction pro- presenpe 0
b 84 Y€ —x2a P uction Pro” - halysis has therefore not been done.

cess could also occur in the sample S38, where CuO is ini- It has b ioned that C ith hiah .
tially reduced to Cu because this reduction is relatively easy thas been mentioned that Q@ wit g magnetlc
compared to the reduction of-Fe,05 (Ref. 25. moments could be prepared by cation redistribution. But, the
magnetization value for the sample S3 is found to be lower
than that for SO. However, it is obviously seen from the
B. Magnetic behavior in milled CuFe ,0, magnetization curve for S3 in Fig. 7 that the magnetization
- . L does not saturate at even high fi¢@T). This phenomenon
In general, atomic disordefg.g., a cation redistribution . ;
could result from two possible reasor{) the existence of

between A and B sites in spinel ferrijesould result in a . o : .
change of the lattice parameter due to atomic size mismatchiP'" canting in S3, and/q@) the formation of an antiferro-

Unfortunately, in ball milled samples S3 and S8, the precisém‘gr"at'c“_'_Fe203 thin surface 'aYef’ ca_used by the initial
determination of lattice parameters is impossible because GCOMPOsition of Cuk®);. The spin canting effect has been
the peak broadening. Thus, the degree of inversion in th&Ported in several nanometer-sized ferr‘?@ﬁ{e observed a
samples cannot be deduced from the x-ray diffraction meal@rge degree of spin canting within small Ni®, particles
surements. The cation redistribution phenomenon in ferriteBrepared by mechanical milling, which results in about 30%
has often been studied using"Mbauer spectroscopy, in reduction of the saturated magnetizat?arSpinS between
which the resonant areas of subspectra of iron ions in A aniiter- and intra-lattice$A and B) could no longer be a M-

B sites is proportional to the cation population at both sitestype collinear structure in partially inverted ferrites, due to
assuming the equal recoilless fraction in A and B sites. Theandom superexchange ferromagnetic and antiferromagnetic
resonant area ratiRAR) of B to A should be larger than interactions. Furthermore, the surface structure disorder also
one for CuFgO, spinel ferrites. In the sample SO, the RAR contributes to the spin canting. The nature of the spin canting
value determined at 4.2 K was found to be only 0.9. Thisin small magnetic particles is still debated. A similar reduc-
could be due to an overlap of A and B subspectra followingtion of the saturation magnetization of milled Ny, par-

an overestimation of the area of the subspectrum A, whichicles was also reported by Berkowitz and co-work®rs.
has also been reported by Evans and Halrige. interpret  Similarly, in partially inverted CuF®, samples(S3 and

the Mossbauer spectra the superexchange interaction vigg) the reduction ofM¢ could be mainly due to the spin
oxygen ions must be considered. The strength of the interaganting effect. After further studying thid ¢ values for the

tion decreases as the distance betwee+n the magnetlc ions Esmples S3 and S8, it is found that the second mechanism
creases, and also as the a:ngle of t,hé FQZ_Fé bonds  yses not play an important role the initial milling process
decreases from 180° to 90°. Accordingly, it has been Imo"\"?)ecause if the mechanism were for the reductioMgin the

" . ; ™ .
that the F& .(A)_OZ_Fé (B), the A-B interaction, is anti- .sample S3, then a further large reduction would be expected
ferromagnetic and much stronger than the ferromagnetic

. X L .~ Ih S8. This is not the case, and a very slight decrease at 4.2
A-A and B-B interactions between iron ions or between |ronK was observed from S3 to S8 in Fig. 7. Upon increasing the
and copper ion$®?’In CuFe0,, each iron ion at an A site is 9- 7. Up 9

surrounded by twelve octahedral ions. It is likely that them|II|ng time, the decomposition process accelerated so that

replacement of one Bé& ion by a C#™" ion at B site does not iheSiracton .Of iron 'ions in the small antifgrromagnetig
produce a large enough change in the total superexchande '_:e203 particles, which hg\_/e very low saturation magneti-
interaction to cause a considerable difference in the hyperfing®tion (less than 1 er_nulg" increases. Therefore, the total
field. On the other hand, each iron ionaaB site has only six saturated magnetization of the milled samples decreases with
A nearest neighbors. If one Feion at an A site is replaced ncreasing the milling time, as observed in Table IV. Mean-
by a C#* ion, the superexchange interaction will be alteredWhile, the decomposition of Cuk®, also causes the nar-
by an appreciable amount. This will result in a line broadenfowing of resonant lines in Mgsbauer spectra recorded at
ing of the subspectrum of iron ions at the B sites becausé-2 K from S8 to S38 since the hyperfine field of small
Fe* (B) ions with different environments on the A sublat- @-F&0;3 particles at 4.2 K is about 53.5 (Refs. 23 and 28
tice have different hyperfine fields. Consequently, the resoand the number of iron ions having low hyperfine fields de-
nant lines in a Mesbauer spectrum will become more broad-creases. Furthermore, thdg at 4.2 K for FgO, is 98
ened due to a hyperfine field distribution of¥teions at B emu/g® which is much larger than that of Cuf@,. This
sites. This is indeed observed in the samples S3 and S&sults in an increase & ¢ for the sample S98, consisting of
indicating that the milling process creates a cation redistria mixture of spinel F¢, and CyFe;_,O, phases.
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